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ARTICLE INFO ABSTRACT

Keywords: While Biochemistry textbooks for University degree courses do not deal with oligosaccharides, this subject is now
Oligosaccharides becoming essential in Biomedical Sciences for several reasons. Oligosaccharides are currently used in foods and
Pr?biOtiCS beverages for their useful physicochemical and prebiotic qualities, albeit their excessive consumption may have
I\Rﬂéilzew side effects. They are also essential components of milk, where they exert a protective role on infants acting as

stimulants for the development of immune system and gut microbiota. Oligosaccharides are seen as an alternative
to improperly used antibiotics in the diet for monogastric animals and considered promising safe anti-parasite
treatments in agriculture. Besides, they are widely used in both cosmetics and pharmaceutics. For these reasons,
biotechnological research is hardworking on new enzymes able to synthesize them in a great variety. At the
same time, oligosaccharides belong to the so-called FODMAP (Fermentable Oligo-, Di- and Monosaccharides And
Polyols) group of compounds, whose decreased use in diet is beneficial to several syndromes of the digestive tract.
The scope of this review is to give a general and schematic view of oligosaccharides. We describe the structure,
source and use of several of the most known oligosaccharides, focusing on their health implications. Main groups
in human milk and their substitutes in infant formulas are also reported. In the end some of the most recent

studied oligosaccharides and their promising applications are discussed.

1. Introduction

In general, polysaccharides are molecules with a degree of polymer-
ization (DP) higher than 20-25, while oligosaccharides contain 2-10
sugar units. However, this definition is not so strict since even in the
presence of 25 residues they are still called oligosaccharides. Polysac-
charides are well described in biology and biochemistry textbooks while
the same does not apply for oligosaccharides, despite the increasing in-
terest of the subject in biomedical sciences. Indeed, apart from their
essential role as recognition molecules due to glycoconjugation to pro-
teins and lipids, they are also naturally present or artificially added in
foods and beverages (Ibrahim, 2018; Varki, 2017). Their beneficial ef-
fects on growth and health are typically recognized as milk components.
This, together with their physicochemical qualities, has warranted their
use as food additives (McKeen et al., 2019; Patel & Goyal, 2011).
However, their use is not only limited to dairy and food industry,
but also extended to cosmetics, pharmaceutics, farming, agriculture
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and remediation (Braga Carneiro et al., 2019; Crini, 2014; Falcon Ro-
driguez, Costales Menendez, Gonzalez-Pena Fundora, & Napoles Gar-
cia, 2015; Hong, Chang, Kim, Jung & Suh, 2017; Ibrahim, 2018; Teng
& Kim, 2018; Zdunczyk, Jankowski, Juskiewicz, & Slominski, 2011).
Nevertheless, an increasing body of evidence suggests that their exces-
sive consumption is related to several side effects and its use should be
avoided in syndromes of the digestive tract (Gibson & Shepherd, 2005;
Priyanka, Gayam & Kupec, 2018).

An increasing importance within oligosaccharides is gained by non-
digestible oligosaccharides (NDOs) which, together with fiber polysac-
charides, belong to prebiotics. By definition, prebiotics are “nondi-
gestible functional ingredients which are selectively fermented and
allow specific changes, both in the composition and/or activity of
the gastrointestinal microflora that confers benefits upon host well-
being and health” (Davani-Davari et al., 2019; Gibson et al., 2010;
Roberfroid, 2007). There is growing evidence that an imbalance of
microbiota (dysbiosis) correlates with a range of diseases includ-
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Table 1
Some known natural trisaccharides.
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Oligosaccharides Family Name Trisaccharide Name Structure Friendly description
or Abbreviation

Malto-oligosaccharides Maltotriose a-D-Glc-(1-4)-a-D-Glc-(1-4)-D-Glc Glc(1-4)maltose
Isomalto-oligosaccharides Panose a-D-Glc-(1-6)-a-D-Glc-(1-4)-D-Glc Glc(1-6)maltose
Gentio-oligosaccharides Gentianose p-D-Glc-(1-6)-a-D-Glc-(1-2)-p-D-Fru  Glc(1-6)sucrose
FOS, 1-kestose p-D-Fru-(2—1)-p-D-Fru-(2—1)-a-D-Glc Sucrose(1-2)Fru
f-(2-1) fructans

RFOs, raffinose a-D-Gal-(1-6)-a-D-Glc-(1-2)-p-D-Fru  Gal(1-6)sucrose
a-D-galactosides

GOS, 4’-galactosyl-lactose  p-D-Gal-(1-4)-p-D-Gal-(1-4)-D-Glc Gal(1-4)lactose

p-D-galactosides

Glucose (Glc), Fructooligosaccharides (FOS), Fructose (Fru), RFOs (Raffinose family of oligosaccharides), Galactooligosac-

charides (GOS), Galactose (Gal).

ing intestinal, nervous, immunological and metabolic disorders as
well as cardiovascular and kidney diseases, and colorectal cancer
(Carding, Verbeke, Vipond, Corfe & Owen, 2015; Davis & Milner, 2009;
Jia, Li & Zhou, 2019; Lai et al., 2019; Lenoir-Wijnkoop et al., 2007;
Tsigalou, Stavropoulou & Bezirtzoglou, 2018). In many cases, symp-
toms are alleviated after administration of either probiotics (benefi-
cial bacteria), prebiotics, or a mixture of them (synbiotics) (Tajadadi-
Ebrahimi et al., 2014). This has brought to an enormous interest in
therapeutic strategies involving diet manipulation and food supplements
(Davani-Davari et al., 2019; Liu, Lkhagva, Chung, Kim & Hong, 2018;
Saadat, Khosroushahi & Gargari, 2019). Hence, basic, applied and indus-
trial research in this field is running both on physiological effects and
on the bulk production of oligosaccharides (Bych et al., 2019; de Borba
Gurpilhares, Paes Cinelli, Simas, Pessoa & Duraes Sette, 2019; Le Bour-
got, Apper, Blat & Respondek, 2018; Scarpellini et al., 2018; Xiao, Chen,
Guang, Zhang & Mu, 2019; Zhu et al., 2018).

Published reviews on oligosaccharides generally focus on a particu-
lar class of oligosaccharides and/or their specific roles and applications
(like either dietary functional actions and health effects, industrial ap-
plications or physiological roles in plants) (Bali, Panesar, Bera & Pane-
sar, 2015; Belorkar & Gupta, 2016; Bering, 2018; Davani-Davari et al.,
2019; Ibrahim, 2018; Kruschitz & Nidetzky, 2020; Liu et al., 2020;
Xing et al., 2020; Zdunczyk, Jankowski, Juskiewicz, & Slominski, 2011;
Bose, Howlader, Wang, & Yin, 2021; Albersheim et al., 1992; da Silva
& Correia, 2014; Zipfel & Oldroyd, 2017). A good review on in vitro
anti-pathogenic effects of non-digestible oligosaccharides has recently
been published (Asadpoor et al., 2020). Hopefully more attention can be
given to this important class of carbohydrates not only in medicine, sci-
ence and biotechnology books and journals but also in biochemistry text-
books. We would like to contribute to substantiating this topic as well,
giving a comprehensive, schematic view of the most known oligosaccha-
rides, including also the main types present in milk, with their unique
protecting qualities. For the most known oligosaccharide groups, chem-
istry, source, functionalities, application and overridden consumption
pitfalls are reported. We are sure that in the very near future, besides the
many applications in food and medicinal fields, more employments will
be shown for oligosaccharides in other present-day areas, such as fight
against viruses, sustainable agriculture and remediation. Really there
has been a boom of publications related to the oligosaccharides subject
in the last ten years, subject which is strictly linked to the topic of micro-
biome (Lordan, Thapa, Ross & Cotter, 2020; Pujari & Banerjee, 2020). In
the present article the first two sections deal respectively with the nat-
ural and the artificial sources of oligosaccharides as a whole. Then the
structure, origin and use of several of the most known groups of these
carbohydrates are reported, with an additional section on human milk
oligosaccharides, pointing on their main types and structures. It follows
a section on the physiological effects, of human milk oligosaccharides
first, and of other functional oligosaccharides after, with shedding light
on their side effects in particular conditions. Lastly, we offer a brief sec-
tion to introduce some of the most recently studied oligosaccharides and
their promising applications.

While classic disaccharides will not be treated in this article (the
main disaccharides are typically well characterized in Biochemistry text-
books), in Table 1 and Fig. 1 we show the shorthand notation and struc-
ture, respectively, of a selection of trisaccharides belonging to different
families. In this paper, glucose (Glc) could also be referred to as glu-
copyranose and fructose (Fru) as fructofuranose.

2. Natural sources of oligosaccharides

Oligosaccharides are mainly present as glycoconjugates bound to
either proteins or lipids, where their structure is more frequently
branched rather than linear. Within this context, they play diverse func-
tions including water binding, stabilization of proteins, and biological
recognition. Specifically, they can be recognized by specific receptors
and other ligands thus regulating several cellular events such as ad-
hesion, differentiation, biomolecules uptake, and pathway activation.
Their variegate sequences and structures form the so-called ‘saccha-
ridic code’ (Gabius, Andre, Jimenez-Barbero, Romero & Solis, 2011;
Lehningher, 2013).

Although they are mainly present attached to biomolecules in mam-
mal cells and yeasts, oligosaccharides can also be found in their free form
in plants, where they perform different functions including monosac-
charide transport (disaccharides), energy storage and regulatory activ-
ity (Albersheim et al., 1992; Larskaya & Gorshkova, 2015; Van den
Ende, 2013). In particular oligosaccharins are plant oligosaccharides
with regulatory activity named by Albersheim, originating from the
plant cell wall after enzymatic lysis activated by various factors in-
cluding phytohormones. Following their release, they can participate
in plant growth and organogenesis regulation. In addition, oligosaccha-
rins can also be produced by enzymatic degradation of polysaccharides
deriving from insects, fungi or other pathogens, stimulating the im-
mune responses of plants (Chaliha, Rugen, Field & Kalita, 2018). Both
branched and linear f-glucans are present within this family, including
sulfated (1—3)-#-D-glucans, mixed (1—3/1—6)-p-D-glucans, acetylated
oligoglucuronans and oligosaccharide fragments of xyloglucan contain-
ing a cellotetraose backbone (oligomer of four f-D-Glc residues joined
with 1-4 glycosidic bonds). Oligosaccharides generated from chitin (a
polymer of (1-4) N-acetyl-p-D-glucosamine) and from the deacety-
lated derivative chitosan (chitosan oligosaccharides, COS), can also act
as signals activating symbiosis (Zipfel & Oldroyd, 2017). The cell signal-
ing and physiological responses may be triggered when a carbohydrate-
binding protein such as lectin for non-immune cells, or toll-like recep-
tor (TLR) for immune cells, specifically binds to the oligosaccharide in
a plant (da Silva & Correia, 2014).

In animals and humans, soluble oligosaccharides can originate from
glycogen catabolism and are present in milk and, following dietary
intake, in the gut. Furthermore, small amounts are present in blood
and urine in the infant (Lis-Kuberska & Orczyk-Pawilowicz, 2019;
Ruhaak, Stroble, Underwood & Lebrilla, 2014), more likely due to the
transport of human milk oligosaccharides (HMOs) across the intestinal
epithelium by receptor-mediated transcytosis or through paracellular
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Fig. 1. Structure of some known natural trisaccharides.

routes (Gnoth, Rudloff, Kunz & Kinne, 2001; Goehring, Kennedy, Prieto
& Buck, 2014).

Many types of oligosaccharides are produced by food fermenta-
tion. For instance, kojibiose (a-D-Gle-(1—2)-D-Glc) and nigerose (also
called sakebiose, a-D-Glc-(1—3)-D-Glc) are not only naturally present
in honey but also in beer and traditional fermented beverages (e.g.,
Japanese saké) and foods (Diez-Municio, Herrero, Olano & Moreno,
2014; Ibrahim, 2018; Konishi & Shindo, 1997). Further, in dairy foods
such as milk and cheese whey, the disaccharide lactose (5-D-Gal-(1—4)-
D-Glc) can be enzymatically transformed into lactulose (5-D-Gal-(1—4)-
D-Fru, also called galacto-fructose), and into galacto-oligosaccharides
(GOS, characterized by two or more galactose units linked together,
Table 1 and Fig. 1) (Khatami, Ashtiani, Bonakdarpour & Mehrdad,
2014; Xiao et al.,, 2019). Both lactulose and GOS are not digested
by monogastric animals such as humans (Diez-Municio et al., 2014;
Torres, Gonc alves, Teixeira & Rodrigues, 2010). However, several NDOs
are fermented by the lower gut microflora and show beneficial ef-
fects on microorganisms of the indigenous microbiota, thus being part
of dietary prebiotics (Davani-Davari et al., 2019; Gibson et al., 2010;
Gibson, Probert, Loo, Rastall & Roberfroid, 2004).

3. Artificial sources of oligosaccharides

Since the low endogenous content in foods, many types of NDOs are
industrially produced after chemical, physical or enzymatic hydrolysis
of polysaccharides from fibers found in a large number of roots and
tubers, and tested for their health benefits (Zeng et al., 2018). Poly-
dextrose, a randomly linked Glc oligomer containing small amounts of
sorbitol and citric acid, is instead manufactured by glucose condensa-

tion through irradiation-mediated acid catalysis (do Carmo et al., 2016;
Wang, Shi & Le, 2014).

In addition to chemical synthesis (Nielsen & Pedersen, 2018), NDOs
can also be produced by microbiological or enzymatic synthesis starting
from mono- and/or disaccharides (Diez-Municio et al., 2014; Reza, Hos-
sain, Lee, Kim & Park, 2016). Indeed, a wide variety of enzymes
from the most diverse sources, mainly microorganisms, are being dis-
closed. A great part of them have glycosyltransferase activity and some
have specific thermal stability (Chaen et al., 2001; Diez-Municio et al.,
2014; Ding, Zeng, Zhou, Yu & Chen, 2017). Glycosynthases have also
been engineered to improve their catalytic efficiency or other proper-
ties such as specificity or solubility or to increase their expression in
cells (Benkoulouche, Faure, Remaud-Simeon, Moulis & Andre, 2019).
Metabolically engineered whole-cell catalysts can allow large-scale syn-
thesis (Chen, 2018; Raffing & Chen, 2006; Sprenger, Baumgartner &
Albermann, 2017).

The addition of artificially produced oligosaccharides is not limited
to infant formula, but also finds applications in functional food produc-
tion such as soybean-oligosaccharide drinks and yoghurt. By this mean,
the nutritional profile of the food is increased to deliver important ben-
efits for disease prevention (Patel & Goyal, 2011). Several types of func-
tional oligosaccharides will be presented in the next section. Various
acronyms were introduced for functional foods such as FOSHU (Foods
for Specified Health Use) (Nakakuki, 2002). Artificial oligosaccharides
added to desserts, ice-creams, jams and bakery products due to their low
sweetness, increased viscosity and high moisture-retaining capacity, are
considered healthier than sucrose («-D-Glc-(1—2)-D-p-Fru) (Crittenden
& Playne, 1996). However, in some syndromes of the digestive tract,
such as irritable bowel syndrome and ulcerative colitis, diets without
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NDOs and other fermentable compounds, including fructose and poly-
ols, are beneficial (low FODMAPs diet, where the acronym means Fer-
mentable Oligo-, Di- and Mono-saccharides And Polyols) (Gibson &
Shepherd, 2005; Priyanka et al., 2018). This will be discussed later in
the review.

