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Abstract

Cereal brans and grain endosperm cell walls are key dietary sources of dif-
ferent types of arabinoxylan. Arabinoxylan is the main group of hemicel-
lulosic polysaccharides that are present in the cell walls of monocot grass
crops and hence in cereal grains. The arabinoxylan polysaccharides consist
of a backbone of β-(1→4)-linked xylopyranosyl residues, which carry arabi-
nofuranosyl moieties, hence the term arabinoxylan.Moreover, the xylopyra-
nosyl residues can be acetylated or substituted by 4-O-methyl-d-glucuronic
acid.The arabinofuranosyls may be esterified with a feruloyl group.Feruloy-
lated arabinoxylo-oligosaccharides exert beneficial bioactivities via prebiotic,
immunomodulatory, and/or antioxidant effects. New knowledge on micro-
bial enzymes that catalyze specific structural modifications of arabinoxylans
can help us understand how these complex fibers are converted in the gut
and provide a foundation for the production of feruloylated arabinoxylo-
oligosaccharides from brans or other cereal grain processing sidestreams as
functional food ingredients. There is a gap between the structural knowl-
edge, bioactivity data, and enzymology insight. Our goal with this review
is to present an overview of the structures and bioactivities of feruloylated
arabinoxylo-oligosaccharides and review the enzyme reactions that catalyze
specific changes in differentially substituted arabinoxylans.
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INTRODUCTION

Arabinoxylans are the dominant hemicellulosic polysaccharides present in the plant cell walls of
all main cereal food grains. Because the cell walls are thicker in the cereal bran fraction than in the
endosperm, arabinoxylans notably accumulate in the cereal brans. The contents of arabinoxylans
in cereal brans depend on the cereal type and range from ∼5–25% (weight/weight). The arabi-
noxylan thus typically constitutes approximately 30% of the total dietary fiber, as there is 24%
arabinoxylan in corn bran, 10–16% in rye, barley, and wheat bran, 7% in rice bran, and 5% in oat
bran (Wang et al. 2020). In accordance with the current nutritional emphasis on high dietary fiber
intake and whole-grain products, also manifesting via the emergence of new whole-grain versions
of bread and pasta, the significance of food arabinoxylans and arabinoxylan-oligosaccharides on
health remains profound.

Arabinoxylanmolecules consist of a linear backbone of β-(1→4)-linked xylose residues [xylopy-
ranosyl form (Xylp)], which can be mono- or disubstituted with arabinose moieties [arabinofura-
nosyl (Araf )] at theO2 and/orO3 position and/or carry acetyl groups or 4-O-methyl-d-glucuronic
acid (MeGlcA) at these positions (Mendis et al. 2016). The structural complexity of arabinoxylans
with regard to substitutions varies widely and notably depends on the source; the arabinofura-
nosyl:xylopyranosyl ratio in different types of cereal brans thus ranges from ∼0.5–1.2, is highest
in corn bran, and is lower in endosperm cell walls than in bran (Munk et al. 2020, Niño-Medina
et al. 2010, Wang et al. 2020).

An important aspect of the chemical structure of arabinoxylans is that some of the Araf residues
may be esterified with a hydroxycinnamate at the O5 position, usually, i.e., in more than 90% of
the cases, the esterification is to a trans-feruloyl (ferulic acid) group, hence the term feruloylated
arabinoxylans, which are the focus of this review. This possible O5 feruloyl acylation of the Araf
substituents is a key, unique feature of arabinoxylans; structural details are discussed in the next
section. The feruloyl esterifications on cereal arabinoxylans are mainly on the α-(1→3)-linked
Araf residues. In fact, interestingly, there appear to be no reports of feruloyl substitutions on O2-
linked Araf substituents in arabinoxylans.The highest feruloyl levels in brans are 2.6–3.3% in corn
bran, 0.5–1.5% in wheat bran, and 0.3% in rye bran (Zhao & Moghadasian 2008). This means
that, notably, corn bran,wheat bran, and whole corn and wheat products are particularly important
natural sources of dietary feruloylated arabinoxylans. Although the feruloyl substitutions consti-
tute a maximum of 10% of the arabinoxylan, they impact the physical and bioactivity properties
of the cell walls and the arabinoxylans and are hypothesized to partially hinder enzymatic depoly-
merization of the arabinoxylans. As a particularly unique feature, a portion, approximately 5–50%,
of the feruloyl groups may form different types of covalent dimers, i.e., diferuloyls, that function
to cross-link, stabilize, and strengthen the arabinoxylan chains in the plant cell walls (Figure 1).

As already hinted, the arabinoxylans from corn bran are particularly highly substituted and
structurally complex and are the most highly cross-linked. For instance, the Xylp residues in corn
bran are highly disubstituted with both α-(1→2)-linked and α-(1→3)-linked Araf residues, par-
tially substituted by α-(1→2)-linked MeGlcA, and may carry either l- or d-galactosyls and be
acetylated at the O2 and/or O3 position (Agger et al. 2010, Appeldoorn et al. 2013, Wang et al.
2020). Lastly, for the sake of completion, it should be noted that some of the Araf residues in corn
bran are substituted with an additional Xylp and/or a galactosyl residue (Appeldoorn et al. 2013,
Saulnier et al. 1995).

A growing body of evidence suggests that feruloylated arabinoxylo-oligosaccharides (FAXOs)
exert important gut functional prebiotic, antioxidant, and immuno-stimulating effects. Further-
more, new data show that FAXOs extracted from corn bran attenuate diabetes in rats—most likely
by modulating the composition and metabolism of the gut microbiome (Song et al. 2020). In this
review, data on nutrifunctional effects of FAXOs are systematically examined. Recent progress has
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Figure 1

Stylized structural sketch of feruloyl-substituted and feruloyl dimer cross-linked arabinoxylan.

also advanced our understanding of how various microbial endo-1,4-β-xylanases [Enzyme Com-
mission (EC) number: 3.2.1.8] can catalyze degradation of differently substituted and feruloylated
arabinoxylans.We outline the enzyme reaction details focusing on the molecular substrate attack
sites in arabinoxylans and the oligomer products obtained. The objective of spotlighting the en-
zymes and enzyme reactions is to provide an expanded foundation on which continued scientific
and technological advancements can be made via selective modifications to explore the nutritional
and functional significance of dietary feruloylated arabinoxylan and arabinoxylo-oligosaccharides.

STRUCTURAL DETAILS

The simplest and most common type of feruloylated arabinoxylan structure, one found in all di-
etary bran types, is an oligomeric moiety in which the arabinosyl-feruloyl is linked to a small
fragment of 2–3 Xylp residues, i.e., Oligosaccharide 1 [5-O-(trans-feruloyl)-l-arabinofuranosyl-
(1→3)-β-d-xylopyranosyl-(1→4)-d-xylan]) (Table 1). Obviously, the number of backbone Xylp
residues and the molecular weight of FAXOs vary depending on the origin and the method used
for extraction and analysis of the FAXOs. A structure having two neighboring feruloylated Arafs
has never been reported, but in wheat and wheatgrass, the arabinosyl-feruloyl substitutions may
also occur next to Xylp residues that are substituted by arabinosyls on either the O2 or O3 position
of the Xylp residues, i.e., Oligosaccharides 2 and 3 (Table 1) (Schendel et al. 2015, 2016b).

