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Abstract:

Arabinoxylans (AXs) are major dietary fibers. They are composed of backbone chains of B-(1-
4)-linked xylose residues to which a-L-arabinose are linked in the second and/or third carbon
positions. Recently, AXs have attracted a great deal of attention because of their biological
activities such as their immunomodulatory potential. Extraction of AXs has some difficulties;
therefore, various methods have been used to increase the extractability of AXs with varying
degrees of success, such as alkaline, enzymatic, mechanical extraction. However, some of these
treatments have been reported to be either expensive, such as enzymatic treatments, or produce
hazardous wastes and are non-environmentally friendly, such as alkaline treatments. On the
other hand, mechanical assisted extraction, especially extrusion cooking, is an innovative pre-
treatment that has been used to increase the solubility of AXs. The aim of the current review
article is to point out the health-related effects and to discuss the current research on the

extraction methods of AXs.
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1. Introduction:

Cereal grains contain variable amounts of non-starch polysaccharide (NSP, namely cell wall
material). Cereal grains are composed of hemicelluloses, celluloses, and other materials such

as lignins and pectins and collectively are known as dietary fiber [1, 2].

A large amount of waste is produced in growing cereals and the maximum benefit is not being
obtained from it as it is often fed to animals rather than the valuable components being extracted
for human use. This occurs because the material is difficult and expensive to breakdown.
Hence, there is a need for improved extraction technologies that both improve the extraction

yield and reduce the cost of processing it [3-5].

Arabinoxylans (AXs) are the main NSP constituents of many cereals and they are
predominantly found in the outer layers (bran) and starchy endosperm (flour) [6, 7]. AXs have
been reported in many cereals such as maize, rye, barley, oats, sorghum, wheat and rice [8, 9].
They constitute about 1.37-2.06% of the wheat endosperm and the water-extractable portion of
this is between 0.54 and 0.8% [10-12]. In rice, they constitute about 4.84-8.5% of the bran, and
the water-extractable portion of this is between 0.2-0.77% [13, 14]. Whilst only small portions
of the AXs are soluble, it is possible to apply chemical, enzymatic or physical treatments to

increasing the extraction yield [15].

AXs are polysaccharides composed of backbone chains of -(1-4)-linked d-xylopyranosyl
residues to which a-L-arabinofuranose units are linked as side chains in the second and/or third
carbon positions, so they are often named pentosans [6, 16-19]. The degree of branching is an
important factor in determining the physiochemical properties of AXs [20, 21]. A large
proportion of AX cannot be solubilized in water due to the formation of di-ferulic acid bridges
and covalent ester bonding between carboxyl groups on individual AX chains [6, 22]. In order

to solubilize and extract AXs, pre-treatments might be applied e.g. alkaline hydrolysis or



enzymatic digestion. Each of these pre-treatments have different effects on the solubility and

molecular weight of AXs [23-25].

Alkaline treatment is an efficient way for extracting AXs from cell wall materials. However, it
changes the functional properties of the AXs by breaking down (hydrolyzing) some functional
groups of the AXs, such as ferulic acid, and hence tends to give high molecular weight AXs

fractions (100- 200 kDa) [6, 24, 26].

On the other hand, enzymatic treatments increase AXs solubility by attacking the AXs
backbone in a different manner, producing lower molecular weight fractions to those produced
by alkaline hydrolysis. The enzymatic treatment produces lower molecular weight fractions of
AXs with a lower extraction yield [6, 25, 27]. However, this is not as efficient as alkaline

hydrolysis and gives rise to different functionality.

Physical pre-treatments have been applied to increase the solubility of dietary fibers such as
extrusion [23, 28]. Extrusion is a process where the materials can be exposed to a combination
of temperature, pressure and shear forces, which might lead to a variety of chemical reactions
and molecular transformations [29]. Recently, extrusion has been used to increase the solubility

of water-extractable AXs (WEAX) in corn fiber [30, 31].