In addition to food industry, artificial oligosaccharides are used in
other fields such as cosmetics, drug delivery, agriculture and remedia-
tion (Braga Carneiro et al., 2019; Falcon Rodriguez, Costales Menendez,
Gonzalez-Pena Fundora, & Napoles Garcia, 2015; Hong et al., 2017). The
starch derived a-, - and y-cyclodextrins composed respectively of 6, 7
and 8 Glc residues linked together through « (1—4) glycosidic bonds in
a ring, form cage molecules being a paradigm of such a oligosaccharide
type with applications in many areas (Crini, 2014; Ibrahim, 2018).

4. Examples of oligosaccharides

Due to the great variety of oligosaccharides occurring in nature, here
we mainly focus on some of the most known types and families, several
of them showing importance from the alimentary point of view. Exam-
ples of artificial oligomers are reported as well.

4.1. Fructo-oligosaccharides

4.1.1. Natural fructo-oligosaccharides

Fructo-oligosaccharides (FOS) are constituted by relatively short
chains (DP < 20) of f-D-Fru units linked together by (2—1) glycosidic
bonds with one terminal Glc residue. Hence, the smallest FOS consist
of sucrose to which one, two or three additional Fru units are added
to produce 1-kestose (Table 1 and Fig. 1), nystose and fructo-nystose,
respectively (Martins Meyer, Melim Miguel, Rodriguez Fernandez & Del-
lamora Ortiz, 2015). They are naturally present in various fruits and veg-
etables (such as banana, garlic, asparagus, leeks, barley, chicory root,
artichokes, wheat, onions, legumes and honey) and can be extracted
from many plants (e.g., blue Agarve) (Lambertz, Weiskirchen, Landert
& Weiskirchen, 2017).

4.1.2. Artificial fructo-oligosaccharides

FOS are widely used in food industry and can be produced as short
chain FOS (scFOS, a mixture with DP 3-5) from beet sugar (sucrose)
exploiting fructosyltransferases and other enzymes from molds, yeasts,
and a few bacteria (Hidaka, Eida, Takizawa, Tokunaga & Tashiro, 1986;
Picazo et al., 2019; Singh, Singh, & Kennedy, 2020). Alternatively, they
are generated together with oligofructose (OF) by hydrolysis of inulin,
a plant storage fructan polysaccharide present mainly in tuberous roots.
Inulin, like FOS, is built up of p—D-Fru units linked by (2—1) glycosidic
bonds with one terminal glucose molecule. Native inulins have a very
small degree of branching (~1-2%) with a branching pattern consisting
in g-D-Fru (2—6) glycosidic bonds (Maguire, 2012).

4.2. Malto-oligosaccharides

4.2.1. Natural malto-oligosaccharides

To this family belong linear polymers of D-Glc units linked with «
(1—4) glycosidic bonds, ranging from the disaccharide maltose to the six
units malto-oligosaccharide. The trisaccharide maltotriose (Table 1 and
Fig. 1) is naturally present in the blood of certain arthropods (Florkin
& Scheer, 1971). Maltotriose is a substrate for intestinal mucosal «-
glucosidase (Lin et al., 2012) and it is actively transported in the cells
through membrane oligosaccharide:H* symporters (OHS), which have
been characterized in yeast, fungi and bacteria (Pao, Paulsen & Saier,
1998; Trichez et al., 2018). Biotechnological research points to increase
maltotriose uptake by the permease in brewer’s wort, in order to im-
prove the quality of finished beer (Zastrow, Hollatz, de Araujo & Stam-
buk, 2001).
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4.2.2. Artificial malto-oligosaccharides

They are digestible and nutrient sweeteners industrially produced
by multi-enzymatic degradation of starch and marketed for a very
high number of applications, from food to drink (beer and wine in-
cluded), to candies and healthcare products processing. In addition,
malto-oligosaccharides are substrates for specific mutases used to pro-
duce the disaccharide trehalose (@-D-Glc-(1—1)-a—D-Glc), which alter-
natively can be extracted from yeast and mushrooms (Elbein, Pan, Pas-
tuszak & Carroll, 2003; Ibrahim, 2018). This symmetrical, non-reducing
disaccharide is also present in bacteria, plants and invertebrates, where
it performs several roles, including energy production, signaling, and
membrane and protein protectant functions. Besides its use in food and
cosmetic industries, it also has profitable applications in organ cryop-
reservation and medicinal stabilization (Teramoto, Sachinvala & Shi-
bata, 2008). Maltotriose (Table 1 and Fig. 1) can be obtained by hydroly-
sis of the extracellular polysaccharide pullulan (exopolysaccharide) pro-
duced by some fungi. Made of maltotriose units linked by a—D-Glc (1—6)
glycosidic bonds, pullulan is exploited in food and pharmaceutical in-
dustries (e.g., to make resistant coating for pills) (Mohanan and Satya-
narayana, 2019); Singh, Saini & Kennedy, 2008).

4.3. Isomalto-oligosaccharides

4.3.1. Natural isomalto-oligosaccharides

Isomalto-oligosaccharides (IMOs) contain Glc residues joined with «
(1-6) glycosidic bonds and have a DP mostly within the range of 2 to
6 (Yoo, Kim, Paek & Oh, 2012). The trisaccharide panose (Table 1 and
Fig. 1), which is the isomer of maltotriose having one a-D-Glc (1-6)
and the other a-D-Glc (1—4) glycosidic bond, is also considered an IMO
and can be digested by mucosal a-D-glucosidase (Kaneko, Yokoyama &
Suzuki, 1995; Lin et al., 2012). It can be produced by enzymatic hy-
drolysis of glycogen, amylopectin and by microrganisms (Pan, 1962).
Some IMOs are present naturally in low amounts in honey and also in
fermented foods.

4.3.2. Artificial isomalto-oligosaccharides

Several companies produce IMOs using starch and a combination
of enzymes, giving a mixture of isomaltose, isomaltotriose and panose
(Gibson et al., 2010). Unlike malto-oligosaccharides, IMOs present pre-
biotic activity (see following section) (Ibrahim, 2018; Yen, Tseng, Kuo,
Lee & Chen, 2011). Besides, palatinose oligosaccharides, industrially
produced from the disaccharide palatinose («-D-Glc-(1—6)-D-Fru, also
called isomaltulose, a low-cariogenic sweetener), are considered IMOs
due to their structure which is composed of glucose residues joined to-
gether with « (1—6) glycosidic bonds linked to the glucose residue of
palatinose (Barea-Alvarez, Benito, Olano, Jimeno & Moreno, 2014).

4.4. Natural gentianose, glycosyl sucrose and its oligomers

Gentianose is a trisaccharide composed of f-D-glucopyranose, a-D-
glucopyranose and f-D-fructofuranose units (Table 1 and Fig. 1), which
can be hydrolized by the enzyme invertase from yeasts and plants
(Reynolds Green, 1901). It is the predominant carbohydrate reserve
in gentian roots (Keller & Wiemken, 1982). Glycosyl sucrose is a gen-
tianose analogue differing for the anomeric form and the link of the
D-glucose residue to sucrose, being an a (1—4) instead of a § (1-6) gly-
cosidic bond (Crittenden & Playne, 1996). It is also known as “coupling
sugar”, malto-oligosucrose, sucrosylglucose, erlose and glucosylsucrose,
although the last name was also used for the anomer a-D-Glc-(1—-2)-a-
D-Glc-g-D-Fru in cyanobacteria, where other a-D-Glc residues (up to 8)
could be found (1—2) linked to terminal Glc, under heat stress and aging
of cells (Fischer, Geyer & Loos, 2006). Analogous oligomers family for
erlose (up to pentasaccharide) is also produced by sap-feeding insects
in honeydew (Bogo & Mantle, 2000).
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4.5. Artificial glycosyl sucrose and gentio-oligosaccharides

Glycosyl sucrose is commercially produced as anticariogenic sweet-
ener, which also inhibits the cariogenicity of sucrose (Nakakuki, 2002).
Gentio-oligosaccharides are f-D-Glc-(1—6)-chains with DP of 2 to 6, in-
dustrially produced from glucose syrup (hydrolysed starch), particularly
by enzymatic transglucosylation or by biocatalytic glycosylation with
cultured cells (Crittenden & Playne, 1996; Martins Meyer et al. 2015;
Yoo et al., 2012). They are prebiotics and food additives developed in
Japan, giving food a unique bitter taste (chocolate, coffee and spices
for instance) and vegetal juices flavor increase, beside sweetening and
storage improving (Wang, Wu & Chen, 2018).

4.6. Raffinose family of oligosaccharides

The raffinose family of oligosaccharides (RFOs) contains Glc, Gal and
Fru together, and belongs to the “superfamily” of the alpha-galactosides.
This also includes the galactosyl cyclitols family, where Gal is bound to
myo-inositol or a similar compound (Obendorf, Horbowicz & Lahuta,
2012; Piotrowicz Cieslak, Gracia Lopez & Gulewicz, 2003). RFOs are
characterized by the presence of « (1—6) bonds between a-D-Gal moi-
eties, which are bonded (1—6) to the glucose residue of the terminal su-
crose. Raffinose (Raf, Table 1 and Fig. 1), the trisaccharide progenitor,
is synthesized by raffinose synthase through a condensation reaction be-
tween sucrose and galactinol (composed of Gal and myoinositol) with
the final release of myoinositol. Stachyose (Sta), the tetrasaccharide,
consists of two a-D-Gal, one a-D-Glc and one p-D-Fru, whereas verbas-
cose and ajugose are pentasaccharide and esasaccharide, respectively,
with three or four a-D-Gal units before the sucrose unit.

There is RFO type specificity for cell compartment and for plant
species. In contrast to raffinose, which is commonly found in plants,
stachyose and other higher DP RFOs such as verbascose and ajugose,
accumulate only in the vacuole of certain plant species (Peters &
Keller, 2009). The rate of accumulation of RFOs is different in plant or-
gans and dependent on light, temperature, salinity, water content and
pathogen attack (Van den Ende, 2013). They are abundant in seeds
and among all legumes, soybean, lupin and pea seeds contain the high-
est content of these oligosaccharides (Kuo, VanMiddlesworth & Wolf,
1988), the reason why they are also known as soybean oligosaccharides.

RFOs have an osmoprotectant function. For instance, they protect
the embryo of plant seeds from desiccation occurring during matura-
tion (Peterbauer & Richter, 2001; Peters, Mundree, Thomson, Farrant
& Keller, 2007). In addition, RFOs have a wide range of cellular func-
tions, including transport and storage of carbon, signal transduction,
membrane trafficking, and antioxidant properties (Kochhar, Rees & Pol-
lock, 2003; Sengupta, Mukherjee, Basak & Majumder, 2015; Van den
Ende, 2013). Given the observation that RFOs accumulate in both gen-
erative and vegetative tissues in response to abiotic stresses such as
freezing, they are currently emerging as crucial molecules in stress re-
sponses in plants (Peters & Keller, 2009, 2015; Chaliha et al., 2018).
Raffinose solutions are largely used as cryopreservants, since they are
more efficient than mono- and disaccharides in stabilizing the protein—
lipid complex of the cell membrane (Salomon & Maxwell, 2000). Be-
ing abundant in seeds, RFOs are largely responsible of flatulence upon
legumes consumption in monogastric animals like humans, which lack
a-galactosidase (Han & Baik, 2006; Kuo et al., 1988). Hence, they were
considered as anti-nutritional factors although they possess, as other
oligosaccharides, prebiotic potential (Zdunczyk, Jankowski, Juskiewicz,
& Slominski, 2011).

4.7. Lactosucrose

Lactosucrose is an analogue of raffinose, differing from the latter for
the anomeric form and the bond of the D-Gal residue to sucrose, being
f# (1-4) instead of « (1—6). It can be naturally present at low con-
centration in yogurt when sucrose is present (Ibrahim, 2018). It is also
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artificially made by enzymatic way, starting from lactose and sucrose
(Crittenden & Playne, 1996; Yoo et al., 2012). Lactosucrose is a food
additive, a prebiotic, non-cariogenic, proposed as excipient in pharma-
ceutical and cosmetic formulations and as bioactive in prevention of skin
diseases (Ibrahim, 2018; Silverio, Macedo, Teixeira & Rodrigues, 2015).
In fact, the oligosaccharide should potentiate the growth of the good skin
microflora, competitively reducing pathogens. It is present in patented
preparations even for oral administration, such as the one used for pre-
venting and treating the fungal infection athlete’s foot (Nobuaki, 1998),
and in symbiotic formulations (Bustamante et al., 2020).

4.8. Galacto-oligosaccharides

Galacto-oligosaccharides (GOS) are NDOs usually composed of 2-
10 molecules of Gal and a terminal Glc unit. They are primarily de-
rived through transgalactosylation reactions of lactose catalyzed by
fungal, bacterial or yeast f-D-galactosidases (e.g. 4’-galactosyl-lactose,
Table 1 and Fig. 1). This reaction causes the production of oligosac-
charides with different glycosidic bonds, which are also called trans-
galactooligosaccharides (TOS) (Torres et al., 2010). GOS are struc-
turally related to human milk oligosaccharides (HMOs) and both fam-
ilies present prebiotic properties. Although GOS concentration in milk
is low, there is a great potential to produce them from by-products of
dairy industry (Ibrahim, 2018; Xiao et al., 2019). GOS can be produced
from lactulose (GOS-Lu) by enzymes with different features, with seem-
ingly more prebiotic potential than GOS derived from lactose (GOS-La)
(Diez-Municio et al., 2014; Hernandez-Hernandez, Montanes, Clemente,
Moreno & Sanz, 2012; Xiao et al., 2019). Like FOS, they are often used
in foods and dietary supplements as prebiotics, additives to improve
food texture and for the low cariogenic properties. Primarily, they can
be present in formula milk mixtures used as a substitute of human
milk (Ibrahim, 2018). Besides, GOS intra-vaginal gel reduces the recur-
rence of bacterial vaginosis (BV) by restoring the beneficial vaginal flora
(Coste, Judlin, Lepargmeur & Antoun, 2012).

4.9. Human milk oligosaccharides

Human milk oligosaccharides (HMOs) are the third most abun-
dant component in dry weight of human milk (5-20 g/L) after lactose
(~70 g/L) and lipids (—~40 g/L). A peculiar characteristic of them is the
resistance to gastrointestinal hydrolysis and to digestion catalysed by
pancreatic and brush-border enzymes within the infant’s intestinal lu-
men. Therefore, they are not absorbed in significant amounts and only
up to 1% reaches the systemic circulation, where they are finally ex-
creted intact with the infant’s urine (Goehring et al., 2014). They are
composed of five building blocks: Glc, Gal, N-acetylglucosamine (Glc-
NAc), fucose (Fuc), and the sialic acid derivative N-acetylneuraminic
acid (Neu5Ac). Up to now, more than 150 different and structurally
distinct HMOs have been identified, which are built of 3-22 monosac-
charides, but the estimated total number of neutral and acidic HMOs ex-
ceeds 1000. Their diversity and abundance are unique to the breast milk
from humans and not seen in milk from other mammals (Bode, 2018;
Boehm & Stahl, 2007). The highest concentration of HMOs is found
in colostrum (20 g/L), and this amount decreases to 16 g/L at day
30 of lactation and to 8 g/L after 3 months (Coppa et al., 1999;
Davis, Goonatilleke, Smilowitz, German & Lebrilla, 2017).