Moreover, recent work by Schendel et al. (2016a) has emphasized the common occurrence in
cereal arabinoxylans of structural elements in which the feruloylated Araf is attached at the C1 of
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Xylp residues at the reducing end, i.e., Oligosaccharide 4 [β-d-xylopyranosyl-(1→2)-5-O-(trans-
feruloyl)-l-arabinofuranose] (Table 1), and has underlined the apparent ubiquitous presence
in cereal grains of a galactose-substituted version of Oligosaccharide 4, α-l-galactopyranosyl-
(1→2)-β-d-xylopyranosyl-(1→2)-5-O-trans-feruloyl-l-arabinofuranose, a structure that until
recently was presumed to be present only in corn bran (Allerdings et al. 2006, Saulnier et al. 1995,

Table 1 Molecular structures and major food sources of feruloylated oligosaccharides

Nomenclature Molecular structure Food source References
Oligosaccharide 1
5-O-(trans-feruloyl)-l-

arabinofuranosyl-(1→3)-β-
d-xylopyra-nosyl-(1→4)-d-
xylan

1
1

4

4
1

3

5

O
O

O O
O O

O
O

O

HO

H3CO

Wheat, rice, rye,
corn, oat, barley,
millet, bamboo
shoot, pineapple
fruit

Ishii & Hiroi 1990;
Schendel et al. 2015,
2016a,b; Smith &
Harris 2001

Oligosaccharide 2
5-O-(trans-feruloyl)-l-

arabinofuranosyl-(1→3)-
[α-l-arabino-furanosyl
(1→3)]-β-d-xylopyranosyl-
(1→4)-d-xylan

1

1
4

4

1
3

5

3
1

O

O

O O
O

O
O

O

O

HO
O

O

HO

H3CO

Wheatgrass Schendel et al. 2015

Oligosaccharide 3
5-O-(trans-feruloyl)-l-

arabinofuranosyl-(1→3)-
[α-l-arabino-furanosyl
(1→2)]-β-d-xylopyranosyl-
(1→4)-d-xylan

2
1

1

1
4

4

1
3

5

O

O

O
O

HO

O
O

O
O

O

O
O

HO

H3CO

Wheat Schendel et al. 2016b

Oligosaccharide 4
β-d-xylopyranosyl-(1→2)-5-
O-(trans-feruloyl)-l-
arabino-furanose 1

25

O

OO

O
O

HO

H3CO

Wheat, rice, rye,
spelt, oat, corn,
barley, millet

Schendel et al. 2016a

(Continued)
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Table 1 (Continued)

Nomenclature Molecular structure Food source References
Oligosaccharide 5
5-O-(trans-feruloyl)-l-
arabinofuranosyl-(1→3)-
(2-O-acetyl)-O-β-d-
xylopyranosyl-(1→4)-β-d-
xylan

O O

O O

O

O CH3 O

OO

5

1

3
2

1
4

O
O

HO

H3CO

Corn Arai et al. 2019

Oligosaccharide 6
5-O-(trans-feruloyl)-l-
arabinofuranosyl-(1→3)-
[3-O-acetyl-xylo-
pyranosyl-(1→4)]-β-d-
xylopyranosyl-(1→4)-β-d-
xylan 1 4

3

1
5

4
1

3

O

O

O O

HO

O
O

O O
O
O

O

H3CO

H3C

Wheat Schendel et al. 2016b

Cross-linked FAXOs
Oligosaccharide 7
8–8C DiFA cross-link

8

8'

HO

OH

O

O

O

O
O

O

H3CO

OCH3

Corn Bunzel et al. 2008,
Saulnier et al. 1999

Oligosaccharide 8
5–5 DiFA cross-link

5'

5
HO

O

O

OH

O

O
O

O
O

O

OO

O
O

O O

H3CO

OCH3

Bamboo, corn Allerdings et al. 2005,
Ishii 1991

Oligosaccharide 9
8-O-4 DiFA cross-link

8 4'

O

O

O

O
O

O

O

H3CO

H3CO OH

Corn Allerdings et al. 2005,
Bunzel et al. 2008

Abbreviation: DiFA, feruloyl dimer; FAXOs, feruloylated arabinoxylo-oligosaccharides.
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Schendel et al. 2016a). There are also other variations of galactose-substituted Oligosaccharide 4
(Appeldoorn et al. 2013). Additional acetylation of the O2 or O3 position of the Xylp carrying the
feruloylated Araf provides additional complex structural FAXO moieties, e.g., Oligosaccharides 5
and 6 (Table 1) (Appeldoorn et al. 2013, Arai et al. 2019, Schendel et al. 2016b).

Between 50% and 95% of the feruloyls that are ester-linked to arabinoxylan are in their
monomeric form, i.e., single feruloyl moieties (Schendel et al. 2016a), but, as mentioned above,
an important and unique aspect is that these feruloyls can form feruloylate dimers (and in corn
bran, even trimers and tetramers). The feruloyl dimers (DiFAs) result from enzyme-assisted ox-
idative coupling reactions and cross-link the arabinoxylan polysaccharides in the plant cell wall
(Figure 1). The diferulate cross-linking affects cell wall strength and microbial degradability
(Mnich et al. 2020). Increased ferulate cross-linking increases viscosity and gelation and can be
used to valorize bran and other cereal-processing residues, as forced enzymatic oxidative cross-
linking creates strong odorless and taste-neutral hydrogels from solubilized FAXOs in vitro (Munk
et al. 2020, Niño-Medina et al. 2010).

In cereals, arabinoxylans are most often cross-linked via 5–5, 8-O-4 or 8–8C coupled DiFAs
(Oligosaccharide 7–9) (Figure 1) (Allerdings et al. 2005, Bunzel et al. 2008, Ishii 1991, Saulnier
et al. 1999). Ferulate trimers and tetramers have been identified in corn bran and function to create
stronger cross-links of polysaccharide chains than diferulates (Burr & Fry 2009a,b; Mastrangelo
et al. 2009).