Studies have suggested that low molecular weight AXs extracted from different cereals may
have desirable biological effects [18, 32]. Low molecular weight corn husk and rice bran AXs
showed an increase in the activity of natural killer (NK) cells and an increase in cytokine
production in vitro [33, 34]. Other studies found that AXs extracted from enzymatically
modified rice bran (Biobran) with low molecular weight can stimulate both the adaptive and
innate immune system by enhancing dendritic cell maturation, macrophage phagocytosis, and
NK cell activity [35]. On the other hand, large molecular weight AXs extracted from banana

peel stimulated macrophage activation [33, 36].



There is inconsistency in the literature, which may be related to the source and the method of
AXs extraction. The aim of this review is to provide an overview of the different biological

effects and extraction methods of AXs from different cereals.

2. Arabinoxylans (AXs):

AXs are NSPs composed of backbone chains of B-(1-4)-linked d-xylopyranosyl residues to
which a-L-arabinofuranose units are linked as side chains in the second and/or third carbon-
positions [6, 16, 17, 37] (Figure 1). The NSPs are indigestible by human gut enzymes and are
therefore referred to as dietary fiber. NSPs makes up 75 % of the cell wall and is composed of
glucomannan, (1-3) (1-4) B glucan, cellulose and AXs (pentosans) [2, 38]. Pentosans or AXs
are the major hemicellulosic polysaccharides in cereals and they make up more than 80% of

the NSP in wheat and 10% of rice bran [38-40].

AXs’ structural characteristics are determined by the substitution of the xylopyranose linked
xylan backbone. L-Arabinofuranose is the main substituent sugar and it can substitute for
xylopyranose residues at O-2 and/or O-3 via a-1, 2 and a-1, 3 glycosidic linkages. This leads
to three different forms namely, un-substituted xylopyranose, mono-substituted xylopyranose
at O-2 or O-3 and di-substituted xylopyranose at O-2 and O-3 [8, 37, 41, 42]. On the other
hand, arabinofuranose substitutions can form short oligosaccharide side chains and comprise
two or more arabinofuranose residues [41] (Figure 2). Brokaert et al. [42] have reported that
D-glucose, D-galactose, glucuronic acids and acetyl groups are substituted at O-2 and/or O-3
of the xylan backbone. This structural diversity of AXs can vary between cereals due to the
complexity of tissue components within cereal grains [37, 43, 44]. Ordaz-Ortiz and Sulnier
[45] have reported that AXs content is different between wheat endosperm, bran and husks
with various arabinose-to-xylose ratios, and that the yield will depend on the method of

extraction.



There are many techniques available for AXs extraction and different extraction methods will
give different yields and range of degrees of branching, molecular weight distribution and
tertiary conformation [46], i.e. hot water extraction [21, 47-49] and ultrasound-assisted

enzymatic extraction [50].

AXs can be classified, according to their solubility in water, as either water-unextractable AXs
(WUAX) or water-extractable AXs (WEAX) [51]. The structure of WUAX is somewhat
different from that of WEAX; WUAX will not solubilize in water, however, it will be

solubilized in alkaline solutions [52].

3. Health-Related Effects of AXs:

3.1. Effect of AXs on postprandial glucose response:

Diabetes mellitus is a serious, chronic disease that occurs either when the pancreas does not
produce enough insulin, or when the body cannot effectively use the insulin it produces [53].
Type 2 diabetes mellitus (T2DM) is characterized by chronic hyperglycemia that results from
defective or deficient insulin [54]. T2DM accounts for the vast majority (more than 90%) of
all diabetic patients and its complications constitute a major public health problem [55]. The
incidence of T2DM has increased dramatically and the number of patients with diabetes is
expected to increase to 642 million by 2040 [56]. Management of postprandial blood glucose
is critical in prevention and treatment of T2DM. Results of the human intervention studies have
demonstrated that consumption of an AXs-rich diet reduced postprandial blood glucose levels
in healthy subjects and diabetic patients. In normoglycemic subjects, Lu et al. [S7] reported a
significant improvement in the postprandial glucose and insulin responses following
consumption of breakfast meals rich in AX extracted from the byproduct of wheat flour
processing. On the other hand, Mdhlig et al. [58] demonstrated non-significant differences in

glucose and insulin responses in healthy subjects following consumption of bread rolls



supplemented with AX. The authors showed increased levels of ghrelin and assumed that the
effect of AXs in healthy subjects is unlikely to be mediated by insulin. Recent studies have
demonstrated different effects of AXs on postprandial glucose and insulin responses. White
bread enriched with AX flour obtained by enzymatic hydrolysis of the bran extracted from the
milling process significantly reduced the 30-min peak postprandial glucose levels in healthy
normoglycemic volunteers [59]. In healthy young adults, wheat bran extract rich in AXs
significantly improved glucose tolerance and insulin sensitivity in an overnight perspective

[60].