The synthesis of HMOs takes place in the Golgi apparatus of the alve-
olar cells within the maternal mammary glands (Rudloff et al., 2006).
For the majority of HMOs the first step, represented by the lactose core
formation, is catalysed by p—4-galactosyltransferase 1 in the presence
of a-lactalbumin (Ramakrishnan & Qasba, 2014; Smilowitz, Lebrilla,
Mills, German & Freeman, 2014). Lacto-N-tetraose (LNT) and Lacto-N-
neotetraose (LNnT) (Table 2) together account for more than 90% of
human milk oligosaccharides (Bering, 2018). Structurally LNT is com-
posed of the disaccharide Lacto-N-biose (#-Gal-(1—3)-GlcNAc) added to
Gal via f1-3 or p1-6 glycosidic bonds. With the same types of bond
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Table 2

Prevalent Human Milk Oligosaccharides (HMOs).
Name Abbreviation  Friendly Structure Pattern
Lacto-N-tetraose LNT Lacto-N-biose p1-3 lactose neutral
Lacto-N-neotetraose LNnT NAcLactosamine p1-3 lactose neutral
2’-fucosyllactose 2’-FL L-Fuc «1-2 lactose neutral
Lacto-N-fucopentaose-I LNFP-I L-Fuc a1-2 Lacto-N-biose p1-3 lactose neutral
Disialyllacto-N-tetraose ~ DS-LNT LNT with sialyl «2-6 and a2-3 bound to GIcNAc and acidic

Gal, respectively, of the Lacto-N-biose unit

Fucose (Fuc), N-acetylglucosamine (GlcNAc), Galactose (Gal).

Table 3

Lewis-X (LeX) and sialyl Lewis-X (sLeX) structures.

Abbreviation ~ IUPAC Structure Graphical Representation
p4
LeX Galp1-4(Fuca1-3)GIcNAc-R
a3
p4
sLeX Neu5Aca2-3Galp1-4(Fuca1-3)GIcNAc-R a3

a3

O Yellow circle, galactose (Gal); A red triangle, fucose (Fuc); M biu square, N-
acetylglucosamine (GlcNAc), L 2 Purple diamond, sialic acid (Neu5Ac), symbols ac-
cording to CFG guidelines (Varki et al., 2015).

in LNnT it is added to Gal the disaccharide N-Acetyllactosamine (-
Gal-(1-4)-GlcNAc) (Table 2). Further elongations with Lacto-N-biose
or N-Acetyllactosamine units give origin to other HMOs of type I or II,
respectively (Ayechu-Muruzabal et al., 2018).

The composition of HMOs in human milk varies over the course of
lactation as well as between women, as specified by genetic factors,
and particularly dependent on the mother’s Secretor (Se) and Lewis (Le)
blood group characteristics. These determine the expression of specific
(1,2)-a-D-fucosyltransferase (FUT2) and (1,3/4)-a-D-fucosyltransferase
(FUT3), resulting in the formation of four possible milk groups. The
majority of mothers express the FUT2 dominant Se allele, which is
responsible for the addition of a—D-Fuc via 1—-2 linkage to terminal
Gal to form 2-fucosylated structures (Kumazaki & Yoshida, 1984). 2’-
fucosyllactose (2’-FL) and lacto-N-fucopentaose I (LNFP-I) (Table 2) are
only few examples of the most abundant HMOs produced by the Se-
cretor phenotype in contrast to non-Secretor one, who does not express
FUT2. Accordingly, the total HMOs concentration is also influenced by
the Secretor phenotype of the mother. In fact, the total concentration of
HMOs found in breast milk of Secretor mothers is significantly higher
than that of the non-Secretor phenotype mothers (Lis-Kuberka & Orczyk-
Pawilowicz, 2019). Other a—(1,3)FUT enzymes can catalyze the forma-
tion of the trisaccharide Lewis-X (Le* also called CD15) and tetrasac-
charide sialyl Lewis-X (sLeX) structures (Table 3). These fucosylated
lactosaminyl structures are present in both HMOs and glycoconjugates
bearing key functions in cell migration, development, and immunity
(Mondal et al., 2018). Dominant Le allele allows the expression of FUT3
and is present in Types I and III milk groups (Ayechu-Muruzabal et al.,
2018). The proportions of fucosylated and sialylated HMOs in human
term milk are 60-80% and 10-15%, respectively (Ninonuevo et al.,
2006). The simplest sialylated milk oligosaccharides are the trisac-
charides 3’-sialyllactose (3’-SL) and 6’-sialyllactose (6’-SL). Others are
disialyllacto-N-tetraose (DS-LNT, Table 2) and, at lower concentrations,
sialyllacto-N-tetraoses (LSTa, LSTb, and LSTc) (Thurl, Munzert, Boehm,
Matthews & Stahl, 2017). All milk groups exhibit an almost parallel de-
crease to one-third of the initial acidic oligosaccharides concentrations
during the first three months of lactation (Thurl et al., 2010).

When breastfeeding is not possible, milk formulas are used as substi-
tutes of human milk. Two main types of formula milk are available;
either based on bovine milk or on modified composition of isolated

and hydrolyzed bovine milk proteins. However, the majority of HMOs
and glycoconjugates showing a protective effect are not found in both
preparations (Lis-Kuberska & Orczyk-Pawilowicz, 2019; Wang & Brand-
Miller, 2003). Therefore, prebiotic mixtures of long chain FOS (from 2
to more than 60 DP, 1cFOS) and short chain GOS (from 3 to 10 DP, sc-
GOS), with the typical ratio GOS:FOS of 9:1 and either derived from
plant or synthesized, can be added to the formulas thus mimicking
the prebiotic properties of HMOs (Bakker-Zierikzee et al., 2005; Bode
& Jantscher-Krenn, 2012; Kunz, Rudloff, Baier, Klein & Strobel, 2000;
Oozeer et al., 2013; Urashima, Hirabayashi, Sato & Kobata, 2018). Some
HMOs have now been produced and isolated by food industry through
chemical and chemoenzymatic syntheses or biotechnology (Bych et al.,
2019), and preclinical studies or clinical trials in healthy infants have
been conducted to ascertain the effectiveness of such HMOs-added for-
mulas. The results from these studies showed that the supplementation
of 2’-FL and LNnT is tolerable and stimulates normal growth within
the first 4-6 months of life, hence commercialization has begun (Lis-
Kuberska & Orczyk-Pawilowicz, 2019; Marriage, Buck, Goehring, Oliver
& Williams, 2015; Puccio et al., 2017). Furthermore, HMOs concentra-
tions are not affected by pasteurization (Daniels et al., 2017). Currently,
specific HMO interventions for special groups of infants, such as preterm
infants, are under investigation (Bering, 2018).

5. Physiologic activities of oligosaccharides
5.1. Human milk oligosaccharides

One of the major roles of HMOs is to function as prebiotics, fos-
tering the growth of beneficial bacteria of colon microflora such as
Bifidobacterium, Bacteroides, Lactobacilli while supressing that of po-
tentially harmful strains, like Clostridium, Enterococcus, Klebsiella, En-
terobacter (Ayechu-Muruzabal et al., 2018; Belorkar & Gupta, 2016;
Shao et al., 2019). In addition, HMOs constitute a host defense sys-
tem since they can act as receptor analogues for pathogens (“decoy
receptors”), thus preventing their adhesion to epithelium and conse-
quent infections (Asadpoor et al., 2020; Bode, 2012; McKeen et al.,
2019). In fact, fucosylated and sialylated molecules of human milk can
be recognized and bound by lectin receptors of sialic acid- and fucose-
dependent pathogens (Bode, 2012). Moreover, HMOs have been re-
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ported as antimicrobials that directly kill bacteria or at least reduce bac-
terial proliferation (Bode, 2018). This last aspect has also been related to
an effect on the expression of glycosyltransferases in enteropathogenic
E. coli (EPEC), which reduces sialylation ultimately leading to an im-
paired adhesion of pathogens (Angeloni et al., 2005; Bode, 2018). In
vitro the anti-pathogenic properties of single HMOs were found to be
strain-specific; for instance, LSTa exhibit a strong antimicrobial activity
against Group B Streptococcus (GBS) (Craft, Thomas & Townsend, 2018).
Glycoconjugates and free oligosaccharides unique to human milk are
also classified as essential elements of the innate immunity delivered
by the mother to the newborn, with the effect of strengthening their
immune system (Lis-Kuberska & Orczyk-Pawilowicz, 2019). The pres-
ence of Fuc and sLe* allows the binding of HMOs to selectin, C-type
lectins and TLRs, thus interfering with selectin-mediated cell-cell inter-
actions. This leads to a reduction in neutrophil rolling on activated en-
dothelial cells, adhesion and transmigration as well as a reduction in
neutrophil activation (Rudloff, Stefan, Pohlentz & Kunz, 2002). More-
over, sialylated HMOs have the ex vivo ability to reduce the formation of
platelet-neutrophil complexes, which can be more easily activated than
circulating neutrophils (Ayechu-Muruzabal et al., 2018; Bode, Rudloff,
Kunz, Strobel & Klein, 2004; Hill & Newburg, 2015). Other glycan-
binding receptors like galectins or siglecs play major roles in facilitating
and regulating immune responses and represent potential DS-LNT tar-
gets (Triantis, Bode & van Neerven, 2018). To this end, HMOs derived
from human colostrum have demonstrated anti-inflammatory properties
with the ability to negatively affect phagocytosis and oxidative burst
(Bode, 2018; Patel & Kim, 2018). In addition, they can modulate the
production of chemokines and interleukins related to the maturation
of lymphoid tissue, ultimately regulating the Th1/Th2 lymphocyte bal-
ance (He, Liu, Leone & Newburg, 2014). Therefore, HMOs can be con-
sidered essential for the development of the immune system in early life
(Ayechu-Muruzabal et al., 2018).

Both in vitro and ex vivo data demonstrated that HMOs and human
milk glycoconjugates are able to modulate microbiota and the responses
and maturation of intestinal epithelial cells. In particular they con-
tribute to the integrity of epithelial barrier of the gastrointestinal tract
of neonates and protect them against necrotizing enterocolitis (NEC)
(Ayechu-Muruzabal et al., 2018; He et al., 2014; Patel & Kim, 2018). In-
deed, a low secretor phenotype was associated with the onset of NEC
in premature infants (Morrow et al., 2011). This causality was con-
firmed by the observation of a lower concentration of sialylated HMOs
in human milk administered to infants who developed NEC or suf-
fered from a poorer health compared to healthy infants (Bode, 2018;
Charbonneau et al., 2016). Yet, a non-secretor genotype was associated
with gram-negative sepsis (Morrow et al., 2011) and it has been pro-
posed that fucosylation in preterm milk may not be as well-regulated as
in term milk (Bering, 2018; De Leoz et al., 2012). Some studies also sug-
gest an association between human milk feeding and long-term benefits
in neurodevelopment (Belfort, 2018).

As reported before, prebiotic mixtures of long chain FOS (from 2
to more than 60 DP, 1cFOS) and short chain GOS (from 3 to 10 DP,
scGOS), with the typical ratio GOS:FOS of 9:1, can be added to the
milk formulas thus mimicking the prebiotic properties of HMOs (Bakker-
Zierikzee et al., 2005; Bode & Jantscher-Krenn, 2012; Kunz et al., 2000;
Oozeer et al., 2013; Urashima et al., 2018). In support of this, it has
been reported that GOS- and FOS-added milk formulas positively influ-
ence the health condition of the infant by decreasing the occurrence of
atopic dermatitis, allergic manifestations and infections (Lis-Kuberska
& Orczyk-Pawilowicz, 2019; Vandenplas, De Greef & Veereman, 2014).
In addition, it has also been observed that such glyco-added milk for-
mula influences the microbiota composition of the infant’s feces provid-
ing softer stools, despite these oligosaccharides do not contain Fuc and
sialic acid residues, which are so beneficial for the infant (Bode, 2012;
Lis-Kuberska & Orczyk-Pawilowicz, 2019). Addition of pectin-derived
acidic oligosaccharides to come closer to the functional composition of
human milk has also been suggested (Griiber et al., 2010).
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5.2. FOS and other prebiotic oligosaccharides

Oligosaccharides are all considered as soluble fiber. FOS and GOS
were the first oligosaccharide families extensively studied as prebi-
otics, enhancing beneficial microorganisms of the indigenous micro-
biota such as Bifidobacteria and Lactobacilli which can out-compete po-
tential pathogenic bacteria (Gibson et al., 2004; Roberfroid, 2007; Lor-
dan et al., 2019). They are NDOs since cannot be digested in the upper
intestine of monogastric animals, although they are easily fermented by
the lower gut microflora, giving 2 kcal of energy/g of material (half of di-
gestible carbohydrates). A meta-analysis performed in humans indicated
a statistically significant effect of FOS supplementation on reduction of
both postprandial Glc and insulin concentrations (Kellow, Coughlan &
Reid, 2014). Mechanistically, soluble dietary fiber swells in the stomach
and increases the viscosity of the digesta. This leads to a decreased ab-
sorption of nutrients by the intestinal mucosa mirrored by an increase
in satiety, with a lower postprandial blood Glc and a reduced insulin re-
sponse. Hence, FOS and other NDOs are frequently used to enrich foods
with dietary fibers and replace sugars in low-sugar foods, in order to
lower blood Glc and energy content (Respondek et al., 2014).

FOS, GOS, and other prebiotic oligosaccharides are selectively fer-
mented to lactic acid and short-chain fatty acids (SCFA) acetate, propi-
onate and butyrate in the large intestine by a limited number of bacteria,
especially Bifidobacteria and Lactobacilli (Gibson et al., 2010; Le Bour-
got et al., 2018). Moreover, metabolites produced by some strains are
often consumed by other beneficial species (cross-feeding) (Davani-
Davari et al., 2019). In addition to the energetic role, these SCFA exert
positive actions on human intestinal health, metabolism and immunity.
For instance, several studies found that, SCFA provoke the acidifica-
tion of the intestinal tract favouring growth and metabolism of specific
species (Flint, Duncan, Scott & Louis, 2007) and stimulating the produc-
tion of mucin (Schley & Field, 2002; Vogt et al., 2015; Willemsen, Koet-
sier, van Deventer & van Tol, 2003). Mucin is in turn consumed as en-
ergy source by newly identified health-promoting bacteria as Akkerman-
sia muciniphila, Roseburia hominis and Roseburia intestinalis, and notably,
the abundance of A. muciniphila is inversely correlated with obesity and
type-1 diabetes (Lordan et al., 2020). The intake of some prebiotics has
further been found to increase the absorption of minerals (e.g. calcium,
magnesium and iron) thereby positively modulating bone mineral den-
sity, aspects that have been connected with SCFA production (Camara-
Martos & Amaro-Lopez, 2002; Gibson et al., 2010; Qiang, YongLie &
QianBing, 2009; Yoo et al., 2012). Moreover, several SCFA can exert
direct effects by binding to the G protein-coupled receptors GPR41 and
GPR43, which are expressed in several types of gastrointestinal cells,
thereby stimulating the secretion of hormones with glucoregulatory ac-
tions such as glucagon-like peptide-1 (GLP-1), potentiating insulin re-
lease, satiation and satiety (Liu et al., 2020; Tolhurst et al., 2012). Be-
sides, the activation of GPR41 and GPR43 receptors on neutrophils leads
to decreased production of proinflammatory cytokines (Macfarlane &
Macfarlane, 2011). However, not only decrease in “inflammaging” but
also immunity reinforcing, shown as increased NK cell activity, were
seen in elderly persons consuming a specific GOS mixture produced
in Bifidobacterium bifidum (Vulevic et al., 2015). Butyrate, produced by
genera as Faecalibacterium prausnitzii, demonstrated also other specific
beneficial effects: 1) it is able to decrease the permeability of the gas-
trointestinal tract by a variety of mechanisms, such as upregulating the
expression of tight junction proteins between gastrointestinal cells (Yan
& Ajuwon, 2017; Zheng et al., 2017); 2) it showed protective effects
against the risk of colorectal cancer and its progression (Davis & Mil-
ner, 2009).