POTENTIAL NUTRITIONAL FUNCTIONS OF FERULOYLATED
ARABINOXYLO-OLIGOSACCHARIDES

Prebiotic Effects

A prebiotic is generally defined as “a substrate that is selectively utilized by host microorganisms
conferring a health benefit” and includes nondigestible carbohydrates and polyols (de Paulo Farias
et al. 2019). Prebiotics play a vital role in modulating the microbiota in the gut and may therefore
prevent or affect various diseases such as obesity, inflammatory bowel disease, cardiovascular dis-
eases, and metabolic syndrome associated with the gut microbiome function (Han & Xiao 2020).
Most prebiotics work by selectively stimulating the growth and activity of beneficial bacteria in
the gut and/or simultaneously suppressing the proliferation of harmful bacteria, and via the pro-
duction of short-chain fatty acids (SCFAs). FAXOs are fermented by gut microbes (Table 2) and
modulate the gut microbiota composition via selective microbial conversion of the arabinoxylo-
oligosaccharides and presumably also via effects of the ferulic acid released by microbial feruloyl
esterase. The prebiotic effects of FAXOs are therefore regarded as resulting from both the arabi-
noxylan structure (degree and types of substitutions) and the feruloyl moieties, and several recent
studies affirm that FAXOs exert prebiotic and potentially gut-beneficial effects (Table 2). Some of
themore significant results are that corn bran FAXOs supplemented to high-fat diets in rats signif-
icantly increase Bacteroidetes and decrease Firmicutes.At the same time, body weight and amount of
adipose tissue are reduced compared with rats on a similar diet without FAXOs (Yang et al. 2016)
(Table 2). Other studies have confirmed that the ratio of Firmicutes to Bacteroidetes is reduced—
i.e., relative amounts of Bacteroidetes increase—in both healthy (Ou et al. 2016) and diabetic rats
with the administration of corn bran FAXOs (Song et al. 2020) (Table 2).

The results of modulating the ratio of Bacteroidetes to Firmicutes are important because Firmi-
cutes and Bacteroidetes constitute the most abundant bacterial phyla in the intestinal microbiome.
The balance between them is believed to play a role in obesity; hence, lean body weight is asso-
ciated with a relatively higher Bacteroidetes to Firmicutes ratio than that associated with obesity,
which is accompanied by a decreased abundance of Bacteroidetes and a proportional elevated level
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Table 2 Potential nutritional functions of FAXOs from food

Type of feruloyl-arabino-oligos Food source Functions Reference
Prebiotic effects
Mixture of feruloyl-arabinose and
feruloyl-arabinose-1,3-xylose

Corn bran In vivo: modulate gut microbiota composition in
diabetic rats; balance the ratio of obesity-related
bacteria; ↑growth of beneficial gut bacteria;
↑production of SCFAs

Song et al.
2020

Mixed FAXOs Wheat bran In vitro: ↑fermentation; ↑production of SCFAs;
↑growth of beneficial bacteria; ↓growth of
harmful bacteria

Gong et al.
2019

FAXOs and cross-linked FAXOs Corn bran In vitro: ↑fermentation; ↑production of SCFAs;
↑growth of butyrogenic gut bacteria

Zhang et al.
2019

Mixed FAXOs Rice bran In vitro: ↑fermentation; ↑production of SCFAs;
↑growth of beneficial bacteria; ↓growth of
harmful bacteria

Pham et al.
2017

Mixed FAXOs Corn bran In vivo: modulate gut microbiota composition of
high-fat-diet-fed rats; balance ratio of
obesity-related bacteria; ↑production of SCFAs

Yang et al.
2016

Mixture of feruloyl-arabinose and
feruloyl-arabinose-1,3-xylose

Corn bran In vivo: modulate gut microbiota composition of
normal rats; ↑growth of beneficial gut bacteria;
balance the ratio of obesity-related bacteria

Ou et al. 2016

Mixture of short- and long-chain
FAXOs

Wheat bran, corn
bran

In vitro: ↑fermentation; ↑production of SCFAs Yang et al.
2014

Antioxidant activity
Mixed FAXOs (of avDP 3–11) Wheat bran In vitro: ↑ABTS, DPPH, hydroxyl, and superoxide

radical scavenging; ↑metal ion chelation
Zhao et al.

2018
Mixed FAXOs Wheat bran In vitro: ↑ABTS and DPPH radical scavenging Ruthes et al.

2017
Mixed FAXOs Wheat bran In vivo: ↑antioxidant capacity of AAPH-induced rats Zhang et al.

2017
FAXOs with avDP 3, A:X of 0.4 Wheat bran In vitro: ↑antioxidant capacity of AAPH-induced

HepG2 cells
Zhang et al.

2016
Mixture of FAXOs and small
xylo-oligomers

Wheat bran In vitro: ↓erythrocytic osmotic fragility and
hemolysis (rat); ↓malonic dialdehyde in rat liver
homogenate; ↑antioxidant capacity of serum from
tumor-bearing rats

Yu et al. 2015

Mixture of small FAXOs Wheat aleurone In vitro: ↑DPPH and ABTS radical scavenging;
↑ORAC capacity

Malunga &
Beta 2015

Mixed FAXOs Wheat bran In vivo: ↑antioxidant capacity in heart, liver, and
kidney from normal rats

Zhang et al.
2015

Mixture of feruloyl-arabinose and
feruloyl-arabinose-1,3-xylose

Corn bran In vitro: ↑DPPH radical scavenging; ↑ORAC
capacity; ↓oxidative stress in neuronal cells
induced by H2O2

Yao et al.
2014

Feruloyl-arabinose Corn bran In vitro: ↑DPPH and superoxide radical scavenging;
↑metal ion chelation

Q. Lin et al.
2014

Mixed FAXOs and xylo-oligomers Wheat bran In vivo: ↑antioxidant capacity of serum from
tumor-bearing rats

Yu & Gu
2013

Mixed FAXOs Wheat bran In vivo: ↑antioxidant capacity of plasma from
AAPH-induced rats

Wang et al.
2010

(Continued)
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Table 2 (Continued)

Type of feruloyl-arabino-oligos Food source Functions Reference
Mixed FAXOs Wheat bran In vitro: ↓lipid peroxidation; delayed hemolysis of

human erythrocytes
Wang et al.
2009a

Mixed FAXOs Wheat bran In vivo: ↑antioxidant capacity in alloxan-induced
diabetic Sprague-Dawley rats

Ou et al. 2007

Mixed FAXOs Corn bran In vitro: ↑DPPH and ABTS radical scavenging; ↓rat
erythrocyte hemolysis

Yuan et al.
2005

FAXOs with A:X of 1:3 Wheat flour In vitro: ↑DPPH radical scavenging and ↑inhibition
of LDL oxidation

Katapodis
et al. 2003a

Immunomodulatory effects
Mixture of feruloyl-arabinose and

feruloyl-arabinose-1,3-xylose
Corn bran In vivo: attenuated induced colitis in rats; restored

immune response balance via ↓production of
proinflammatory cytokines IL-23, IL-6;
↑anti-inflammatory cytokine TGF-β1

Xia et al. 2019

FAXOs and small xylo-oligomers Wheat bran In vitro: ↓cancer cell growth
In vivo: ↓tumor growth; ↑cytokines IFN-γ and IL-3

Yu et al. 2014

Mixed FAXOs Rice bran In vitro: ↑proliferation of T cells; ↑Th1 response;
↑production of proinflammatory cytokines
TNF-α, IL-6, IL-10, and IL-12