Subjects with impaired glucose tolerance (IGT) received 15 g AXs supplement for 6 weeks
showed lower postprandial responses in blood glucose, triglycerides and insulin when
compared with a placebo group [61]. In this study, total plasma ghrelin was reduced while
plasma acylated ghrelin wasn’t affected in IGT subjects after AXs consumption [61]. In another
study by Garcia et al. [62], the consumption of 15 g AXs for 6 weeks improved fasting serum
glucose, triglycerides and apolipoprotein A-1 levels in subjects with IGT. However, AXs didn’t
affect insulin, leptin, adiponectin, resistin, apolipoprotein B and unesterified fatty acids in this
group of subjects with IGT. Therefore, the beneficial effect of AXs wasn’t accompanied by
significant changes in fasting levels of adipokines. Long term consumption of water-soluble
corn bran hemicellulose decreased fasting blood glucose levels in healthy non-obese subjects
and in obese and non-obese patients with IGT. In obese patients with IGT, hemoglobin Alc
was decreased significantly during corn bran hemicellulose supplementation. In addition, oral
glucose tolerance test (OGTT) and insulin release were improved in patients with IGT as a

result of corn bran hemicellulose supplementation [63].

Changes in postprandial glucose kinetics and the glucose-dependent insulinotropic polypeptide

(GIP) after the ingestion of fiber-rich products with slowly and rapidly digestible starch have



been studied by Cho et al. [64]. The consumption of slowly digestible starch compared with
the rapidly digestible one resulted in lower postprandial insulin and GIP and a slower rate of
appearance of exogenous glucose but a similar glycemic response. The similar glycemic
response of both slowly and rapidly digestible starchy foods has been attributed to a slower

glucose clearance rate [65].

The beneficial effects of AXs have also been studied in metabolic syndrome and diabetic
patients. The metabolic syndrome together with T2DM and cardiovascular diseases (CVD) are
the challenging life-style diseases facing modern society. Energy-rich low fiber food is known
to impair glucose and lipid metabolism and easy access to this food is linked to metabolic
disease, T2DM and CVD [66]. On the other hand, consumption of food rich in cereal fibers
has been associated with a lower risk of developing T2DM [67, 68] and CVD [69]. Recently,
Schioldan et al. [70] assessed the impact of a healthy carbohydrate diet rich in AXs and resistant
starch on postprandial lipaemia and features of the metabolic syndrome. Consumption of the
diet for 4 weeks improved fasting total and low-density lipoprotein (LDL)-cholesterol in
subjects with metabolic syndrome on statins with no diet related impact on features of the
metabolic syndrome [70]. In addition, the intake of AXs-rich diet was associated with a wide
range of benefits for diabetic patients. T2DM patients supplemented with AXs-rich diet showed
significantly lowered fasting and 2h plasma glucose, 2h insulin and serum fructosamine [71].
Despite the observed improvement in glycemic control, body weight, fat mass, blood lipids
and blood pressure remained unchanged [71]. Studies on experimental animals have also
revealed similar findings. Zucker diabetic fatty (ZDF) rats received AXs-rich diet showed a

significant decrease in blood glucose response after an OGTT [72].

The mechanisms underlying the beneficial effect of AXs on glycemic control are not fully
understood. Studies referred to the inhibitory effect of AXs on a-glucosidase represent an
attempt to explain its antihyperglycemic properties. In this context, Malunga et al. [ 73] reported

9



the efficacy of feruloylated AX to inhibit the activity of mammalian intestinal a-glucosidase,
sucrase and maltase as well as glucose transporters. The authors assumed that the fatty acid
moiety of feruloyl AX was the active site for this inhibitory activity. In addition, dietary fibers
have been proposed to delay nutrient absorption through increasing the lumen viscosity [74].
However, Dhital et al. [75] suggested that the viscosity e[ lect may be o[ set by strong intestinal
peristalsis. Therefore, further work is required to understand the mechanisms underlying the
effect of AXs on glucose and insulin responses in normoglycemia, obesity, metabolic

syndrome and diabetes.