The prebiotic effects of oligosaccharides extend to all body since
microbiota-derived metabolites can enter blood circulation. For in-
stance, oral GOS administration increased the water-holding capacity
of the skin and prevented transepidermal water loss in UV irradiated
hairless mice (Hong et al., 2015). Other protective effects on skin and
other organs like brain are due to immune response-mediated pathways
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(Bailey et al., 2011; Liu, Cao & Zhang, 2015). It has also been shown
that SCFA can epigenetically affect genic expression in multiple tissues
(Krautkramer et al., 2016). Moreover, GPCRs activation by SCFA brings
neurochemicals secretion such as serotonin, and further, oligosaccharide
modulation of brain-derived neurotrophic factor, neurotransmitters and
synaptic proteins in rat are attributed to direct SCFA vagal stimulation
(Savignac et al., 2013). A real complex gut—brain neural circuit does
exist (De Vadder et al., 2014; Liu et al., 2015). Prebiotics enhanced re-
call and memory processes in healthy middle-aged adults (Best, Howe,
Bryan, Buckley & Scholey, 2015) and in mice attenuated the accumu-
lation of dementia-related glial protein (Han et al., 2010). Due to the
shown positive SCFA effects against induced psychosocial stress in mice
(Van de Wouw et al., 2018) and association between autism and dysbio-
sis (Adams, Johansen, Powell, Quig & Rubin, 2011), there is an expecta-
tion of prebiotic therapeutic effects in mood and stress-related diseases
and autism (Davani-Davari et al., 2019).

Nowadays, FOS are used in a variety of conditions ranging from con-
stipation relief due to their ability to absorb water and increase intesti-
nal peristalsis to diarrhea (for the nourishment of beneficial intestinal
bacteria at the expense of pathogens), after antibiotic therapy, and in
hypertriglyceridemic and hypercolesterolemic conditions (Gibson et al.,
2010; Mussatto & Mancilha, 2007; Singh & Singh, 2010). Studies on an-
imal models of metabolic diseases showed that NDOs supplementation
decreased inflammation markers such as haptoglobin and LPS, with fur-
ther a change in the bile acid profile (Liu et al., 2020). At the same time,
bile acids can activate receptors such as TGR5 and FXR, bringing bene-
ficial effects on glucose metabolism and diet-induced obesity. However,
there are also contrasting results in literature on the possible lipid lower-
ing effects of FOS supplementation; therefore, their role as lipid profile
modulator is still debated (Davani-Davari et al., 2019; Le Bourgot et al.,
2018). Nevertheless, NDOs administration improves intestinal ecology
in a way favouring host health, as mainly suggested from animal studies.
For instance, mannan-oligosaccharides (MOS) supplementation in mice
decreased the ratio of the abundance of Firmicutes/Bacteroidetes, a mod-
ification linked to inhibition of obesity development (Turnbaugh et al.,
2006). MOS could alleviate metabolic syndrome caused by high-fat diet,
with decreased weight gain, insulin resistance, and plasma lipids. GOS
in mice were also able to reduce body adipocyte tissue and liver steato-
sis, and in addition, they decreased bile acids pool in the small intestine
(Liu et al., 2020; Xiao et al., 2019). GOS proposed mechanism foresees
stimulation of bacterial bile salt hydrolase producing the secondary bile
acids, whose receptors are present in the gut, in white (WAT) and brown
(BAT) adipose tissues, in skeletal muscles, brain and other tissues. If so,
the ultimate effects should be increased WAT beiging and thermogene-
sis, increased tissue energy expenditure through cAMP-dependent thy-
roid hormone activator type 2 iodothyronine deiodinase and promoted
satiety (Liu et al., 2020; Watanabe et al., 2006). In fact, the positive pre-
biotic effects are extremely related to counter obesity and its complica-
tions such as cardiovascular diseases, hypertension, type 2 diabetes and
other chronic diseases (Liu et al., 2020). Also, there are contrasting stud-
ies regarding the prebiotic benefits in gastrointestinal disorders includ-
ing irritable bowel syndrome (IBS, see following section) and Crohn’s
disease (Davani-Davari et al., 2019 and refs therein).

6. Side effects of oligosaccharides

The FOS intake should not exceed 20 g/day for adults and 4.2 g/day
for age less than one year (Ibrahim, 2018), although the use of FOS and
similar compounds is discouraged in several gastrointestinal diseases
(Molodecky et al., 2012). In fact, oligosaccharides belonging to the so-
called FODMAP group of compounds including fructans, FOS and GOS,
lactose, fructose, and polyols are poorly assimilated and thus highly fer-
mented within the intestine. Among polyols, sorbitol is used as sweet-
ener and is present in stone fruits; others are mannitol, maltitol, xylitol,
polydextrose, and isomalt, often used by the food industry as thicken-
ers. A diet low in FODMAPs has been shown to improve symptoms in
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patients with IBS and non-celiac gluten sensitivity (NCGS) and it has also
been recommended for diverticulitis, exercise-induced gastrointestinal
symptoms, and inflammatory bowel diseases such as ulcerative coli-
tis (Durchschein, Petritsch & Hammer, 2016; Jayanthi, Probert, Pinder,
Wicks & Mayberry, 1992; Molodecky et al., 2012; Priyanka et al., 2018).
The acronym FODMAP was first coined in 2005 by Gibson and Shep-
herd, who suggested a connection between western lifestyle, FODMAP-
rich foods intake, and susceptibility to Crohn’s disease (Gibson & Shep-
herd, 2005). FODMAPs might worsen IBS symptoms by increasing either
small intestinal water volume or colonic gas production and intestinal
motility in patients with perturbed intestinal microbiota (Catassi, Li-
onetti, Gatti & Catassi, 2017). Nonetheless, the British Dietetic Asso-
ciation (BDA) recommends this diet as the second-line intervention in
IBS patients after the conventional IBS dietary intervention, e.g., the
restriction of high-fiber food, resistant starch, fresh fruit, coffee, tea, al-
cohol, fizzy drinks and sorbitol. The original proponents recommended
an “all FODMAP-free period” of 6-8 weeks, followed by a gradual
reintroduction of a single FODMAPs to identify specific dietary trig-
gers and limits of tolerance (Shepherd & Gibson, 2013; Tuck, Muir,
Barrett & Gibson, 2014). In fact, a so restrictive diet excluding sev-
eral cereals, all legumes, many vegetables and fruits, milk and milk-
derivatives can lead to deprivation of minerals, vitamins, other antioxi-
dant and beneficial bioactive compounds. Furthermore, the lack of FOS
and GOS can cause a decrease in commensal microorganisms that in
normal conditions exert beneficial effects on host metabolism, physiol-
ogy and pathogen protection (actions discussed previously). Thus, nutri-
tional supplements are suggested when following this diet (Catassi et al.,
2017).

7. Other oligosaccharides and their applications

As reported previously, besides oligosaccharides naturally present
in living organisms, a major part of them are produced by industry
(Diez-Municio et al., 2014; Ibrahim, 2018; Martins Meyer et al., 2015;
Nakakuki, 2002). A further example is represented by oligosaccharides
obtained from carrageenan, linear sulfated polysaccharides consisting
of D-Gal with alternating a-D-(1—3) and f-D-(1—4) bonds, extracted
from red edible seaweeds (Duan, Yu, Liu, Tian & Mou, 2016). Due to its
gel-forming ability and chemical stability, carrageenan has been widely
applied as thickening, clarification, and gelling agents by the food, bev-
erage, and cosmetic industries (de Borba Gurpilhares et al., 2019). Al-
though they possess anti-inflammatory, anti-tumor, anti-coagulant, anti-
hyperlipidemic and anti-thrombotic activities (Panlasigui, Baello, Di-
matangal & Dumelod, 2003) their application in medicine has been lim-
ited due to their high molecular weight and low solubility. Nonetheless,
the degradation of sulfated polysaccharides operated by carrageenases
is a promising tool to employ for the exploitation of such novel com-
pounds in medical field (Zhu et al., 2018).

Other complex oligosaccharides derived from plant cell walls, such
as xylo-oligosaccharides (XOS) from the main hemicelluloses compo-
nent of cereal fiber xylan and its derivatives, the wheat bran ara-
binoxylan and glucuronoarabinoxylan, demonstrated to be effective
modulators of metabolism and useful prebiotics (Gibson et al., 2010;
Ibrahim, 2018; Swennen, Courtin, Lindemans & Delcour, 2006; Teng &
Kim, 2018). XOS found applications in food industry and pharmaceutics,
further showing beneficial effects in the treatment of atopic dermatitis, a
role played by the galacturonic acid-rich pectic-oligosaccharides (POS)
as well (Griiber et al., 2010). POS in vitro inhibit proliferation and bind-
ing to gut epithelial cells of several pathogens, as well as adherence
of E. coli on uroepithelial cells (Asadpoor et al., 2020). Modified citrus
pectin (MCP) is a pectin fiber from citrus fruit peels which has been
treated with a specific pH and heat-controlled hydrolysis to give a more
soluble product, marketed as a dietary supplement under the PectaSol
name (Yan & Katz, 2010). PectaSol-C has a lower average molecular
weight of 5000-10,000 and consists of a mixture of galacturonic acid-,
galactose- and arabinose-rich oligosaccharides (Courts, 2013). In clin-
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ical trials both slowdowned prostate cancer and gave clinical benefits
with far advanced solid tumors. Besides, in preclinical studies MCP has
shown promising results in several types of tumor, including gastroin-
testinal, ovarian and breast cancer, and reduces fibrosis to the kidney,
liver, and adipose tissue (Eliaz & Raz, 2019 and refs therein). These
pleiotropic effects are greatly due to neutral POS tight binding to Gal-
3 (Maxwell, Belshaw, Waldron & Morris, 2011), that in this way in-
hibits Gal-3 promotion of metastasis, inflammation and extracellular
matrix cross-linking (Eliaz & Raz, 2019). Absorption only of galactans
and arabinogalactans of MCP from the small intestinal epithelium has
been elucidated (Courts, 2013). Additionally, immunomodulatory ef-
fects (Eliaz & Raz, 2019) and lowering of liver cholesterol accumulation
in high-cholesterol diet are reported after POS administration in mice
(Yamaguchi, Shimizu & Hatanaka, 1994). Furthermore, POS are used
for chelation of toxic metals, then efficiently excreted with urine (Zhao
et al., 2008; Eliaz & Raz, 2019).

Prebiotics are now increasingly used as alternatives to banned antibi-
otics in non-ruminant animal diets. To this end, MOS originating from
yeast cell walls, and galactoglucomanno-oligosaccharides from wood,
are being tested (Teng & Kim, 2018; Zdunczyk, Jankowski, Juskiewicz,
& Slominski, 2011). A further new promising field of application of
oligosaccharides is agriculture, where they may find a role as germi-
nation promoters as well as safe anti-parasite treatments (Falcon Ro-
driguez, Costales Menendez, Gonzalez-Pena Fundora, & Napoles Garcia,
2015; Mukhtar Ahmed, Khan, Siddiqui & Jahan, 2020). In addition, po-
tential for phytoremediation has been suggested (Kollarova, Kamenicka,
Vatehova & Liskova, 2018). Finally, cyclodextrins and the derived mate-
rial based on these useful oligosaccharides, are also used in remediation,
being effective in complexing pollutants present in soils, air and water
(Crini, 2014; Topuz & Uyar, 2017).

Conclusions

While in nature oligosaccharides are mainly present as branched gly-
coconjugates mediating signal functions, they can also be linear and in
free form, in plants, vegetables, fruits, honey and milk, where they play
several physiological functions including regulatory activity. The latter
group of oligosaccharides present properties that can be exploited in
food, cosmetic and pharmaceutical industries. Further they are part of
prebiotics that positively affect gut microflora giving benefits on human
and animal health. Increasing number of studies report their effects on
prevention against colorectal cancer, inflammatory bowel disease, car-
diovascular diseases and metabolic disorders. The beneficial effects are
mostly due to selective fermentation of the oligosaccharides to SCFA,
leading to stimulation of many protective physiological functions. Be-
sides, these carbohydrates are a fundamental part of human milk, regu-
lating both infant bowel and immunity development. Due their low en-
dogenous content in food, they are industrially produced and added to
nutrients as functional ingredients. While chemical synthesis and engi-
neered biocatalysis are making a big progress, bulk production is by fiber
polysaccharides hydrolysis. Enzymatic processing of polysaccharides ad-
ditionally produces oligosaccharide types of exceptional value, such as
cyclodextrins that are useful in many fields, including nanomedicine and
remediation.

This review arose with the aim to give a general and schematic view
on a family of compounds largely used in everyday life. We treated the
most common families such as FOS, IMOs, RFOs and GOS and dedi-
cated a focus on HMOs which provide incomparable value to breast
milk. A section mentions other classes, including marine and newly dis-
covered/synthesized oligosaccharides. Starting from their basic struc-
ture we then described oligosaccharide derivation and pointed mainly
to their functions and applications. We highlighted that in some syn-
dromes, not exclusively of the digestive tract (autoimmune, migraine
and eczema are some other examples), elimination of oligosaccharides
and other fermentable compounds is beneficial. It is thus important to
know their vast use.

Carbohydrate Polymer Technologies and Applications 1 (2020) 100013
Declaration of Competing Interests

None.

References

Adams, J. B., Johansen, L. J., Powell, L. D., Quig, D., & Rubin, R. A. (2011). Gastroin-
testinal flora and gastrointestinal status in children with autism-comparisons to typ-
ical children and correlation with autism severity. BMC Gastroenterology, 11, 22.
10.1186/1471-230X-11-22.

Albersheim, P., Darvill, A., Augur, C., Cheong, J. J., Eberhard, S., & Hahn, M. G. (1992).
Oligosaccharins: Oligosaccharide regulatory molecules. Accounts of Chemical Research,
25, 77-83. 10.1021/ar00014a004.

Angeloni, S., Ridet, J. L., Kusy, N., Gao, H., Crevoisier, F., Guinchard, S., et al. (2005).
Glycoprofiling with micro-arrays of glycoconjugates and lectins. Glycobiology, 15, 31—
41. 10.1093/glycob/cwh143.

Asadpoor, M., Peeters, C., Henricks, P. A. J., Varasteh, S., Pieters, R. J., Folkerts, G., et al.
(2020). Anti-pathogenic functions of non-digestible oligosaccharides In Vitro. Nutri-
ents, 12,1789. 10.3390/nul12061789.

Ayechu-Muruzabal, V., van Stigt, A. H., Mank, M., Willemsen, L. E. M., Stahl, B.,
Garssen, J., et al. (2018). Diversity of human milk oligosaccharides and effects on early
life immune development. Frontiers in Pediatrics, 6, 239. 10.3389/fped.2018.00239.

Bailey, M. T., Dowd, S. E., Galley, J. D., Hufnagle, A. R., Allen, R. G., & Lyte, M. (2011).
Exposure to a social stressor alters the structure of the intestinal microbiota: Impli-
cations for stressor-induced immunomodulation. Brain, Behavior, and Immunity, 25,
397-407 https://dx.doi.org/10.1016%2Fj.bbi.2010.10.023.

Bakker-Zierikzee, A. M., Alles, M. S., Knol, J., Kok, F. J.,, Tolboom, J. J., &
Bindels, J. G. (2005). Effects of infant formula containing a mixture of galacto-
and fructo-oligosaccharides or viable Bifidobacterium animalis on the intesti-
nal microflora during the first 4 months of life. Br. J. Nutr, 94, 783-790.
10.1079/BJN20051451.

Bali, V., Panesar, P. S., Bera, M. B., & Panesar, R. (2015). Fructo-oligosaccharides: Pro-
duction, purification and potential applications. Critical Reviews in Food Science and
Nutrition, 55, 1475-1490. 10.1080/10408398.2012.694084.

Barea-Alvarez, M., Benito, M. T., Olano, A., Jimeno, M. L., & Moreno, F. J. (2014). Syn-
thesis and characterization of isomaltulose-derived oligosaccharides produced by 1
transglucosylation reaction of Leuconostoc mesenteroides dextransucrase. Journal of
Agricultural and Food Chemistry, 62, 9137-9144. 10.1021/jf5033735.