C. Lin et al.
2014

Mixed FAXOs Rice bran In vitro: ↑proinflammatory cytokines TNF-α, IL-1β,
IL-6, NO, and PGE2 in macrophages; ↑in vitro
anti-inflammation by suppressing
proinflammatory cytokines and inducing
anti-inflammatory cytokine IL-10 in LPS-induced
macrophages

Fang et al.
2012

Other effects
Mixture of feruloyl-arabinose and

feruloyl-arabinose-1,3-xylose
Corn bran In vivo hypoglycemic, hypolipidemic, and

antioxidant effects in streptozotocin-induced
type 2 diabetic rats

Huang et al.
2018

Mixed FAXOs, feruloyl arabinose Corn bran/wheat
aleurone

In vitro: inhibit activities of mammalian intestinal
α-glucosidase and glucose transporters and inhibit
uptake of glucose in human Caco-2 cells

Malunga et al.
2016

Abbreviations: AAPH, 2,2′-azobis(2-amidinpropane) dihydrochloride; ABTS, 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonic acid); avDP, average degree
of polymerization; A:X, arabinose to xylose ratio; DPPH, 2,2-diphenyl-1-picrylhydrazyl; FAXOs, feruloylated arabinoxylo-oligosaccharides; LPS,
lipopolysaccharide; ORAC, oxygen radical absorbance capacity; SCFAs, short-chain fatty acids.

of Firmicutes (Turnbaugh et al. 2006). Recently, three antiobesity and antidiabetic strains of Bac-
teroides, Faecalibacterium, and Bifidobacterium were shown to increase when FAXOs are adminis-
tered both in vivo and in vitro (Ou et al. 2016, Pham et al. 2017, Song et al. 2020). There is also
an abundance of in vitro fermentation data on different types of FAXOs that support the putative
gut-beneficial effects of FAXOs (Table 2) (Pham et al. 2017, Yang et al. 2014).

FAXOs have also recently been shown to modulate the growth of other types of gut bacteria
in various animal experiments. FAXOs decreased the level of Desulfovibrio in diabetic rats, which
is considered beneficial, as Desulfovibrio is positively related to weight gain (Song et al. 2020).
Akkermansia, an antiobesity and antidiabetic strain, was promoted by FAXOs in diabetic rats and
high-fat-diet-fed rats (but did not increase significantly in healthy models) (Song et al. 2020, Yang
et al. 2016). Growth and abundance of an (undesirable) obesity-related Dorea strain were signif-
icantly reduced by FAXOs in rats fed high-fat diets as well as in in vitro fermentation of fecal

338 Lin et al.



samples (Gong et al. 2019, Pham et al. 2017, Yang et al. 2016). Lactobacilli spp. abundance, which
may also help prevent obesity (Cao et al. 2019), was promoted by FAXOs in healthy rats (Ou et al.
2016). In contrast, a recent report with rats claims that elevated Lactobacillus levels may correlate
positively with type-2 diabetes and that Lactobacillus levels are inhibited by FAXOs in diabetic rats
(Song et al. 2020). This latter result highlights that several aspects of the bioactivity and potential
beneficial effects of the prebiotic–microbial growth interactions remain to be understood.

Short-Chain Fatty Acids

The major beneficial fermentation products resulting from a healthy gut microbiome are SCFAs,
including acetate, propionate, butyrate, and lactate. The SCFAs reduce the pH of the intestinal
environment, improve absorption of calcium and magnesium, and inhibit the growth of some
harmful bacteria (de Paulo Farias et al. 2019). Butyrate, the preferred energy source for the colon
epithelial cells, exerts a range of beneficial effects, including protecting against colon cancer and
colitis, improving gut barrier function by stimulation of the formation of mucin, antimicrobial
peptides, and tight-junction proteins, and reducing oxidative stress and inflammation in the colon
(Rivière et al. 2016). Both propionate and butyrate are involved in protection against diet-induced
obesity, and propionate reduces the proliferation of cancer cells in the liver (Bindels et al. 2012,
Lin et al. 2012). FAXOs have been convincingly shown to significantly increase the total content of
SCFAs, including acetate, propionate, and butyrate, in both in vitro and in vivo gut microbiota fer-
mentations (Gong et al. 2019; Pham et al. 2017; Song et al. 2020; Yang et al. 2014, 2016). Notably,
FAXOs increased the total SCFAs in diabetic rats (Song et al. 2020). Increased propionate has also
been observed with reductions in fasting glucose and insulin levels, the index of insulin resistance,
and plasma leptin levels in fat rats fed a diet containing FAXO supplements (Yang et al. 2016).

Branched SCFAs, such as isobutyric acid and isovaleric acid, are the major products of protein
fermentation in the gut and appear to contribute to obesity-associated insulin resistance. FAXOs
were recently shown to significantly reduce the levels of isobutyric acid and isovaleric acid in the
gut microbiota during in vitro fermentation (Gong et al. 2019).

In accord with the understanding that arabinoxylan substitutions, including feruloylation, pro-
vide resistance to enzymatic and microbial degradation, it is evident that fermentation of substi-
tuted arabinoxylans by gutmicrobes decreases with increasing structural complexity and size of the
arabinoxylan, e.g., higher arabinose to xylose ratio (A:X) and higher average degree of polymer-
ization (avDP). Simple arabinoxylo-oligosaccharides with low avDP (≤3) are known to increase
the production of acetate and butyrate and boost the growth of Bifidobacteria during human fe-
cal fermentation (Van Craeyveld et al. 2008). Likewise, in vitro fermentations have shown that
pure, singly substituted arabinoxylo-oligosaccharides are utilized almost completely by a mix-
ture of only a few bifidobacterial species (as well as by the fecal microbiota). However, pure
arabinoxylo-oligosaccharides with a doubly substituted xylose residue, i.e., disubstituted with ara-
binose moieties in the O2 and O3 position, were found to be fermented only by the fecal micro-
biota and not by the mix of Bifidobacteria that easily converted the singly substituted arabinoxylo-
oligosaccharides (Pastell et al. 2009).

Structure–Function Effects Regarding Prebiotic Effects

Despite the detailed structural chemical knowledge available on different types of substituted
arabinoxylans, the current bioactivity studies have mainly been conducted using mixtures of
FAXOs and sometimes even included nonferuloylated xylan-oligomers (Table 2). Hence, despite
the likely significance of the intricate structural details on the putative prebiotic and SCFA-
generating effects of FAXOs, e.g., arabinosyl substitutions, acetylation, molecular size, and degree
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of feruloylation, there are not yet enough data to derive any specific structure–function effects;
this may be because the FAXOs used in bioactivity studies are not particularly well defined (also
evident from the fact that mainly FAXOmixtures have been used) (Table 2).However, it is known
that arabinoxylo-oligosaccharides with higher avDP than 12 maintain a decent fermentation rate
in mixed gut microbiota fermentation, although lower avDP substrates consistently ferment at a
higher rate (Snelders et al. 2014).