3.2. Effect of AXs on lipid and cholesterol metabolism:

The effect of AXs on blood lipids and cholesterol metabolism has been reported in several
studies. Supplementation of AXs has shown a lipid-lowering effect in both human and
experimental animals. In individuals with metabolic syndrome who received whole-grain
wheat and rye for 3 months, Giacco et al. [76] reported a lower 3h postprandial triglyceride
response despite unchanged fasting triglyceride levels. In another study by Garcia et al. [61],
subjects with IGT received 15 g/day of concentrated wheat AXs for 6 weeks showed decreased
4h postprandial triglyceride response. Recently, Chen et al. [77] reported increased lipid

catabolism in high fat diet-induced rats supplemented with AXs.

Wheat AXs have been suggested to reduce blood triglycerides through slowing down their
digestion and the absorption of free fatty acids (FFA) [78]. Accordingly, corn bran AXs
reduced intestinal cholesterol absorption and cholesterol accumulation in the liver, and
enhanced cholesterol excretion in feces [79]. In hypercholesterolemic hamsters, wheat bran
AXs decreased total- and LDL-cholesterol levels and increased the excretion of cholesterol and

total lipids [80]. Adam et al. [81] have shown decreased plasma cholesterol levels and increased

10



cecal short-chain fatty acids (SCFAs) following replacement of the refined wheat flour with

whole flour in rats.

In addition to their inhibitory effect on intestinal glucose absorption, AXs modulated the
activity of 5-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase and cholesterol 7
alpha-hydroxylase (CYP7AL1) in the liver [80]. HMG-CoA reductase and CYP7A1 are the rate-
limiting enzymes of cholesterol synthesis in the liver [82]. In hamsters fed a
hypercholestrolemic diet, supplementation of wheat bran AXs reduced the synthesis of
cholesterol and increased its decomposition into bile acids via modulation of HMG-CoA

reductase and CYP7A1 [80].

Moreover, supplementation of AXs decreased acetate and increased the production propionate
in human and experimental animals [83, 84]. In support of these findings, Chen et al. [77] have
recently shown similar findings in rats received high fat diet and AXs. The study of Tong et al.
[80] showed increased propionate and total SCFAs concentrations in AXs-supplemented
animals. They postulated that the hypocholesterolemic effect of AXs is related to increased

colonic SCFAs and fecal lipids output.

3.3. Antioxidant capacity of AXs:

Reactive oxygen species (ROS) play a key role in intra- and intercellular signaling [85]. The
excessive production of ROS is associated with cell damage and contributes to many
pathological conditions and diseases [85]. The role of AXs in preventing chronic health
problems associated with excessive production of ROS and oxidative stress has been well-
acknowledged. Non-nutrient phytochemicals and dietary fibers of cereal bran showed a
protective effect against oxidative stress [86-88]. Wheat bran feruloyl oligosaccharides showed
an antioxidant capacity against oxidative stress and enhanced antioxidant defenses in diabetic

rats [89]. Normal rat erythrocytes treated with feruloyl oligosaccharides were protected against

11



hemolysis induced by free radicals [90]. Feruloyl arabinose, isolated from maize bran by acid
hydrolysis, showed an in vitro antioxidant activity evidenced by different radical scavenging
assays [91]. In high fat diet-fed rats treated with AXs, Chen et al. [77] demonstrated decreased

lipid peroxidation and increased superoxide dismutase and glutathione peroxidase in the liver.

Previous studies showed that the presence of hydroxycinnamic acids provides antioxidant
capacity to AXs. The overall radical scavenging activity of xylooligosaccharides and xylans of
the wheat bran has also been attributed to the contained hydroxycinnamic acids [92, 93]. The
studies of Malunga and Beta [94] and Bagdi et al. [95] reported that the radical scavenging
activity of AXs is associated with the presence of ferulic acid, and Snelders et al. [96]
determined the role of ferulic acid content and appearance in the antioxidant capacity of AXs.
Interestingly, feruloyl oligosaccharides showed a stronger in vitro antioxidant activity than that
of a free ferulic acid [97]. The antioxidant capacity of AXs has also been linked to the molecular
characteristics in addition to the phenolic compounds [98-101]. The number of sugar molecules
linked by ferulic acid contributes to the antioxidant activity. Therefore, the antioxidant activity

of AXs could be increased with a higher number of sugar molecules [100, 101].