Belfort, M. B. (2018). Human milk and preterm infant brain development. Breastfeeding
Medicine, 13, $23-525. 10.1089/bfm.2018.29079.mbb.

Belorkar, S., & Gupta, A. K. (2016). Oligosaccharides: A boon from nature’s desk. AMB
Express, 6, 82. 10.1186/513568-016-0253-5.

Benkoulouche, M., Faure, R., Remaud-Simeon, M., Moulis, C., & Andre, 1. (2019). Har-
nessing glycoenzyme engineering for synthesis of bioactive oligosaccharides. Interface
focus, 9, Article 20180069. 10.1098/rsfs.2018.0069.

Bering, S. B. (2018). Human milk oligosaccharides to prevent gut disfunction and necro-
tizing enterocolitis in preterm neonates. Nutrients, 1, 1461. 10.3390/nul0101461.

Best, T., Howe, P., Bryan, J., Buckley, J.,, & Scholey, A. (2015). Acute ef-
fects of a dietary non-starch polysaccharide supplement on cognitive per-
formance in healthy middle-aged adults. Nutritional Neuroscience, 18, 76-86.
10.1179/1476830513Y.0000000101.

Bode, L. (2012). Human milk oligosaccharides: Every baby needs a sugar mama. Glycobi-
ology, 22, 1147-1162. 10.1093/glycob/cws074.

Bode, L. (2018). Human milk oligosaccharides in the prevention of necrotizing entero-
colitis: A journey from in vitro and in vivo models to mother-infant cohort studies.
Frontiers in Pediatrics, 6, 385. 10.3389/fped.2018.00385.

Bode, L., & Jantscher-Krenn, E. (2012). Structure-function relationships of human milk
oligosaccharides. Advances in Nutrition, 3, 3835-391S. 10.3945/an.111.001404.
Bode, L., Rudloff, S., Kunz, C., Strobel, S., & Klein, N. (2004). Human milk oligosaccharides
reduce platelet-neutrophil complex formation leading to a decrease in neutrophil g 2
integrin expression. Journal of Leukocyte Biology, 76, 820-826. 10.1189/j1b.0304198.

Boehm, G., & Stahl, B. (2007). Oligosaccharides from milk. Journal of Nutrition, 137 847S-
9Shttps://doi.org/. 10.1093/jn/137.3.847S.

Bogo, A., & Mantle, P. (2000). Oligosaccharides in the honeydew of Coccoidea scale in-
sects: Coccus hesperidum L. and new Stigmacoccus sp. In Brazil. Anais da Sociedade
Entomologica do Brasil, 29, 589-595.

Bose, S. K., Howlader, P., Wang, W., & Yin, H. (2021). Oligosaccharide is a promising
natural preservative for improving postharvest preservation of fruit: A review. Food
Chemistry, 341, 128178. 10.1016/j.foodchem.2020.128178.

Braga Carneiro, S., Costa Duarte, F. I., Heimfarth, L., de Souza Siqueira Quintans, J., Quin-
tas, L. J. J., da Velga, V. F. J., et al. (2019). Cyclodextrin-drug inclusion complexes:
In vivo and in vitro approaches. International Journal of Molecular Sciences, 20, 642.
10.3390/1jms20030642.

Bustamante, M., Oomah, B. D., Oliveira, W. P., Burgos-Diaz, C., Rubilar, M., &
Shene, C. (2020). Probiotics and prebiotics potential for the care of skin, fe-
male urogenital tract, and respiratory tract. Folia Microbiology, 65, 245-264.
10.1007/512223-019-00759-3.

Bych, K., Miks, M. H., Johanson, T., Hederos, M. J., Vigsnaes, L. K., & Becker, P. (2019).
Production of HMOs using microbial hosts — From cell engineering to
large scale production. Current Opinion in Biotechnology, 56, 130-137.
10.1016/j.copbio.2018.11.003.

Camara-Martos, F., & Amaro-Lopez, M. A. (2002). Influence of dietary factors on calcium
bioavailability. Biological Trace Element Research, 89, 43-52. 10.1385/BTER:89:1:43.


https://doi.org/10.1186/1471-230X-11-22
https://doi.org/10.1021/ar00014a004
https://doi.org/10.1093/glycob/cwh143
https://doi.org/10.3390/nu12061789
https://doi.org/10.3389/fped.2018.00239
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0006
https://doi.org/10.1079/BJN20051451
https://doi.org/10.1080/10408398.2012.694084
https://doi.org/10.1021/jf5033735
https://doi.org/10.1089/bfm.2018.29079.mbb
https://doi.org/10.1186/s13568-016-0253-5
https://doi.org/10.1098/rsfs.2018.0069
https://doi.org/10.3390/nu10101461
https://doi.org/10.1179/1476830513Y.0000000101
https://doi.org/10.1093/glycob/cws074
https://doi.org/10.3389/fped.2018.00385
https://doi.org/10.3945/an.111.001404
https://doi.org/10.1189/jlb.0304198
https://doi.org/10.1093/jn/137.3.847S
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0020
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0020
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0020
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0020
https://doi.org/10.1016/j.foodchem.2020.128178
https://doi.org/10.3390/ijms20030642
https://doi.org/10.1007/s12223-019-00759-3
https://doi.org/10.1016/j.copbio.2018.11.003
https://doi.org/10.1385/BTER:89:1:43

S. Hanau, S.H. Almugadam, E. Sapienza et al.

Carding, S., Verbeke, K., Vipond, D. T., Corfe, B. M., & Owen, L. J. (2015). Dysbiosis of
the gut microbiota in disease. Microbial Ecology in Health & Disease, Article 2626191.
10.3402/mehd.v26.26191.

Catassi, G., Lionetti, E., Gatti, S., & Catassi, C. (2017). The low FODMAP diet: Many ques-
tion marks for a catchy acronym. Nutrients, 9, 292. 10.3390/nu9030292.

Chaen, H., Nishimoto, T., Nakada, T., Fukuda, S., Kurimoto, M., & Tsujisaka, Y. (2001).
Enzymatic synthesis of Kojioligosaccharides using kojibiose phosphorylase. Journal of
Bioscience and Bioengineering, 92, 177-182. 10.1016/51389-1723(01)80221-8.

Chaliha, C., Rugen, M. D., Field, R. A., & Kalita, E. (2018). Glycans as modulators
of plant defense against filamentous pathogens. Frontiers in Plant Science, 9, 928.
10.3389/fpls.2018.00928.

Charbonneau, M. R., O’Donnell, D., Blanton, L. V., Totten, S. M., Davis, J. C.,
& Barratt, M. J. (2016). Sialylated milk oligosaccharides promote microbiota-
dependent growth in models of infant undernutrition. Cell, 164, 859-871.
10.1016/j.cell.2016.01.024.

Chen, R. (2018). Enzyme and microbial technology for synthesis of bioactive oligosac-
charides: An update. Applied Microbiology and Biotechnology, 102, 3017-3026.
10.1007/500253-018-8839-2.

Coppa, G. V., Pierani, P., Zampini, L., Carloni, 1., Carlucci, A., & Gabrielli, O. (1999).
Oligosaccharides in human milk during different phases of lactation. Acta Paediatrica
Supplement, 88, 89-94. 10.1111/j.1651-2227.1999.tb01307..x.

Coste, 1., Judlin, P., Lepargmeur, J. P., & Antoun, S. B. (2012). Safety and efficacy of an
intravaginal prebiotic gel in the prevention of recurrent bacterial vaginosis: A ran-
domized double-blind study. Obstetrics and Gynecology International, Article 147867.
10.1155/2012/147867.

Courts, F. L. (2013). Profiling of modified citrus pectin oligosaccharide transport across
Caco-2 cell monolayers. PharmaNutrition, 1, 22-31. 10.1016/j.phanu.2012.12.001.

Craft, K. M., Thomas, H. C.,, & Townsend, S. D. (2018). Interrogation of human
milk oligosaccharide fucosylation patterns for antimicrobial and antibiofilm trends
in group B Streptococcus. ACS Infectious Diseases, 4, 1755-1765. 10.1021/acsin-
fecdis.8b00234.

Crini, G. (2014). Review: A History of cyclodextrins. Chemical Reviews, 114, 10940-10975.
10.1021/cr500081p.

Crittenden, R. G., & Playne, M. J. (1996). Production, properties and applications
of food-grade oligosaccharides. Trends in Food Science & Technology, 7, 353-361.
10.1016/50924-2244(96)10038-8.

da Silva, L. C. N., & Correia, M. T. S. (2014). Plant lectins and Toll-like receptors:
Implications for therapy of microbial infections. Frontiers in Microbiology, 5, 20.
10.3389/fmicb.2014.00020.

Daniels, B., Coutsoudis, A., Autran, C., Amundson Mansen, K., Israel-Ballard, K., &
Bode, L. (2017). The effect of simulated flash heating pasteurisation and Holder pas-
teurisation on human milk oligosaccharides. Paediatrics and International Child Health.,
37, 204-209. 10.1080/20469047.2017.1293869.

Davani-Davari, D., Negahdaripour, M., Karimzadeh, I., Seifan, M., Mohkam, M., & Ma-
soumi, S. J. (2019). Prebiotics: Definition, types, sources, mechanisms, and clinical
applications. Foods (Basel, Switzerland), 8, 92. 10.3390/foods8030092.

Davis, C. D., & Milner, J. A. (2009). Gastrointestinal microflora, food components
and colon cancer prevention. Journal of Nutritional Biochemistry, 20, 743-752.
10.1016/j.jnutbio.2009.06.001.

Davis, J. C., Goonatilleke, E., Smilowitz, J. T., German, J. B., & Lebrilla, C. B. (2017).
Absolute quantitation of human milk oligosaccharides reveals phenotypic variations
during lactation. Journal of Nutrition, 147, 117-124. 10.3945/jn.116.238279.

de Borba Gurpilhares, D., Paes Cinelli, L., Simas, N. K., Pessoa, A. J., & Du-
raes Sette, L. (2019). Marine prebiotics: Polysaccharides and oligosaccha-
rides obtained by using microbial enzymes. Food Chemistry, 280, 175-186.
10.1016/j.foodchem.2018.12.023.

De Leoz, M. L. A., Gaerlan, S. C., Strum, J. S., Dimapasoc, L. M., Mirmiran, M., & Tan-
credi, D. J. (2012). Lacto-N-tetraose, fucosylation and secretor status are highly vari-
able in human milk oligosaccharides from women delivering preterm. Journal of Pro-
teome Research, 11, 4662-4672. 10.1021/pr3004979.

De Vadder, F., Kovatcheva-Datchary, P., Goncalves, D., Vinera, J., Zitoun, C.,
Duchampt, A., et al. (2014). Microbiotagenerated metabolites promote metabolic ben-
efits via gut-brain neural circuits. Cell, 156, 84-96. 10.1016/j.cell.2013.12.016.

Diez-Municio, M., Herrero, M., Olano, A., & Moreno, F. J. (2014). Synthesis of novel
bioactive lactose-derived oligosaccharides by microbial glycoside hydrolases. Micro-
bial Biotechnology, 7, 315-331. 10.1111/1751-7915.12124.

Ding, H., Zeng, Q., Zhou, L., Yu, Y., & Chen, B. (2017). Biochemical and structural insights
into a novel thermostable -1,3-Galactosidase from Marinomonas sp. BSi20414 Marine
Drugs, 15, 13. 10.3390/md15010013.

do Carmo, M. M. R., Walker, J. C. L., Novello, D., Caselato, V. M., Sgarbieri, V. C., &
Ouwehand, A. C. (2016). Polydextrose: Physiological function,and effects on health.
Nutrients, 8, 553. 10.3390/nu8090553.

Duan, F., Yu, Y., Liu, Z., Tian, L., & Mou, H. (2016). An effective method for the preparation
of carrageenan oligosaccharides directly from Eucheuma cottonii using cellulase and
recombinant k-carrageenase. Algal Research, 15,93-99. 10.1016/j.algal.2016.02.006.

Durchschein, F., Petritsch, W., & Hammer, H. F. (2016). Diet therapy for IBD. World Jour-
nal of Gastroenterology: Wjg, 22, 2179-2194. 10.3748/wjg.v22.i7.2179.

Elbein, A. D., Pan, Y. T., Pastuszak, L., & Carroll, D. (2003). New insights on trehalose: A
multifunctional molecule. Glycobiology, 13, 17R-27R. 10.1093/glycob/cwg047.
Eliaz, I., & Raz, A. (2019). Pleiotropic E_ects of Modified Citrus Pectin. Nutrients, 11, 2619.

10.3390/nul11112619.

Falcon Rodriguez, A. B., Costales Menendez, D., Gonzalez-Pena Fundora, D., & Napoles
Garcia, M. C. (2015). New natural products for agriculture: The oligosaccharins.
Cultivos Tropicales, 36(Special Edition), 111-129. https://pdfs.semanticscholar.org/
17e6/401efdb8246f37c8b91cb47428d4584achb78.pdf?_ga=2.252196940.43907688.
1590512763-797482922.1590512763.

Carbohydrate Polymer Technologies and Applications 1 (2020) 100013

Fischer, D., Geyer, A., & Loos, E. (2006). Occurrence of glucosylsucrose [alpha-
D-glucopyranosyl-(1 - > 2)-alpha-D-glucopyranosyl-(1 - > 2)-beta-D-fructofuranoside]
and glucosylated homologues in cyanobacteria - Structural properties, cellular
contents and possible function as thermoprotectants. FEBS J, 273, 137-149.
10.1111/j.1742-4658.2005.05050.x.

Flint, H. J., Duncan, S. H., Scott, K. P., & Louis, P. (2007). Interactions and competition
within the microbial community of the human colon: Links between diet and health.
Environmental Microbiology, 9, 1101-1111. 10.1111/§.1462-2920.2007.01281..x.

Florkin, M., & Scheer, B. T. (1971). Chemical zoology, vol. 6, arthropoda, part B. Academic
Press.

Gabius, H. J., Andre, S., Jimenez-Barbero, J., Romero, A., & Solis, D. (2011). From lectin
structure to functional glycomics: Principles of the sugar code. Trends in Biochemical
Sciences, 36, 298-313. 10.1016/j.tibs.2011.01.005.

Gibson, G. R., Probert, H. M., Loo, J. V., Rastall, R. A., & Roberfroid, M. B. (2004). Dietary
modulation of the human colonic microbiota: Updating the concept of prebiotics.
Nutrition Research Reviews, 17, 259-275. 10.1079/NRR200479.

Gibson, G. R., Scott, K. P., Rastall, R. A., Tuohy, K. M., Hotchkiss, A., Dubert-
Ferrandon, A., et al. (2010). Dietary prebiotics: Current status and new definition.
Food Science and Technology Bulletin Functional Foods, 7, 1-19 IFIS Publishing 2010.
10.1616/1476-2137.15880.

Gibson, P., & Shepherd, S. J. (2005). Personal view: Food for thought—Western lifestyle
and susceptibility to Crohn’s disease. The FODMAP hypothesis. Alimentary Pharma-
cology & Therapeutics, 21, 1399-1409. 10.1111/j.1365-2036.2005.02506.x.

Gnoth, M. J., Rudloff, S., Kunz, C., & Kinne, R. K. H. (2001). Investigations of the in vitro
transport of human milk oligosaccharides by a Caco-2 monolayer using a novel high
performance liquid chromatography-mass spectrometry technique. Journal of Biologi-
cal Chemistry, 276, 34363-34370. 10.1074/jbc.M104805200.

Goehring, K. C., Kennedy, A. D., Prieto, P. A., & Buck, R. H. (2014). Direct evidence for
the presence of human milk oligosaccharides in the circulation of breastfed infants.
PloS One, 9, Article €101692. 10.1371/journal.pone.0101692.