The role of the feruloyl substitutions on the prebiotic effects of FAXOs appears important. Re-
cently, both feruloylated arabinoxylans and feruloyl cross-linked arabinoxylans have been demon-
strated to be fermentable by the gut microbiota and to modulate the gut microbiome composi-
tion and increase the production of SCFAs in in vitro fermentations (Yang et al. 2014, Zhang et al.
2019). A high degree of feruloylation of FAXOs reduces the rate of fermentation by the gut micro-
biota (Snelders et al. 2014).Recently, it has been shown that diferuloylation (feruloyl cross-linking)
of FAXOs significantly decreases fermentation rates in vitro and results in less acetate, propionate,
and total SCFAs (Zhang et al. 2019). Nevertheless, the proportion of butyrate was significantly
higher with cross-linked FAXOs than with non-cross-linked FAXOs in fermentations in which
several unassigned butyrate-producing bacteria, a Ruminococcaceae sp., Blautia sp., Clostridium sp.,
and Faecalibacterium prausnitzii, were promoted (Zhang et al. 2019). The significance of feruloyla-
tion may be due to the liberation of free ferulic acid. Although it was recently affirmed that free
ferulic acid does not affect the ratio of Firmicutes to Bacteroidetes in diabetic rats (Song et al. 2020),
free ferulic acid modulates the growth of several individual putative obesity- and diabetes-related
strains in the gut; hence, growth of Akkermansia, Bacteroides, Blautia, and Phascolarctobacterium was
promoted,Desulfovibrio, Lactobacillus, and Dorea species were diminished (Gong et al. 2019, Song
et al. 2020), and total SCFAs, notably propionic acid, was significantly increased by ferulic acid
in diabetic rats (Song et al. 2020). However, free ferulic acid was also reported to decrease the
production of acetic acid, propionic acid, and butyric acid in fecal samples of healthy individuals
(Gong et al. 2019).

On the basis of the data reported, we can infer that the A:X, avDP, and degree of feruloylation
of FAXOs affect the fermentation of gut microbiota and the degradation of FAXOs. Liberation of
ferulic acid depends on the microbial enzymes produced by the gut microbiota, and the content
of released ferulic acid affects the growth of gut microbiota, which in turn affects the produc-
tion of SCFAs and branched SCFAs such as isobutyric acid and isovaleric acid. The availability
of more well-defined FAXO structures would allow a much more detailed understanding of the
functionality and possible prebiotic and gut functional bioactivity of specific structural FAXO
elements.

Antioxidant and Possible Immunomodulatory Activities of Feruloylated
Arabinoxylo-Oligosaccharides

In vitro experiments have indicated that FAXOs exert antioxidant radical scavenging activity
in DPPH (2,2-diphenyl-1-picrylhydrazyl) and ABTS [2,2’-azino-bis(3-ethylbenzothiazoline-6-
sulfonic acid] assays as well as hydroxyl and superoxide radical scavenging capacity and metal ion–
chelating capacity (Katapodis et al. 2003a, Ruthes et al. 2017, Snelders et al. 2013, Yuan et al. 2005,
Zhao et al. 2018) (Table 2). Clearly, the feruloyl moieties of FAXOs are considered to play a vital
role in antioxidant activities both in vitro and in vivo compared with nonferuloylated arabinoxylo-
oligosaccharides. A higher content of feruloyl usually results in stronger antioxidant capacity in
vitro (Q. Lin et al. 2014, Malunga & Beta 2015, Ruthes et al. 2017, Snelders et al. 2013, Yao et al.
2014), and therefore many studies have shown that FAXO antioxidant activity is dose dependent
(Q.Lin et al. 2014,Ruthes et al. 2017,Yao et al. 2014,Yu et al. 2015,Zhao et al. 2018).However, the
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antioxidant activity of FAXOs does not appear to take place through the liberation of ferulic acids.
FAXOs have thus been reported to exert greater in vivo antioxidant activity than the equivalent
amount of free ferulic acid (Ou et al. 2007); however, no significant difference in antioxidant capac-
ity in vivo was observed between FAXOs and sodium ferulate in rat models (Zhang et al. 2017).
Interestingly, in the presence of arabinoxylo-oligosaccharides, free ferulic acid shows higher in
vitro radical scavenging and oxygen radical absorbance capacity than the same amount of indi-
vidual ferulic acid. However, with the same molecular structure and ferulic acid concentration of
FAXOs, a lower in vitro antioxidant capacity was observed in arabinoxylo-oligosaccharides bound
with ferulic acid compared with arabinoxylo-oligosaccharides rich in free ferulic acid (Snelders
et al. 2013). It should be noted that results differ in different types of antioxidant test systems. For
instance, compared to FAXOs, free ferulic acid exerted stronger DPPH radical scavenging capac-
ity but had weaker inhibitory effects on oxidation of low-density lipoproteins (Katapodis et al.
2003a).

Feruloyl cross-linked arabinoxylo-oligosaccharides have decreased in vitro antioxidant capac-
ity (Snelders et al. 2013), hinting that the antioxidant activity via abstraction of electrons from
the phenoxyl-group (−OH) in the ferulic acid is affected by the DiFA cross-linking or that the
antioxidant activity may rely on not only classic abstraction of phenoxyl electrons followed by res-
onance stabilization but also steric availability, solubility, and other factors in the microenviron-
ment surrounding the arabinoxylo-oligosaccharides. Interestingly, the antioxidant effect appears
to depend on the type of diferulate; hence, 8–5C DiFA exerts weaker in vitro antioxidant activity
than monomeric ferulic acid, but feruloyl cross-linked 8-O-4 DiFA, 5–5 DiFA, and 8–8C DiFA
show better antioxidant capacity than monomeric ferulic acid ( Jia et al. 2018).

FAXOs may directly protect against oxidative damage in vivo. Hence, in normal or oxidatively
induced rat models, and even in diabetic and tumor-bearing rats, intake of FAXOs has been shown
to significantly increase the total antioxidant capacity of the serum (Ou et al. 2007, Wang et al.
2010, Zhang et al. 2017) and in general to suppress the levels of oxidation, e.g., via reducing levels
of the oxidative marker malonic dialdehyde (Yu et al. 2015) (Table 2). In relation to the protective,
potentially disease-preventing nutritional effects of FAXOs, it is particularly interesting to note
that FAXOs extracted from wheat bran have been found to increase the antioxidant capacity of
samples from the heart, liver, and kidney of normal rats (Zhang et al. 2015) (Table 2).