The antioxidant effect of AXs could also be explained, at least in part, through their ability to
activate the nuclear factor erythroid 2-related factor 2 (Nrf2). The redox-sensitive transcription
factor Nrf2 plays a major role in protecting the cells against ROS through its ability to bind to
the antioxidant response element (ARE) and activate the expression of antioxidant genes [85].
Zhang et al. [102] determined the antioxidant effect of wheat bran feruloyl oligosaccharides in
rats. When supplemented at doses of 0.25, 0.5, and 0.75 mmol/kg/day for 15 days, feruloyl
oligosaccharides increased the activity of heme oxygenase-1, superoxide dismutase, catalase
and glutathione peroxidase in the heart, liver, and kidney of rats. These effects were mediated
through the activation of Nrf2 following treatment with feruloyl oligosaccharides. Activation
of Nrf2 has been reported to enhance the antioxidant defenses and protect against oxidative

12



stress in drug-induced liver injury [103-105], endothelial dysfunction [106, 107],
hyperammonemia [108] and hepatocarcinogenesis [109, 110]. Therefore, further studies are

required to trace out the mechanisms underlying AXs-mediated activation of Nrf2.

3.4. Hepatoprotective effect of AXs:

Few studies have demonstrated the hepatoprotective effects of AXs. In an animal model of
hepatitis induced by D-Galactosamine (GalN), Zheng et al. [111] showed the suppressive effect
of a modified AX from rice bran (MGN-3) and its active fraction on IL-18 expression. In this
study, GalN-induced hepatitis model has been selected because of its similar morphological
and pathophysiological characteristics to those of human hepatitis B [112]. The same group
reported that the hepatoprotective efficacy of MGN-3 is mediated via inhibition of nuclear
factor-xB (NF-xB) and JNK/MAPK expression in the liver of GalN-induced rats [113]. In
2016, Salama et al. [114] reported the suppressive effect of rice bran AX (Biobran) on the
viremia level in patients with chronic hepatitis C virus (HCV) infection. Sixteen patients with
chronic HCV received 1 g/day Biobran for 3 months and viremia, interferon-y (IFN-y) and
liver enzymes were assessed before and after treatment. Biobran significantly reduced viremia
and increased the level of serum IFN-y. More interestingly, patients received Biobran showed
no side effects when compared with patients treated with PEGylated interferon plus ribavirin
who experienced anemia, thrombocytopenia, fever and easy fatigue [114]. A recent study by
Chen et al. [77] showed the protective effect of AXs against liver injury in high fat diet-fed
rats. The protective effect of AXs against liver injury induced by drugs, environmental

chemicals and other factors remains a relatively untapped field of research.

3.5. Immunological effects of AXs:

The effects of AXs on innate and acquired immune response have been well-documented. The

immunomodulatory potential of AXs is controlled by several factors, including the source,

13



molecular weight and degree of arabinose and xylose substitution. Many reports suggested that
both low and high molecular weight AXs possess potentials to enhance the immune response
[6, 26,32, 115]. In this context, Cao et al. [26] investigated the effect of high molecular weight
AX from wheat bran on immunological responses in S 180 tumour-bearing mice. High
molecular weight AX inhibited interleukin-2 (IL-2) production and tumour growth, and
increased blood leukocytes. Low molecular weight wheat bran AX as well showed potent
immunological activities. Zhou et al. [6] investigated the immunoregulatory effects of low
molecular weight AXs extracted by alkaline- and enzyme-based methods from wheat bran. In
female BALB/c mice, both AXs had potent stimulating effects on immune response with the
one extracted by the enzyme-based method showed a stronger effect on macrophage (Mo)
phagocytosis and delayed hypersensitivity reaction [6]. Modified AXs from enzymatically
modified rice bran (knows commercially as Biobran) with low molecular weight have the
potential to stimulate the immune system through improving the maturation of dendritic cells
and enhancing the phagocytosis, as well as increasing NK cells activity [31, 32, 115, 116].
Therefore, it can be postulated that the source and method of extraction affect the molecular
weight distribution and degree of substitution which will ultimately affect the immunological
activities of AXs. Some of the structural properties of AXs in relation to the extraction method

and immunomodulatory activity in rice bran and wheat bran are summarized in Table 1.