Griiber, C., van Stuijvenberg, M., Mosca, F., Moro, G., Chirico, G., & Braegger, C. P.MIPS
1 Working Group. (2010). Reduced occurrence of early atopic dermatitis because of
immunoactive prebiotics among low-atopy-risk infants. Journal of Allergy and Clinical
Immunology, 126, 791-797. 10.1016/j.jaci.2010.07.022.

Han, H., & Baik, B. (2006). Oligosaccharide content and composition of legumes and
their reduction by soaking, cooking, ultrasound, and high hydrostatic pressure. Ce-
real Chemistry, 83, 428-433. 10.1094/CC-83-0428.

Han, H. S., Jang, J.-. H., Jang, J. H., Choi, J. S., Kim, Y. J., Lee, C., et al. (2010).
Water extract of triticum aestivum 1. and its components demonstrate protective
effect in a model of vascular dementia. Journal of Medicinal Food, 13, 572-578.
10.1089/jmf.2009.1242.

He, Y., Liu, S., Leone, S., & Newburg, D. S. (2014). Human colostrum oligosaccharides
modulate major immunologic pathways of immature human intestine. Mucosal Im-
munology, 7, 1326-1339. 10.1038/mi.2014.20.

Hernandez-Hernandez, O., Montanes, F., Clemente, A., Moreno, F. J., & Sanz, M. L. (2012).
Monomer and linkage type of galacto-oligosaccharides affect their resistance to ileal
digestion and prebiotic properties in rats. Journal of Nutrition, 142, 1232-1239.
10.3945/jn.111.155762.

Hidaka, H., Eida, T., Takizawa, T., Tokunaga, T., & Tashiro, Y. (1986). Effects of fruc-
tooligosaccharides on intestinal flora and human health. Bifidobacteria Microflora, 5,
37-50. 10.12938/bifidus1982.5.1_37.

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

Hong, K. B., Jeong, M., Han, K. S., Kim, J. H., Park, Y., & Suh, H. J. (2015).
Photoprotective effects of galacto-oligosaccharide and/or bifidobacterium longum
supplementation against skin damage induced by ultraviolet irradiation in hair-
less mice. International Journal of Food Sciences and Nutrition, 66, 923-930.
10.3109/09637486.2015.1088823.

Hong, Y. H., Chang, U. J.,, Kim, Y. S., Jung, E. Y., & Suh, H. J. (2017).
Dietary galacto-oligosaccharides improve skin health: A randomized double
blind clinical trial. Asia Pacific Journal of Clinical Nutrition, 26, 613-618
http://dx.doi.org/10.6133%2fapjcn.052016.05.

Ibrahim, O. O. (2018). Functional oligosaccharides: Chemicals structure, manufacturing,
health benefits, applications and regulations. Journal of Food Chemistry and Nanotech-
nology, 4, 65-76. 10.17756/jfcn.2018-060.

Jayanthi, V., Probert, C. S., Pinder, D., Wicks, A. C., & Mayberry, J. F. (1992). Epi-
demiology of Crohn’s disease in Indian migrants and the indigenous population
in Leicestershire. Quarterly Journal of Medicine, 82, 125-138. 10.1093/oxfordjour-
nals.qjmed.a068653.

Jia, Q., Li, H., Zhou, H., et al. (2019). Role and effective therapeutic target of
gut microbiota in heart failure. Cardiovascular Therapeutics, (2019) Article ID
5164298https://doi.org/. 10.1155/2019/5164298.

Kaneko, T., Yokoyama, A., & Suzuki, M. (1995). Digestibility characteristics of iso-
maltooligosaccharides in comparison with several saccharides using the rat je-
junum loop. Method Bioscience Biotechnology and Biochemistry, 59, 1190-1194.
10.1271/bbb.59.1190.

Keller, F., & Wiemken, A. (1982). Differential compartmentation of sucrose and gentianose
in the cytosol and vacuoles of storage root protoplasts from Gentiana lutea L. Plant
Cell Reports, 1, 274-277. 10.1007/bf00272638.

Kellow, N. J., Coughlan, M. T., & Reid, C. M. (2014). Metabolic benefits of dietary prebi-
otics in human subjects: A systematic review of randomised controlled trials. British
Journal of Nutrition, 111, 1147-1161. 10.1017/S0007114513003607.

Khatami, S., Ashtiani, F. Z., Bonakdarpour, B., & Mehrdad, M. (2014). The enzymatic
production of lactulose via transglycosylation in conventional and non-conventional
media. International Dairy Journal, 34, 74e79. 10.1016/j.idairyj.2013.07.010.


https://doi.org/10.3402/mehd.v26.26191
https://doi.org/10.3390/nu9030292
https://doi.org/10.1016/S1389-1723(01)80221-8
https://doi.org/10.3389/fpls.2018.00928
https://doi.org/10.1016/j.cell.2016.01.024
https://doi.org/10.1007/s00253-018-8839-2
https://doi.org/10.1111/j.1651-2227.1999.tb01307.x
https://doi.org/10.1155/2012/147867
https://doi.org/10.1016/j.phanu.2012.12.001
https://doi.org/10.1021/acsinfecdis.8b00234
https://doi.org/10.1021/cr500081p
https://doi.org/10.1016/S0924-2244(96)10038-8
https://doi.org/10.3389/fmicb.2014.00020
https://doi.org/10.1080/20469047.2017.1293869
https://doi.org/10.3390/foods8030092
https://doi.org/10.1016/j.jnutbio.2009.06.001
https://doi.org/10.3945/jn.116.238279
https://doi.org/10.1016/j.foodchem.2018.12.023
https://doi.org/10.1021/pr3004979
https://doi.org/10.1016/j.cell.2013.12.016
https://doi.org/10.1111/1751-7915.12124
https://doi.org/10.3390/md15010013
https://doi.org/10.3390/nu8090553
https://doi.org/10.1016/j.algal.2016.02.006
https://doi.org/10.3748/wjg.v22.i7.2179
https://doi.org/10.1093/glycob/cwg047
https://doi.org/10.3390/nu11112619
https://pdfs.semanticscholar.org/17e6/401efdb8246f37c8b91cb47428d4584acb78.pdf?_ga=2.252196940.43907688.1590512763-797482922.1590512763
https://doi.org/10.1111/j.1742-4658.2005.05050.x
https://doi.org/10.1111/j.1462-2920.2007.01281.x
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0056
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0056
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0056
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0056
https://doi.org/10.1016/j.tibs.2011.01.005
https://doi.org/10.1079/NRR200479
https://doi.org/10.1616/1476-2137.15880
https://doi.org/10.1111/j.1365-2036.2005.02506.x
https://doi.org/10.1074/jbc.M104805200
https://doi.org/10.1371/journal.pone.0101692
https://doi.org/10.1016/j.jaci.2010.07.022
https://doi.org/10.1094/CC-83-0428
https://doi.org/10.1089/jmf.2009.1242
https://doi.org/10.1038/mi.2014.20
https://doi.org/10.3945/jn.111.155762
https://doi.org/10.12938/bifidus1982.5.1_37
https://doi.org/10.1093/nutrit/nuv009
https://doi.org/10.3109/09637486.2015.1088823
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0071
https://doi.org/10.17756/jfcn.2018-060
https://doi.org/10.1093/oxfordjournals.qjmed.a068653
https://doi.org/10.1155/2019/5164298
https://doi.org/10.1271/bbb.59.1190
https://doi.org/10.1007/bf00272638
https://doi.org/10.1017/S0007114513003607
https://doi.org/10.1016/j.idairyj.2013.07.010

S. Hanau, S.H. Almugadam, E. Sapienza et al.

Kochhar, A., Rees, T. A., & Pollock, C. J. (2003). Assimilate partitioning in leaves of the
raffinose-storing herb Lamium album L.: The effects of altering source-sink balance.
Revista Brasilian Botany, 26, 533-540. 10.1590/50100-84042003000400012.

Kollarova, K., Kamenicka, V., Vatehova, Z., & Liskova, D. (2018). Impact of
galactoglucomannan oligosaccharides and Cd stress on maize root growth pa-
rameters, morphology, and structure. Journal of Plant Physiology, 222, 59-66.
10.1016/j.jplph.2017.12.017.

Konishi, Y., & Shindo, K. (1997). Production of nigerose, nigerosyl glucose, and nigerosyl
maltose by Acremonium sp. S4G13. Bioscience Biotechnology and Biochemistry, 61, 439—
442.10.1271/bbb.61.439.

Krautkramer, K. A., Kreznar, J. H.,, Romano KA, K. A., Vivas, E. I, Barrett-
Wilt, G. A., & Rabaglia, M. E. (2016). Diet-microbiota interactions mediate global
epigenetic programming in multiple host tissues. Molecular Cell, 64, 982-992.
10.1016/j.molcel.2016.10.025.

Kruschitz, A., & Nidetzky, B. (2020). Downstream processing technologies in the bio-
catalytic production of oligosaccharides. Biotechnology Advances, 43, Article 107568.
10.1016/j.biotechadv.2020.107568.

Kumazaki, T., & Yoshida, A. (1984). Biochemical evidence that secretor gene, Se, is a struc-
tural gene encoding a specific fucosyltransferase. Proceedings of the National Academy
of Science USA , 81, 4193-4197. 10.1073/pnas.81.13.4193.

Kunz, C., Rudloff, S., Baier, W., Klein, N., & Strobel, S. (2000). Oligosaccharides in human
milk: Structural, functional, and metabolic aspects. Annual Review of Nutrition, 20,
699-722. 10.1146/annurev.nutr.20.1.699.

Kuo, T. M., VanMiddlesworth, J. F., & Wolf, W. J. (1988). Content of raffinose oligosac-
charides and sucrose in various plant seeds. Journal of Agricultural and Food Chemistry,
36, 32-36. 10.1021/jf00079a008.

Lai, S., Molfino, A., Testorio, M., Perrotta, A. M., Currado, A., Pintus, G., et al. (2019).
Effect of low-protein diet and inulin on microbiota and clinical parameters in patients
with chronic kidney disease. Nutrients, 11, 3006. 10.3390/nu11123006.

Lambertz, J., Weiskirchen, S., Landert, S., & Weiskirchen, R. (2017). Fructose: A di-
etary sugar in crosstalk with microbiota contributing to the development and
progression of non-alcoholic liver disease. Frontiers in Immunology, 8, 1159.
10.3389/fimmu.2017.01159.

Larskaya, L. A., & Gorshkova, T. A. (2015). Plant oligosaccharides - Outsiders among elic-
itors? Biochemistry (Moskow), 80, 1049-1071. 10.1134/50006297915070081.

Le Bourgot, C., Apper, E., Blat, S., & Respondek, F. (2018). Fructo-oligosaccharides and
glucose homeostasis: A systematic review and meta-analysis in animal models. Nutri-
tion and Metabolism, 15, 9. 10.1186/512986-018-0245-3.

Lehningher, A. L. (2013). Principles of biochemistry (6th Ed.). New York: WH Freeman and
Company.

Lenoir-Wijnkoop, I., Sanders, M. E., Cabana, M. D., Caglar, E., Corthier, G., Rayes, N.,
et al. (2007). Probiotic and prebiotic influence beyond the intestinal tract. Nutrition
Reviews, 65, 469-489. 10.1111/j.1753-4887.2007.tb00272.x.

Lin, A. H.-M., Nichols, B. L., Quezada-Calvillo, R., Avery, S. E., Sim, L, &
Rose, D. R. (2012). Unexpected high digestion rate of cooked starch by the Ct-maltase-
glucoamylase small intestine mucosal a-glucosidase subunit. PloS One, 7, e35473.
10.1371/journal.pone.0035473.

Lis-Kuberska, J., & Orczyk-Pawilowicz, M. (2019). Sialylated oligosaccharides and glyco-
conjugates of human milk. the impact on infant and newborn protection, development
and well-being. Nutrients, 11, 306. 10.3390/nu11020306.

Liu, J., Lkhagva, E., Chung, H. J., Kim, H. J., & Hong, S. T. (2018). The pharmabiotic
approach to treat hyperammonemia. Nutrients, 10, 140. 10.3390/nu10020140.

Liu, X., Cao, S., & Zhang, X. (2015). Modulation of gut microbiota-brain axis by probi-
otics, prebiotics, and diet. Journal of Agricultural and Food Chemistry, 63, 7885-7895.
10.1021/acs.jafc.5b02404.

Liu, Y., Chen, J., Tan, Q., Deng, X., Tsai, P. J., & Chen, P. H. (2020). Nondigestible oligosac-
charides with anti-obesity effects. Journal of Agricultural and Food Chemistry, 68, 4-16
https://doi.org. 10.1021/acs.jafc.9b06079.

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 com-
ponents. Gut Microbes, 11, 1-20. 10.1080/19490976.2019.1613124.

Macfarlane, G. T., & Macfarlane, S. (2011). Fermentation in the human large intestine:
Its physiologic consequences and the potential contribution of prebiotics. Journal of
Clinical Gastroenterology, 45, S120-S127. 10.1097/mcg.0b013e31822fecfe.

Maguire, A. (2012). Dental Health. In K. O’Donnell, & M. W. Kearsley (Eds.), Sweeteners
and sugar alternatives in food technology (pp. 27-62). UK: Wiley-Blackwell.

Marriage, B. J., Buck, R. H., Goehring, K. C., Oliver, J. S., & Williams, J. A. (2015).
Infants fed a lower calorie formula with 2’FL show growth and 2’FL uptake like
breast-fed infants. Journal of Pediatric Gastroenterology and Nutrition, 61, 649-658.
10.1097/MPG.0000000000000889.

Martins Meyer, T. S., Melim Miguel, A. S., Rodriguez Fernandez, D. E., & Dellamora Or-
tiz, G. M. (2015). Biotechnological production of oligosaccharides — Applications in
the food industry. In A. A. Eissa (Ed.), Food production and industry (pp. 25-78). Intech
open science/open minds. Chapter 2. 10.5772/60934.

Maxwell, E. G., Belshaw, N. J., Waldron, K. W., & Morris, V. J. (2011). Pectin — an emerging
new bioactive food polysaccharide. Trends in Food Science and Technology, 24, 64-73.
10.1016/j.tifs.2011.11.002.

McKeen, S., Young, W., Mullaney, J., Fraser, K., McNabb, W., & Roy, N. C. (2019). Infant
complementary feeding of prebiotics for the microbiome and immunity. Nutrients, 11,
364. 10.3390/nu11020364.

Mohanan, N., & Satyanarayana, T. (2019). Amylases. In T. M. Schmidt (Ed.), Encyclopedia
of microbiology (pp. 107-126). Elsevier. 10.1016/B978-0-12-809633-8.13003-1.
Molodecky, N. A., Soon, L. S., Rabi, D. M., Ghali, W. A., Ferris, M., Chernoff, G., et al.
(2012). Increasing incidence and prevalence of the inflammatory bowel diseases with
time, based on systematic review. Gastroenterology, 142 46-54.e42https://doi.org/.

10.1053/j.gastro.2011.10.001.

Carbohydrate Polymer Technologies and Applications 1 (2020) 100013

Mondal, N., Dykstra, B., Lee, J., Ashline, D. J., Reinhold, V. N., & Rossi, D. J. (2018).
Distinct human «(1,3)-fucosyltransferases drive Lewis-X/sialyl Lewis-X as-
sembly in human cells. Journal of Biological Chemistry, 293, 7300-7314.
10.1074/jbc.ral17.000775.

Morrow, A. L., Meinzen-Derr, J., Huang, P., Schibler, K. R., Cahill, T., Keddache, M.,
Jiang, X., et al. (2011). Fucosyltransferase 2 non-secretor and low secretor status
predicts severe outcomes in premature infants. Journal of Pediatrics, 158, 745-751.
10.1016/j.jpeds.2010.10.043.