In an in vitro cellular experiment using humanHepG2 cells (a human liver cancer cell line), the
addition of mixed low-molecular-weight FAXOs from wheat bran not only increased the overall
antioxidant capacity of the cells (Zhang et al. 2016) (Table 2) but also promoted expression of
several antioxidant-related enzymes, such as superoxide dismutase, catalase, and glutathione per-
oxidase, and decreased formation of the oxidative marker malonic dialdehyde (Zhang et al. 2016).
Mixed wheat-bran-derived FAXOs were also reported to suppress lipid peroxidation and delay
hemolysis of human erythrocytes induced by addition of the free-radical azo-compound AAPH
[2,2′-azobis(2-amidinpropane) dihydrochloride] (Wang et al. 2009a) (Table 2).Other studies have
substantiated these results by showing that mixtures of FAXOs (mix of FAXOs and low-molecular-
weight xylo-oligomers) from wheat bran inhibit hemolysis and osmotic fragility of oxidatively
stressed erythrocytes (Yu et al. 2015) (Table 2).

Although attempts to explain the possible cellular signaling pathways and cascade events behind
the FAXO effects via antioxidant activity in vivo are available in the literature (Zhang et al. 2015,
2016, 2017), the mechanistic details and the possible structure–function relations of the FAXOs in
this regard are still unclear. Part of the problem is that mainly mixtures of various types of FAXO
structures and even blends including low-molecular-weight xylo-oligomers have been used in the
functional bioactivity studies (see Table 2).
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Immunomodulatory and Other Nutritional Functions

FAXOs also appear to exert a range of immunomodulatory and other beneficial effects (Table 2).
The effects are complex, have mainly been demonstrated in various in vitro systems, and in-
clude both enhanced production of proinflammatory cytokines in macrophages and induction
of anti-inflammatory cytokine IL-10 in specific lipopolysaccharide-induced macrophages (Fang
et al. 2012). Also, activation of dendritic cells, proliferation of T cells (C. Lin et al. 2014) (by
rice bran FAXOs), and growth reduction of human gastric cancer cells and human lung adeno-
carcinoma cells and tumor growth in vitro have been investigated (Yu et al. 2014) (Table 2). In
vivo, growth of tumors in tumor-bearing rats has been shown to be inhibited by treatment with
wheat bran–derived FAXOs and xylo-oligomers, and the effect may be associated with elevated
production of antitumor-related cytokines INF-γ and IL-3 (Yu et al. 2014). The relationship be-
tween immunomodulatory effects and FAXO structure is not clear, but elevated antitumor activ-
ity and immunostimulatory effects were achieved with higher avDP of FAXOs (Yu et al. 2014). A
higher content of ferulic acid may also promote stronger activity of natural killer cells and release
more INF-γ (Ma et al. 2016). Antidiabetic effects of FAXOs have also been demonstrated; no-
tably, FAXOs from corn bran were found to exert hypoglycemic, hypolipidemic, antioxidant, and
antiglycation effects in vivo on type-2 diabetic rats (Huang et al. 2018) (Table 2). In addition, fer-
uloyl arabinose and FAXOs from corn bran and wheat inhibited glucose transporters and reduced
glucose uptake in cells in vitro (Malunga et al. 2016). FAXOs may also protect against hepatocyte
and myocardial injuries induced by diabetes by lowering the activity of myocardial enzymes. The
formation of advanced glycation end-products (one of the biomarkers of diabetes) and oxidative
stress induced by hyperglycemia was inhibited in the liver, kidney, and heart of diabetic rats fol-
lowing intake of FAXOs (Huang et al. 2018, Ou et al. 2007). Recently, it was suggested that the
antidiabetic effects of FAXOs might be related to their regulation of gut microbes (Song et al.
2020).

ENZYMATIC RELEASE AND MODIFICATION OF FERULOYLATED
ARABINOXYLO-OLIGOSACCHARIDES

Releasing Feruloylated Arabinoxylo-oligosaccharides by Endo-1,4-β-Xylanases

Endo-1,4-β-xylanases (EC 3.2.1.8) (endoxylanases) catalyze xylan degradation. This enzyme type
catalyzes cleavage of the β-(1→4)-glycosidic linkages between Xylp residues in the xylan back-
bone of arabinoxylans, resulting in the production of different substituted and unsubstituted
xylo-oligosaccharides. The specificity of different endoxylanases toward substituted substrates re-
sults in different products. According to the gene sequences of their catalytic domain, endoxy-
lanases are classified into glycoside hydrolase (GH) families 5, 8, 10, 11, 30, 98, and 141 in the
carbohydrate-active enzymes database (http://www.cazy.org). It is mainly microbial—both bac-
terial and fungal—endoxylanases from families GH10,GH11, and, recently,GH30 that have been
used to enzymatically release (solubilize) FAXOs from various biomass substrates (Table 3).

GH10 and GH11 Endo-1,4-β-Xylanases

GH10 and GH11 endoxylanases are the most widely used endoxylanases in industry. Each one
attacks both substituted and unsubstituted xylan regions and has been used in hydrolysis of xylan
chains and to generate FAXOs (Table 3). New discoveries and application options of GH10
and GH11 endoxylanases constantly emerge. Recently, for instance, two new fungal GH10 and
GH11 endoxylanases (EPXyn1 and EPXyn3, derived from the Penicillium-like fungus Eupeni-
cillium parvum and recombinantly expressed in Pichia pastoris) (Table 3) were found to release
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∼11–14 μmol/g FAXOs from destarched wheat bran (Long et al. 2018). Another fungal GH10
endoxylanase,TaXyn10A (derived from Talaromyces aurantiacus), was shown to catalyze the release
of FAXOs from corn cob at a yield of 12 μmol/g (Katapodis & Christakopoulos 2008). Higher
FAXO yields were obtained from wheat bran by optimized enzymatic hydrolysis using a GH11
endoxylanase from Bacillus subtilis (Yuan et al. 2006). The GH11 endoxylanase from Bacillus subtilis
has indeed been used to produce FAXOs in many studies (Aguedo et al. 2014; Wang et al. 2009b,
2010; Yuan et al. 2006; Zhang et al. 2015, 2017). It is important to mention that the wild-type
B. subtilis GH11 XynA endoxylanase is sensitive to inhibition by a prominent inhibitor, TAXI,
present in cereals, notably wheat (Triticum aestivum); hence, the name TAXI is abbreviated from
T. aestivum xylanase inhibitor (Debyser et al. 1997). Because of the increased use of microbial en-
doxylanases in baking and other applications (to, e.g., decrease viscosity), a variant of the B. subtilis
GH11 XynA has been developed that is less prone to inhibition by TAXI. Although the overall
activity of the enzyme variant is slightly decreased compared to the wild-type enzyme on various
arabinoxylan substrates and wheat bran (Rasmussen et al. 2010), this enzyme variant is sold com-
mercially and used industrially for baking. GH10 and GH11 endoxylanases derived from other
bacteria, e.g., Cellvibrio mixtus and Thermotoga maritima, or from fungi, e.g., Trichoderma viride,
Trichoderma longibrachiatum, and Neocallimastix patriciarum, can also attack complex arabinoxylan
biomass materials (Table 3) and produce mixtures of FAXOs and xylo-oligosaccharides from a
range of substrates (Dilokpimol et al. 2017, Malunga & Beta 2015, Schendel et al. 2016b, Wong
et al. 2019). The general DP of FAXOs released after exhaustive enzymatic treatment ranges
from 3 to 5. Most studies have focused more on the enzymatic specificity description and less on
the detailed determination of product structure, but it is possible to derive some overall rules by
considering the products obtained in relation to the substrate attack preferences of the enzymes
and notably the substitutions on the backbone that can be accommodated by the enzymes.