3.5.1. Immunomodulatory effects of rice bran AX (MGN-3/Biobran):

MGN-3/Biobran is composed of a xylose backbone attached to arabinose monomers with a
moelcular weight range of 30-50 kDa [117]. Several in vitro and in vivo studies as well as
human trials reported the capability of MGN-3 to enhacne the innate and adaptive immune
cells such as macrophages, dendritic cells, NK cells, and B and T lymphocytes [118-121]. Yet,

the mechanism of AXs action is not fully understood. However, it has been suggested that
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reducing the length of AX chain which will reduce its molecular weight, thus AXs might be
took up by M cells (microfold cells) of Peyer’s patches in the small intestine. AXs might be
transported to the immune cells and then circulated in the blood stream [122]. Furthermore,
Ghoneum and Jewett [123] suggested that AXs can be transformed from the small intestines

into the bloodstream through the lymph nodes.

Several in vitro studies investigated the immunological effects of MGN-3. It has been reported
that MGN-3 facilitates the maturation of monocytes and transfer it to dendritic cells in the
presence of pro-inflammatory inducers lipopolysaccharide (LPS), IFN-y, IL-1f, tumor necrosis
factor alpha (TNF-a) and IL-6 [124]. MGN-3 showed an increase in phagocytosis by U937
macrophages. It was also reported that MGN-3 can increase the TNF-a and IL-6 in treated
macrophages from U937 and RAW264.7 (murine macrophage cell line) [121, 125]. MGN-3,
in a dose-dependent manner, increased DEC-20S expression and the production of Type III
IFN and IL-29 in dendritic cells, suggesting that MGN-3 has the potential to activate dendritic
cells. Therefore, MGN-3 might be used for augmenting an efficient immune response against

infectious diseases and cancer [121].

The effect of MGN-3 on the immune response has been studied in animals. MGN-3 stimulated
NK cell cytotoxic activity against neuroblastoma in vivo [117] and enhanced the apoptosis of
tumor cells in Ehrlich ascites carcinoma (EAC)-bearing mice [ 120]. It was found that inhibition
of tumor growth after MGN-3 treatment was associated with an increase in apoptosis and DNA
damage of tumor cells, as well as a decrease in cancer cell proliferation. Their findings suggest
that supplementation of MGN-3 can enhance tumor cell demise [118]. Badr El-Din et al. [120]
investigated the effect of intra-tumoral and intra-peritoneal supplementation of MGN-3 on
EAC-bearing mice, reporting that a concentration of 40 mg/kg body weight of MGN-3 can

delay tumor growth. The inhibitory effect of MGN-3 treatment on tumor growth had positive
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effects from day 14 post-injection, with tumor weight and volume reducing by 45% and 63%
respectively in mice at day 35. Moreover, MGN-3 showed antitumor effects and an increase in
IFN-y production by 154%, apoptotic activity of 76%, TNF-a secretion of 11% and NK cell
activity of 100%. These results suggested that the antitumor effect of MGN-3 is due to its

ability to induce [FN-y and TNF-a.

Although several in vitro and in vivo studies have been conducted to investigate the biological
activities of MGN-3, few studies have examined its immunological effects in humans. In a
study conducted by Ghoneum and Brown [126], 32 cancer patients ingested 3g of MGN-3
every day for a month. It was found that the ingestion of MGN-3 significantly improved NK
cell cytotoxicity by a 10-fold. Moreover, MGN-3 enhanced B cell and T cell function in all
cancer patients throughout measuring proliferation activity of B and T cells against several
mitogens. Furthermore, no hypo-responsiveness in patients was observed post treatment,
suggesting that MGN-3 is nontoxic, and its use could be encouraged in conjunction with
chemotherapy in order to dampen the effect of immunosuppression. In a study conducted in 32
multiple myeloma patients, MGN-3 was administered on a daily basis for 3 months. It was
demonstrated that MGN-3-treated patients had higher NK activity compared to the placebo
group. Moreover, the level of myeloid dendritic cells had significantly increased, suggesting
MGN-3 may participate in activation of the innate immunity of multiple myeloma patients
[116]. Recently, the effect of MGN-3 in patients with chronic HCV infection has been studied
[114]. MGN-3 significantly reduced viremia and increased the level of serum IFN-y and
showed no side effects [114]. The immunomodulatory potential of MGN-3 is well documented
in vitro, in vivo and humans. However, MGN-3 is a modified form of AXs from rice bran, and