Mukhtar Ahmed, K. B., Khan, M. M. A., Siddiqui, H., & Jahan, A. (2020). Chitosan and
its oligosaccharides, a promising option for sustainable crop production- a review.
Carbohydrate Polymers, 227, Article 115331. 10.1016/j.carbpol.2019.115331.

Mussatto, S. I., & Mancilha, I. M. (2007). Non-digestible oligosaccharides: a review. Car-
bohydr Polym, 68, 587-597. 10.1016/j.carbpol.2006.12.011.

Nakakuki, T. (2002). Present status and future of functional oligosaccharide development,
Japan. Pure and Applied Chemistry, 74, 1245-1251. 10.1351/pac200274071245.
Nielsen, M. M., & Pedersen, C. M. (2018). Catalytic glycosylations in oligosaccharide syn-

thesis. Chemical Reviews, 118, 8285-8358 17.

Ninonuevo, M. R., Park, Y., Yin, H., Zhang, J., Ward, R. E., & Clowers, B. H. (2006).
A strategy for annotating the human milk glycome. Journal of Agricultural and Food
Chemistry, 54, 7471-7480. 10.1021/jf0615810.

Nobuaki, I. (1998). Antiathlete’s foot Composition WO1998057650A1.

Obendorf, R. L., Horbowicz, M., & Lahuta, L. B. (2012). Characterization of sugars, cy-
clitols and galactosyl cyclitols in seeds by GC. In V. R. Preedy (Ed.), Food and nutri-
tional components in focus no. 3, dietary sugars: Chemistry, analysis, function and effects
(pp. 167-185). The Royal Society of Chemistry. 10.1039/9781849734929.

Oozeer, R., van Limpt, K., Ludwig, T., Ben Amor, K., Martin, R., & Wind, R. D. (2013). In-
testinal microbiology in early life: Specific prebiotics can have similar functionalities
as human-milk oligosaccharides. American Journal of Clinical Nutrition, 98, 561S-5718.
10.3945/ajcn.112.038893.

Pan, S. C. (1962). a.-Panose. In R.L. Whistler, M.L. Wolfrom (Eds.), Methods of Carbohydrate
Chemistry: 1 (pp. 341-344). Academic Press.

Panlasigui, L. N., Baello, O. Q., Dimatangal, J. M., & Dumelod, B. D. (2003). Blood choles-
terol and lipid-lowering effects of carrageenan on human volunteers. Asia Pacific Jour-
nal of Clinical Nutrition, 12, 209-214.

Pao, S. S., Paulsen, L. T., & Saier, M. H. J. (1998). Major facilitator superfamily. Microbi-
ology and Molecular Biology Reviews, 62, 1-34. 10.1128/MMBR.62.1.1-34.1998.

Patel, A. L., & Kim, J. H. (2018). Human milk and necrotizing enterocolitis. Seminars in
Pediatric Surgery, 27, 34-38. 10.1111/j.1365-3040.2009.01991.x.

Patel, S., & Goyal, A. (2011). Functional oligosaccharides: Production, properties
and applications. World Journal of Microbiology and Biotechnology, 27, 1119-1128.
10.1007/s11274-010-0558-5.

Peterbauer, T., & Richter, A. (2001). Biochemistry and physiology of raffinose family
oligosaccharides and galactosyl cyclitols in seeds. Seed Science Research, 11, 185-197.
10.1079/SSR200175.

Peters, S., & Keller, F. (2009). Frost tolerance in excised leaves of the common bugle (Ajuga
Reptans L.) correlates positively with the concentrations of raffinose family oligosac-
charides (FOs). Plant Cell Environ, 2,1099-1107.10.1111/j.1365-3040.2009.01991 .x.

Peters, S., Mundree, S. G., Thomson, J. A., Farrant, J. M., & Keller, F. (2007). Protection
mechanisms in the resurrection plant Xerophyta viscosa (Baker): Both sucrose and
raffinose family oligosaccharides (RFOs) accumulate in leaves in response to water
deficit. Journal of Experimental Botany, 58, 1947-1956. 10.1093/jxb/erm056.

Picazo, B., Flores Gallegos, A. C., Muniz Marquez, D. B., Flores Maltos, A., Michel
Michel, M. R., & de la Rosa, O. (2019). Enzymes for fructooligosaccharides production:
Achievements and opportunities. In M. Kuddus (Ed.), Enzymes in food biotechnology,
production, applications, and future prospects (pp. 303-320). Cambridge, Massachusetts:
Academic Press.

Piotrowicz Cieslak, A. I., Gracia Lopez, P. M., & Gulewicz, K. (2003). Cyclitols, galacto-
syl cyclitols and raffinose family oligosaccharides in Mexican wild lupin seeds. Acta
Societatis Botanicorum Poloniae, 72, 109-114. 10.5586/asbp.2003.014.

Priyanka, P., Gayam, S., & Kupec, J. T. (2018). The Role of a low fermentable oligosac-
charides, disaccharides, monosaccharides, and polyol diet in nonceliac gluten sen-
sitivity. Gastroenterology Research and Practice Article ID 1561476https://doi.org/.
10.1155/2018/1561476.

Puccio, G., Alliet, P., Cajozzo, C., Janssens, E., Corsello, G., Sprenger, N., et al. (2017).
Effects of infant formula with human milk oligosaccharides on growth and morbidity:
A randomized multicenter trial. Journal of Pediatrics Gastroenterology and Nutrition,
64, 624-631. 10.1097/mpg.0000000000001520.

Pujari, R., & Banerjee, G. (2020). Impact of prebiotics on immune response: From the
bench to the clinic. Immunology and Cell Biology. 10.1111/imcb.12409.

Qiang, X., Yonglie, C., & QianBing, W. (2009). Health benefit applica-
tion of functional oligosaccharides. Carbohydrate Polymers, 77, 435-441.
10.1016/j.carbpol.2009.03.016.

Ramakrishnan, B., & Qasba, P. Q. (2014). UDP-gal: BetaGlcNAc beta 1,4- galactosyltrans-
ferase, polypeptide 1 (B4GALT1). In N. Taniguchi, K. Honke, M. Fukuda, H. Nari-
matsu, Y. Yamaguchi, & T. Angata (Eds.), Handbook of glycosyltransferases and related
genes (pp. 51-62). Tokyo: Springer. 10.1007/978-4-431-54240-7_110.

Respondek, F., Hilpipre, C., Chauveau, P., Cazauviel, M., Gendre, D., Maudet, C., et al.
(2014). Digestive tolerance and postprandial glycaemic and insulinaemic responses
after consumption of dairy desserts containing maltitol and fructo-oligosaccharides
in adults. European Journal of Clinical Nutrition, 68, 575-580. 10.1038/¢ejcn.2014.30.

Reynolds Green, J. (1901). The soluble ferments and fermentation. Cambridge, UK: The Cam-
bridge University Press.

Reza, A., Hossain, A., Lee, S. J., Kim, J. C., & Park, S. C. (2016). In vitro prebiotic ef-
fects and quantitative analysis of Bulnesia sarmienti extract. Journal of Food and Drug
Analysis, 24, 822-830. 10.1016/j.jfda.2016.03.015.


https://doi.org/10.1590/S0100-84042003000400012
https://doi.org/10.1016/j.jplph.2017.12.017
https://doi.org/10.1271/bbb.61.439
https://doi.org/10.1016/j.molcel.2016.10.025
https://doi.org/10.1016/j.biotechadv.2020.107568
https://doi.org/10.1073/pnas.81.13.4193
https://doi.org/10.1146/annurev.nutr.20.1.699
https://doi.org/10.1021/jf00079a008
https://doi.org/10.3390/nu11123006
https://doi.org/10.3389/fimmu.2017.01159
https://doi.org/10.1134/S0006297915070081
https://doi.org/10.1186/s12986-018-0245-3
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0091
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0091
https://doi.org/10.1111/j.1753-4887.2007.tb00272.x
https://doi.org/10.1371/journal.pone.0035473
https://doi.org/10.3390/nu11020306
https://doi.org/10.3390/nu10020140
https://doi.org/10.1021/acs.jafc.5b02404
https://doi.org/10.1021/acs.jafc.9b06079
https://doi.org/10.1080/19490976.2019.1613124
https://doi.org/10.1097/mcg.0b013e31822fecfe
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0100
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0100
https://doi.org/10.1097/MPG.0000000000000889
https://doi.org/10.5772/60934
https://doi.org/10.1016/j.tifs.2011.11.002
https://doi.org/10.3390/nu11020364
https://doi.org/10.1016/B978-0-12-809633-8.13003-1
https://doi.org/10.1053/j.gastro.2011.10.001
https://doi.org/10.1074/jbc.ra117.000775
https://doi.org/10.1016/j.jpeds.2010.10.043
https://doi.org/10.1016/j.carbpol.2019.115331
https://doi.org/10.1016/j.carbpol.2006.12.011
https://doi.org/10.1351/pac200274071245
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0111
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0111
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0111
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0111
https://doi.org/10.1021/jf0615810
https://doi.org/10.1039/9781849734929
https://doi.org/10.3945/ajcn.112.038893
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0116
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0116
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0117
https://doi.org/10.1128/MMBR.62.1.1-34.1998
https://doi.org/10.1111/j.1365-3040.2009.01991.x
https://doi.org/10.1007/s11274-010-0558-5
https://doi.org/10.1079/SSR200175
https://doi.org/10.1111/j.1365-3040.2009.01991.x
https://doi.org/10.1093/jxb/erm056
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0124
https://doi.org/10.5586/asbp.2003.014
https://doi.org/10.1155/2018/1561476
https://doi.org/10.1097/mpg.0000000000001520
https://doi.org/10.1111/imcb.12409
https://doi.org/10.1016/j.carbpol.2009.03.016
https://doi.org/10.1007/978-4-431-54240-7_110
https://doi.org/10.1038/ejcn.2014.30
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0132
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0132
https://doi.org/10.1016/j.jfda.2016.03.015

S. Hanau, S.H. Almugadam, E. Sapienza et al.

Roberfroid, M. (2007). Prebiotics: The concept revisited. Journal of Nutrition, 137, S830-
$837.10.1093/jn/137.3.830S.

Rudloff, S., Obermeier, S., Borsch, C., Hartmann, R., Brosicke, H., & Lentze, M. J. (2006).
Incorporation of orally applied (13)C-galactose into milk lactose and oligosaccharides.
Glycobiology, 16, 477-487. 10.1093/glycob/cwj092.

Rudloff, S., Stefan, C., Pohlentz, G., & Kunz, C. (2002). Detection of ligands for selectins in
the oligosaccharide fraction of human milk. European Journal of Nutrition, 41, 85-92.
10.1007/5003940200012.

Ruffing, A., & Ruizhen Chen, R. (2006). Metabolic engineering of microbes for
oligosaccharide and polysaccharide synthesis. Microbial cell factories, 5, 25.
10.1186/1475-2859-5-25.

Ruhaak, L. R., Stroble, C., Underwood, M. A., & Lebrilla, C. B. (2014). Detection of milk
oligosaccharides in plasma of infants. Analytical and Bioanalytical Chemistry, 406,
5775-5784. 10.1007/500216-014-8025-z.

Saadat, Y. R., Khosroushahi, A. Y., & Gargari, B. P. (2019). A comprehen-
sive review of anticancer, immunomodulatory and health beneficial effects of
the lactic acid bacteria exopolysaccharides. Carbohydrate Polymers, 217, 79-89.
10.1016/j.carbpol.2019.04.025.

Salomon, S., & Maxwell, W. M. C. (2000). Storage of ram semen. Animal Reproduction
Science, 62, 77-111. 10.1016/50378-4320(00)00155-X.

Savignac, H. M., Corona, G., Mills, H., Chen, L., Spencer, J. P., Tzortzis, G., et al. (2013).
Prebiotic feeding elevates central brain derived neurotrophic factor, n-methyl-d-
aspartate receptor subunits and d-serine. Neurochemistry International, 63, 756-764.
10.1016/j.neuint.2013.10.006.

Scarpellini, E., Deloose, E., Vos, R., Francois, ., Delcour, J. A., & Broekaert, W. F. (2018).
The effect of arabinoxylooligosaccharides on upper gastroduodenal motility
and hunger ratings in humans. Neurogastroentology and Motility, 30, e13306.
10.1111/nmo.13306.

Schley, P. D., & Field, C. J. (2002). The immune-enhancing effects of dietary fibres and
prebiotics. British Journal of Nutrition, 87, $221-5230. 10.1079/bjnbjn/2002541.
Sengupta, S., Mukherjee, S., Basak, P., & Majumder, A. L. (2015). Significance of galactinol
and raffinose family oligosaccharide synthesis in plants. Frontiers in Plant Science, 6,

656. 10.3389/1pls.2015.00656.

Shao, Y., Forster, S. C., Tsaliki, E., Vervier, K., Strang, A., Simpson, N., Lawley, T. D., et al.
(2019). Stunted microbiota and opportunistic pathogen colonization in caesarean-
section birth. Nature, 574, 117-121. 10.1038/541586-019-1560-1.

Shepherd, S. J., & Gibson, P. (2013). The complete low-fodmap diet: A revolutionary plan for
managing IBS and other digestive disorders. New York: The Experiment, LLC.

Silverio, S. C., Macedo, E. A., Teixeira, J. A., & Rodrigues, L. G. (2015). Perspectives on
the biotechnological production and potential applications of lactosucrose: A review.
Journal of Functional Foods, 19, 74-90. 10.1016/j.jff.2015.09.014.

Singh, R. M., & Singh, R. P. (2010). Production of fructooligosaccharides from inulin by
endoinulinases and their prebiotic potential. Food Technol Biotechnol, 48, 435-450.

Singh, R. S., Singh, T., & Kennedy, J. F. (2020). Enzymatic synthesis of fructooligosaccha-
rides from inulin in a batch system. Carbohydr Polym Technol Applic, 1, 100009.

Singh, R. S., Saini, G. K., & Kennedy, J. F. (2008). Pullulan: Microbial
sources, production and applications. Carbohydrate Polymers, 73, 515-531.
10.1016/j.carbpol.2008.01.003.

Smilowitz, J. T., Lebrilla, C. B., Mills, D. A., German, J. B., & Freeman, S. L. (2014). Breast
milk oligosaccharides: Structure-function relationships in the neonate. Annual Review
of Nutrition, 34, 143-169. 10.1146/annurev-nutr-071813-105721.

Sprenger, G. A., Baumgértner, F., & Albermann, C. (2017). Production of human milk
oligosaccharides by enzymatic and whole-cell microbial biotransformations. Journal
of Biotechnology, 258, 79-91. 10.1016/j.jbiotec.2017.07.030.

Swennen, K., Courtin, C. M., Lindemans, G. C. J. E., & Delcour, J. A. (2006). Large-scale
production and characterisation of wheat bran arabinoxylooligosaccharides. Journal
of the Science of Food and Agriculture, 86, 1722-1731. 10.1002/jsfa.2470.

Tajadadi-Ebrahimi, M., Bahmani, F., Shakeri, H., Hadaegh, H., Hijijafari, M., Abedi, F.,
et al. (2014). Effects of daily consumption of synbiotic bread on insulin metabolism
and serum high-sensitivity C-reactive protein among diabetic patients: A double-blind,
randomized, controlled clinical trial. Annals of Nutrition and Metabolism, 65, 34-41
https://www.jstor.org/stable/. 10.2307/48508144.

Teng, P. Y., & Kim, W. K. (2018). Review: Roles of prebiotics in intestinal ecosystem of
broilers. Frontiers of Veterinary Science, 5, 245. 10.3389/fvets.2018.00245.