The major type of FAXO released by GH10 and GH11 endoxylanases from feruloylated ara-
binoxylan biomass substrates such as pretreated bran, corn cob, or various types of wood xylans is
Oligosaccharide 1 (Table 1).However, the substitution sites and oligomer backbone length on the
produced oligomers differ because the enzymes in different GH families exhibit subtle differences
in enzyme-attack preferences. GH10 endoxylanases, for example, accept Araf substituents at the
−3, −2, +1, and +2 subsites, whereas GH11 endoxylanases are more restricted, only accepting
Araf substituents at the −3, −2, and +2 subsites (Table 4). Neither GH10 nor GH11 endoxy-
lanases accept substituents at the −1 subsite, which is why enzymatically produced FAXOs usually
have unsubstituted xylose units at their reducing end (Figure 2).

Hence, for GH10 endoxylanases, the products are dominated by Oligosaccharide 1 as a “xylo-
biose”with a feruloylated Araf substituent at the nonreducing end (Schendel et al. 2016b,Vardakou
et al. 2003) (Figure 2),whereasGH11 endoxylanases liberateOligosaccharide 1 as a “xylotetraose”
with a feruloylated Araf substituent on the second xylose from the nonreducing end (Lequart et al.
1999, Vardakou et al. 2003, Wang et al. 2009b) (Figure 2). This difference is a result of the fact
that in the active site of GH10 endoxylanases, feruloylated Araf substituents can be accommodated
at the −2 subsite (as shown directly for TaXyn10A) (Table 4), whereas GH11 endoxylanases (e.g.,
as verified for NpXyn11A) principally fit feruloylated-arabinosyl substitutions at the +2 subsite
(Vardakou et al. 2005, 2008) (Table 4). For this reason, both GH10 and GH11 endoxylanases
can release a “xylotriose” with a feruloylated Araf substituent on the central xylose (Figure 2).
However, recent reports suggest that there may be exceptions to these rules; for example, xylo-
oligosaccharides with feruloylated Araf at the nonreducing end released by a GH10 endoxylanase
might suggest acceptance of feruloylated Araf at the +1 subsite (Arai et al. 2019, Schendel et al.
2016b) (Table 4). Accordingly, FAXOs released from wheat bran by a combination of GH10 and
GH11 endoxylanases were identified as Oligosaccharide 1, 2, and 6 (Table 1) (Schendel et al.
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Table 4 Substituents that can be accommodated or which are required in subsites of endoxylanases from different
GH familiesa

Endoxylanase −3 −2 −1 +1 +2 +3
GH5_2 Araf Araf
GH5_34 Araf Araf c Araf Araf
GH10 Araf, MeGlcA FA-Araf, Araf FA-Araf, Araf,

MeGlcA
Araf

GH11 Araf, MeGlcA Araf (FA-Araf )b FA-Araf, Araf,
MeGlcA

GH30_7 MeGlcA,c Araf MeGlcA, Araf
GH30_8 Araf MeGlcAc Araf

aFA-Araf, Araf, MeGlcA indicate substitutions on the xylan backbone, and entries indicate that the enzyme can accept either one of these substitutions in a
subsite in the active site (subsite numbers indicated as −3, −2, −1 and +1, +2, +3).
bEntry in parenthesis indicates that the evidence is only indicative (i.e., not validated via structural evidence of the enzyme-substrate binding).
cRequired for the enzymatic cleavage.
Abbreviations: Araf, O3 arabinofuranosyl; FA, feruloyl; MeGlcA, 4-O-methyl-d-glucuronic acid.
Data summarized from Arai et al. (2019), Biely et al. (2014), Correia et al. (2011), Fujimoto et al. (2004), Maehara et al. (2017), Munk et al. (2020),
Nakamichi et al. (2019b), Pauchet et al. (2020), Pell et al. (2004), Sakka et al. (2012), Schendel et al. (2016b), and Vardakou et al. (2005, 2008).

2016b). In another recent study, the addition of GH10 and GH11 endoxylanases from Strepto-
myces olivaceoviridis E-86 to pretreated corn cobs generated Oligosaccharide 5–type FAXOs con-
taining both feruloylated Araf and acetylation on the same xylose (Arai et al. 2019). These data
thus suggest that GH11 endoxylanase from S. olivaceoviridismay be able to accommodate feruloy-
lated Araf substituents at subsite −2, although this suggestion has not been verified by a structural
elucidation of the enzyme-substrate binding.

Insoluble arabinoxylans are more efficiently hydrolyzed by GH11 endoxylanase because of
their relatively smaller molecular size, whereas GH10 endoxylanase preferably cleaves the shorter
and soluble substrates. GH10 endoxylanases generally have higher activity than GH11 against
highly Araf-substituted substrates (Pollet et al. 2010a). For example, Xyln-SH1 (GH10 xylanases)
derived from a Holstein cattle rumen metagenomic library appear to have the potential to release
FAXOs from lignified biomass, such as wheat straw (Cheng et al. 2012). Finally, some GH10
and GH11 endoxylanases may be able to accommodate 1,2-linked MeGlcA in distant subsites
(Katapodis et al. 2003b, Vardakou et al. 2008), indicating that it is possible to use these enzymes
to liberate glucuronate-substituted FAXOs from certain substrates.

GH5 Endo-1,4-β-Xylanases

Xylanases of family GH5 have not been reported to accept feruloylated Araf substituents in the
active site, but GH5 of subfamily 2 and 34 are known to specifically attack the Araf-substituted
regions of xylan chains and liberate highly substituted arabinoxylo-oligosaccharides (DP from 2
to 8) from arabinoxylans. Hence, a subfamily 2 (GH5_2) xylanase from the (gut of the) beetle
Apriona japonica (AJAGH5_2–1) was recently shown to have remarkably high activity toward sub-
stituted arabinoxylans, and the enzyme accepts O2- or O3-substituted Araf at the −3 and/or at
the +1 subsite (Pauchet et al. 2020). The enzyme can therefore catalyze liberation of short xylo-
oligomers (xylotriose and xylotetraose) with Araf at the nonreducing end. The same is the case
for GH5 subfamily 34 (GH5_34) xylanases, also named arabinoxylanase (EC 3.2.1.-) (Falck et al.
2018) (Table 4). Unfortunately, GH5_34 arabinoxylanases show no activity toward glucuronoxy-
lan, beechwood, birchwood, or oat spelt xylan, which each lacks Araf substituents (Correia et al.
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Sites of enzymatic attack near feruloyl substitutions to enzymatically release different feruloylated xylo-oligosaccharides (FAXOs) from
complex arabinoxylan structures (e.g., from wheat or corn bran). The attack points are shown for acetyl xylan esterase and
endoxylanases from various glycoside hydrolase (GH) families. Chain 1 is a stylized illustration of an acetylated feruloylated
arabinoxylan chain, and chain 2 is a feruloylated glucuronoarabino-substituted xylan.