Teramoto, N., Sachinvala, N. D., & Shibata, M. (2008). Trehalose and trehalose-based poly-
mers for environmentally benign, biocompatible and bioactive materials. Molecules
(Basel, Switzerland), 13, 1773-1816. 10.3390/molecules13081773.

Thurl, S., Munzert, M., Boehm, G., Matthews, C., & Stahl, B. (2017). Systematic review of
the concentrations of oligosaccharides in human milk. Nutrition Reviews, 75, 920-933.
10.1093/nutrit/nux044.

Thurl, S., Munzert, M., Henker, J., Boehm, G., Miiller-Werner, B., Jelinek, J., et al. (2010).
Variation of human milk oligosaccharides in relation to milk groups and lactational
periods. British Journal of Nutrition, 104, 1261-1271. 10.1017/50007114510002072.

Tolhurst, G., Heffron, H., Lam, Y. S., Parker, H. E., Habib, A. M., Diakogiannaki, E., et al.
(2012). Short-chain fatty acids stimulate glucagon-like peptide-1 secretion via the G-
protein-coupled receptor FFAR2. Diabetes, 61, 364-371. 10.2337/db11-1019.

Topuz, F., & Uyar, T. (2017). Poly-cyclodextrin cryogels with aligned porous structure for
removal of polycyclic aromatic hydrocarbons (PAHs) from water. Journal of Hazard
Materials, 335, 108-116. 10.1016/j.jhazmat.2017.04.022.

Torres, D. P. M., Goncalves, M. P. F., Teixeira, J. A., & Rodrigues, L. R. (2010).
Galactooligosaccharides: Production, properties, applications and significance as
prebiotics. Comprehensive Reviews in Food Science and Food Safety, 9, 438-454.
10.1111/j.1541-4337.2010.00119.x.

Triantis, V., Bode, L., & van Neerven, R. J. J. (2018). Inmunological effects of human milk
oligosaccharides. Frontiers in Pediatrics, 6, 190. 10.3389/fped.2018.00190.

Carbohydrate Polymer Technologies and Applications 1 (2020) 100013

Trichez, D., Knychala, M. M., Figueiredo, C. M., Alves, S. L. J., da Silva, M. A., &
Miletti, L. C. (2018). Key amino acid residues of the AGT1 permease required for
maltotriose consumption and fermentation by Saccharomyces cerevisiae. Journal of
Applied Microbiology, 126, 580-594. 10.1111/jam.14161.

Tsigalou, C., Stavropoulou, E., & Bezirtzoglou, E. (2018). Current insights in microbiome
shifts in Sjogren’s Syndrome and possible therapeutic interventions. Frontiers in Im-
munology, 9, 1106. 10.3389/fimmu.2018.01106.

Tuck, C. J., Muir, J. G., Barrett, J. S., & Gibson, P. R. (2014). Fermentable
oligosaccharides, disaccharides, monosaccharides and polyols: Role in irritable
bowel syndrome. Expert Review of Gastroenterology & Hepatology, 8, 819-834.
10.1586/17474124.2014.917956.

Turnbaugh, P. J., Ley, R. E., Mahowald, M. A., Magrini, V., Mardis, E. R., & Gor-
don, J. I. (2006). An obesity-associated gut microbiome with increased capacity for
energy harvest. Nature, 444, 1027-1031. 10.1038/nature05414.

Urashima, T., Hirabayashi, J., Sato, S., & Kobata, A. (2018). Human milk oligosaccharides
as essential tools for basic and application studies on galectins. Trends in Glycoscience
and Glycotechnology : TIGG, 30, SE51-SE65. 10.4052/tigg.1734.1SE.

Van de Wouw, M., Boehme, M., Lyte, J. M., Wiley, N., Strain, C., O’Sullivan, O.,
et al. (2018). Short-chain fatty acids: Microbial metabolites that alleviate
stress induced brain—gut axis alterations. Journal of Physiology, 596, 4923-4944.
10.1113/JP276431.

Van den Ende, W. (2013). Multifunctional fructans and raffinose family oligosaccharides.
Frontiers in Plant Science, 4, 247. 10.3389/pls.2013.00247.

Vandenplas, Y., De Greef, E., & Veereman, G. (2014). Prebiotics in infant formula. Gut
Microbes, 5, 681-687. 10.4161/19490976.2014.972237.

Varki, A. (2017). Biological role of glycans. Glycobiology, 27, 3-49. 10.1093/gly-
cob/cww086.

Varki, A., Cummings, R. D., Aebi, M., Packer, N. H., Seeberger, P. H., & Esko, J. D. (2015).
Symbol nomenclature for graphical representations of glycans. Glycobiology, 25,
1323-1324. 10.1093/glycob/cwv091.

Vogt, L., Meyer, D., Pullens, G., Faas, M., Smelt, M., Venema, K., et al. (2015). Immuno-
logical properties of inulin-type fructans. Critical Reviews in Food Science and Nutrition,
55, 414-436. 10.1080/10408398.2012.656772.

Vulevic, J., Juric, A., Walton, G. E., Claus, S. P., Tzortzis, G., & Toward, R. E. (2015). Influ-
ence of galacto-oligosaccharide mixture (B-GOS) on gut microbiota, immune param-
eters and metabonomics in elderly persons. British Journal of Nutrition, 114, 586-595.
10.1017/50007114515001889.

Wang, B., & Brand-Miller, J. (2003). The role and potential of sialic acid in human nutri-
tion. European Journal of Clinical Nutrition, 57, 1351-1369. 10.1038/sj.ejcn.1601704.

Wang, F.,, Wu, J, & Chen, S. (2018). Preparation of gentiooligosaccharides
using Trichoderma viride p-glucosidase. Food chemistry, 248, 340-345.
10.1016/j.foodchem.2017.12.044.

Wang, H., Shi, Y., & Le, G. (2014). Rapid microwave-assisted synthesis of polydextrose
and identification of structure and function. Carbohydrate Polymers, 113, 225-230.
10.1016/j.carbpol.2014.07.012.

Watanabe, M., Houten, S. M., Mataki, C., Christoffolete, M. A., Kim, B. W., Sato, H., Auw-
erx, J., et al. (2006). Bile acids induce energy expenditure by promoting intracellular
thyroid hormone activation. Nature, 439, 484-489. 10.1038/nature04330.

Willemsen, L. E. M., Koetsier, M. A., van Deventer, S. J. H., & van Tol, E. A. F. (2003).
Short chain fatty acids stimulate epithelial mucin 2 expression through differential
effects on prostaglandin E1 and E2 production by intestinal myofibroblasts. Gut, 52,
1442-1447. 10.1136/gut.52.10.1442.

Xiao, Y., Chen, Q., Guang, C., Zhang, W., & Mu, W. (2019). An overview on biological
production of functional lactose derivatives. Applied Microbiology and Biotechnology,
103, 3683-3691. 10.1007/500253-019-09755-6.

Xing, M., Cao, Q., Wang, Y., Xiao, H., Zhao, J., Zhang, Q., et al. (2020). Advances
in research on the bioactivity of alginate oligosaccharides. Marine Drugs, 18, 144.
10.3390/md18030144.

Yamaguchi, F., Shimizu, N., & Hatanaka, C. (1994). Preparation and physiological effect of
low-molecular-weight pectin. Bioscience Biotechnology and Biochemistry, 58, 679-682.
10.1271/bbb.58.679.

Yan H, H., & Ajuwon, K. M. (2017). Butyrate modifies intestinal barrier function in
IPEC-J2 cells through a selective upregulation of tight junction proteins and acti-
vation of the Akt signaling pathway. PloS One, 12, Article e0179586. 10.1371/jour-
nal.pone.0179586.

Yan, J.,, & Katz, A. (2010). PectaSol-C Modified citrus pectin induces apopto-
sis and inhibition of proliferation in human and mouse androgen-dependent
and -independent prostate cancer cells. Integrative Cancer Therapies, 9, 197-203.
10.1177/1534735410369672.

Yen, C. H,, Tseng, Y. H., Kuo, Y. W., Lee, M. C., & Chen, H. L. (2011). Long-term supplemen-
tation of isomalto-oligosaccharides improved colonic microflora profile, bowel func-
tion, and blood cholesterol levels in constipated elderly people-a placebo-controlled,
diet-controlled trial. Nutrition (Burbank, Los Angeles County, Calif.), 27, 445-450.
10.1016/§.nut.2010.05.012.

Yoo, H. D., Kim, D., Paek, S. H., & Oh, S. E. (2012). Plant cell wall polysaccharides as
potential resources for the development of novel prebiotics. Biomol. Ther., 20, 371-
379. 10.4062/biomolther.2012.20.4.371.

Zastrow, C. R., Hollatz, C., de Araujo, P. S., & Stambuk, B. U. (2001). Maltotriose fermen-
tation by Saccharomyces cerevisiae. Journal of Industrial Microbiology & Biotechnology,
27, 34-38. 10.1038/5j.jim.7000158.

Zdunczyk, Z., Jankowski, J., Juskiewicz, J., & Slominski, B. A. (2011). Dietary con-
tent and gastrointestinal function of soybean oligosaccharides in monogastric an-
imals. In Ng Tzi-Bun (Ed.), Soybean - Biochemistry, chemistry and physiology in-
techopen (pp. 523-540). London, UK: In Tech. Chapter 29eBook (PDF) ISBN:
978-953-51-4495-3.


https://doi.org/10.1093/jn/137.3.830S
https://doi.org/10.1093/glycob/cwj092
https://doi.org/10.1007/s003940200012
https://doi.org/10.1186/1475-2859-5-25
https://doi.org/10.1007/s00216-014-8025-z
https://doi.org/10.1016/j.carbpol.2019.04.025
https://doi.org/10.1016/S0378-4320(00)00155-X
https://doi.org/10.1016/j.neuint.2013.10.006
https://doi.org/10.1111/nmo.13306
https://doi.org/10.1079/bjnbjn/2002541
https://doi.org/10.3389/fpls.2015.00656
https://doi.org/10.1038/s41586-019-1560-1
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0146
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0146
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0146
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0146
https://doi.org/10.1016/j.jff.2015.09.014
http://refhub.elsevier.com/S2666-8939(20)30013-X/opty8RMH5dpLh
http://refhub.elsevier.com/S2666-8939(20)30013-X/opty8RMH5dpLh
http://refhub.elsevier.com/S2666-8939(20)30013-X/opty8RMH5dpLh
http://refhub.elsevier.com/S2666-8939(20)30013-X/opty8RMH5dpLh
http://refhub.elsevier.com/S2666-8939(20)30013-X/optNIHrsR6QJM
http://refhub.elsevier.com/S2666-8939(20)30013-X/optNIHrsR6QJM
http://refhub.elsevier.com/S2666-8939(20)30013-X/optNIHrsR6QJM
http://refhub.elsevier.com/S2666-8939(20)30013-X/optNIHrsR6QJM
http://refhub.elsevier.com/S2666-8939(20)30013-X/optNIHrsR6QJM
https://doi.org/10.1016/j.carbpol.2008.01.003
https://doi.org/10.1146/annurev-nutr-071813-105721
https://doi.org/10.1016/j.jbiotec.2017.07.030
https://doi.org/10.1002/jsfa.2470
https://doi.org/10.2307/48508144
https://doi.org/10.3389/fvets.2018.00245
https://doi.org/10.3390/molecules13081773
https://doi.org/10.1093/nutrit/nux044
https://doi.org/10.1017/S0007114510002072
https://doi.org/10.2337/db11-1019
https://doi.org/10.1016/j.jhazmat.2017.04.022
https://doi.org/10.1111/j.1541-4337.2010.00119.x
https://doi.org/10.3389/fped.2018.00190
https://doi.org/10.1111/jam.14161
https://doi.org/10.3389/fimmu.2018.01106
https://doi.org/10.1586/17474124.2014.917956
https://doi.org/10.1038/nature05414
https://doi.org/10.4052/tigg.1734.1SE
https://doi.org/10.1113/JP276431
https://doi.org/10.3389/fpls.2013.00247
https://doi.org/10.4161/19490976.2014.972237
https://doi.org/10.1093/glycob/cww086
https://doi.org/10.1093/glycob/cwv091
https://doi.org/10.1080/10408398.2012.656772
https://doi.org/10.1017/S0007114515001889
https://doi.org/10.1038/sj.ejcn.1601704
https://doi.org/10.1016/j.foodchem.2017.12.044
https://doi.org/10.1016/j.carbpol.2014.07.012
https://doi.org/10.1038/nature04330
https://doi.org/10.1136/gut.52.10.1442
https://doi.org/10.1007/s00253-019-09755-6
https://doi.org/10.3390/md18030144
https://doi.org/10.1271/bbb.58.679
https://doi.org/10.1371/journal.pone.0179586
https://doi.org/10.1177/1534735410369672
https://doi.org/10.1016/j.nut.2010.05.012
https://doi.org/10.4062/biomolther.2012.20.4.371
https://doi.org/10.1038/sj.jim.7000158
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186
http://refhub.elsevier.com/S2666-8939(20)30013-X/sbref0186

S. Hanau, S.H. Almugadam, E. Sapienza et al.

Zeng, J., Zhang, J., Zhang, Y., Men, Y., Zhang, B., & Sun, Y. (2018). Prebiotic, immunomod-
ulating, and antifatigue effects of Konjac oligosaccharide. Journal of Food Science, 83,
3110-3117.10.1111/1750-3841.14376.

Zheng, L., Kelly, C. J., Battista, K. D., Schaefer, R., Lanis, J. M., & Alexeev, E. E. (2017).
Microbial-derived butyrate promotes epithelial barrier function through IL-10
receptor-dependent repression of claudin-2. Journal of Immunology, 199, 2976-2984.

10.4049/jimmunol.1700105.

Carbohydrate Polymer Technologies and Applications 1 (2020) 100013

Zhu, B., Ni, F,, Sun, Y., Zhu, X., Yin, H., Yao, Z., et al. (2018). Insight into car-
rageenases: Major review of sources, category, property, purification method,
structure, and applications. Critical Reviews in Biotechnology, 38, 1261-1276.
10.1080/07388551.2018.1472550.

Zipfel, C., & Oldroyd, G. E. (2017). Plant signalling in symbiosis and immunity. Nature,
543, 328-336. 10.1038/nature22009.


https://doi.org/10.1111/1750-3841.14376
https://doi.org/10.4049/jimmunol.1700105
https://doi.org/10.1080/07388551.2018.1472550
https://doi.org/10.1038/nature22009

	Schematic overview of oligosaccharides, with survey on their major physiological effects and a focus on milk ones
	1 Introduction
	2 Natural sources of oligosaccharides
	3 Artificial sources of oligosaccharides
	4 Examples of oligosaccharides
	4.1 Fructo-oligosaccharides
	4.1.1 Natural fructo-oligosaccharides
	4.1.2 Artificial fructo-oligosaccharides

	4.2 Malto-oligosaccharides
	4.2.1 Natural malto-oligosaccharides
	4.2.2 Artificial malto-oligosaccharides

	4.3 Isomalto-oligosaccharides
	4.3.1 Natural isomalto-oligosaccharides
	4.3.2 Artificial isomalto-oligosaccharides

	4.4 Natural gentianose, glycosyl sucrose and its oligomers
	4.5 Artificial glycosyl sucrose and gentio-oligosaccharides
	4.6 Raffinose family of oligosaccharides
	4.7 Lactosucrose
	4.8 Galacto-oligosaccharides
	4.9 Human milk oligosaccharides

	5 Physiologic activities of oligosaccharides
	5.1 Human milk oligosaccharides
	5.2 FOS and other prebiotic oligosaccharides

	6 Side effects of oligosaccharides
	7 Other oligosaccharides and their applications
	Conclusions
	Declaration of Competing Interests
	References