2011, Hagiwara et al. 2020). Still, because of the ability of GH5 endoxylanases to accommodate
arabinosyls close to the active site, these enzymes may be interesting candidates for production of
FAXOs.

GH30 Endo-1,4-β-Xylanases and Acetyl Xylan Esterase

Among the GH30 endoxylanases, several enzymes, notably some of those of subfamily 7 and
8, i.e., GH30_7 and GH30_8, are specific toward MeGlcA-substituted xylan regions in ara-
binoxylans and may even require the presence of an MeGlcA substitution at the −2 subsite
for action (Table 4). This requirement therefore renders products with a MeGlcA substituent
on the second xylosyl unit upstream from the reducing end (Biely et al. 2014). However, with
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extended enzymatic treatment, the enzymes may also attack other parts of the xylan backbone
to release various xylo-oligomers (Figure 2) and catalyze degradation of the liberated MeGlcA-
substituted xylo-oligomers (Nakamichi et al. 2019b). This particular specificity has led to the clas-
sification of (some of ) these endoxylanases as glucuronoxylanases (EC 3.2.1.136). A few GH30_7
and GH30_8 xylanases also appear to be able to accommodate Araf-substituted xylan moieties
near the active site (Table 4), providing options for liberating highly arabinofuranosyl-substituted
oligomers, perhaps even FAXOs, from complex arabinoxylan substrates. Because of the con-
siderable research interest in enzyme-assisted upgrading of both plant biomass and fiber-rich
sidestreams, there is a constant flow of reports on the discovery of unique enzymes that catalyze
specific structural changes in highly complex, substituted xylans. For example, two novel fun-
gal GH30_7 bifunctional glucuronoxylanase/exo-xylobiohydrolases TcXyn30B (from Talaromyces
cellulolyticus) and TtXyn30A (from Thermothelomyces thermophila), which are specifically active on
glucurono-substituted xylans, were recently reported (Katsimpouras et al. 2019, Nakamichi et al.
2019a); moreover, a recent report even describes the discovery of an additional GH30_7 glu-
curonoxylanase from T. cellulolyticus, coined TcXyn30C.This enzyme appears to prefer glucurono-
substituted arabinoxylan (accommodating theMeGlcA in position−2) but can also catalyze degra-
dation of Araf-substituted and less substituted regions in xylans (Nakamichi et al. 2019b). For the
sake of completion, we note that a bacterial GH30_8 from Clostridium acetobutylicum has been
shown to exert high activity on wheat arabinoxylan and beechwood glucurono-arabinoxylan (St.
John et al. 2018). Considering that feruloylated arabinoxylans from both wheat and corn bran are
also substituted with MeGlcA and in fact are feruloylated glucuronoarabinoxylans, we posit that
GH30 xylanases can be used to catalyze the liberation of bioactive FAXOs from this type of com-
plex substrate. Such enzymatic production of FAXOsmay at the same time potentially help provide
new processes for upcycling of agroindustrial and food-processing sidestreams. An example of this
includes the use of a bacterial GH30 enzyme, DcXyn30, derived from the maize pathogen Dick-
eya chrysanthemi for extraction of feruloylated glucurono-arabinoxylo-oligosaccharides from corn
bran (Munk et al. 2020). The enzyme belongs to subfamily 8 and is hence a GH30_8 xylanase.
The DcXyn30 catalyzed controlled release from corn bran of both single- and double-stranded
highly arabinose-substituted and glucuronated FAXOs that could form strong hydrogels upon
forced oxidative diferulate cross-linking (Munk et al. 2020). There are currently no data on any
possible nutrifunctional effects of diferulate cross-linked FAXOs.

In addition to substitutions with Araf, feruloyl, and MeGlcA, the acetyl substitutions are
also significant aspects of arabinoxylans. The acetylation impedes enzymatic xylanase hydrolysis
(Agger et al. 2010, Appeldoorn et al. 2013). For this reason, the addition of acetyl xylan esterase
(EC 3.1.1.72), which catalyzes deacetylation of xylan and xylo-oligomers, may improve catalytic
efficiency of various endoxylanases. Although it has recently been shown that novel xylanases
from S. olivaceoviridis E-86 can catalyze liberation of Oligosaccharide 5 FAXOs from pretreated
corn bran (Arai et al. 2019) (Figure 2), addition of acetyl xylan esterase can be envisaged to help
prepare unsubstituted and less substituted xylan regions. Although certain GH10 endoxylanases
have been reported to be able to accommodate various substitutions at the +1 subsite (Table 4),
the classical comprehension is that, especially with regard to acetylation, a minimum of two
consecutive unsubstituted xylose units are necessary for most GH10 and GH11 endoxylanase
to attack arabinoxylan (Nordberg Karlsson et al. 2018, Pollet et al. 2010a). Hence, enzymatic
deacetylation can improve the action of most GH10 and GH11 enzymes to release shorter
highly substituted xylo-oligosaccharides, including FAXOs from substituted arabinoxylans. Such
a combination of enzymes creates a more diversified population mix of solubilized FAXOs
and short xylo-oligosaccharides but increases yields of FAXOs from substituted arabinoxylan
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substrates without hydrothermal pretreatment, which is otherwise used to unlock and deacetylate
biomass substrates and fibrous sidestream substrate residues.

CONCLUSIONS AND PERSPECTIVES

Brans and whole-grain food products constitute an important dietary source of complex substi-
tuted insoluble arabinoxylans. These sources provide important dietary fiber, but recent data have
shown that solubilized FAXOs derived from complex arabinoxylans provide an array of protec-
tive, health-promoting effects via the gut (Table 2). These effects include critically important im-
munomodulatory, prebiotic, antioxidant, and even possible anticancerogenic effects. In addition
to whole-grain food products, potentially beneficial FAXOs can be produced from bran and other
cereal-processing sidestreams. Currently, based on corn production data in the United States,
the annual coprocessing production of corn bran alone is estimated to be approximately 55 mil-
lion tons (USDA 2020). Upgrading this bran could create additional value and help secure the
competitiveness and flexibility of corn-processing plants, e.g., corn starch plants. The progress of
the structural knowledge of cereal arabinoxylans and the recent knowledge of enzymes that can
selectively degrade substituted arabinoxylans have provided a favorable basis for producing well-
defined FAXOs from different arabinoxylan substrates via targeted enzymatic treatment. These
technological advances hint at a major avenue of new possibilities for using enzymes to produce
more defined and uniform FAXO structures. The availability of defined FAXOs can help improve
our understanding of specific nutrifunctional mechanisms of FAXOs.
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