there is limited research on the non-modified rice bran AXs and other polysaccharides.

16



3.5.2. Immunomodulatory effects of rice bran polysaccharides:

There is a limited research on the polysaccharides extracted from rice bran without
modification, including AXs. In 2008, Wang et al. [127] studied the effect of a rice bran hetero-
polysaccharide (RBPS2a) extracted with hot water on anti-complementary activity. The study
indicated that RBPS2a has the ability to induce red blood cell lysis and complement
consumption through residual complement activity. In another study, different fraction of AX
was extracted from rice bran using carbohydrate hydrolysing enzymes for a longer period
[128]. The extracted AX had a low molecular weight and structure similar to MGN-3. Mast
cells treated with 0.3 mg/ml rice bran AX showed a remarkable depletion in B-hexosamindase
secretion post-antigen stimulation. In addition, IL-4 and TNF-a secretion were inhibited after
treating the mast cells with the AX, proposing that AXs extracted from rice bran have the ability
to suppress cytokine secretion and degranulation of mast cells [128]. In a recent study,
feruloylated AXs from rice bran induced IL-6, IL-10, prostaglandin E2 (PGE2), nitric oxide
(NO) and TNF-a in RAW264.7 macrophages, suggesting that feruloylated AXs may be able
to enhance innate immunity and protect against chronic inflammatory diseases [129]. More
recently, Wang et al. [130] investigated the effect of rice bran polysaccharides on NO and TNF-
a production in RAW?264.7 macrophages. Their results suggest that the antitumor activity of
rice bran polysaccharides is mediated through macrophage activation which in turn induces the

secretion of NO and TNF-a in a dose-dependent manner.
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Table 1. Structural properties of and immunomodulatory activity of AXs.

Extraction Immunomodulatory Mw Gal Xyl Ara
Origin Glu% Ara/Xyl References
method activity (kDa) % % %
) Tumor inhibition,
Wheat bran Alkaline o 352 7.7 NA 502 418 0.83 [6]
Mao activation
Wheat bran Enzyme Mg activation 325 28 NA 624 348 0.55 [6]
Denderitic cell
) o 100-

Wheat Alkaline  activation, TNF-a 1000 - - 35 67 0.52 [131]
and IL-1Ra

. Mg, dendritic cells 48-  22-

Rice bran Enzyme o 30-50 6 5-7 0.5 [44]
and NK activation 54 26
Lymphocyte
) ) proliferation, nitric
Finger millet | KOH and .
oxide (NO) 40-1028 - - - - 0.83 [132, 133]
bran BaOH )

production and Mo
activation

Glu, glucose; Gal, galactose; Xyl, xylose; Ara, Arabinose;

4. AXs solubility in some cereals and cereal by-products:

As mentioned previously, AXs in cereals and cereals by-products can be classified into WEAX
and WUAX [51, 134]. It has been reported that AXs in rye are part of the cell wall material
and they are bound covalently and non-covalently to other cell wall materials such as proteins,
cellulose or lignin [135, 136]. In contrast, AXs in wheat are loosely bound to the surface of the
cell wall [38, 137]. Sasaki [138] suggested that the difference in water extractability of AXs in
cereals is due to the degree of cross-linking with other cell wall materials. These cross-links
can be covalent ester bonds between the carboxylic acid group of uronic acids and AXs
hydroxyl groups, or diferulic acid bridges between adjacent AXs chains [15, 37, 139]. It was
reported that wheat endosperm contains between 31-111 mg/100g ferulic acid [140, 141],
whereas, rice bran contains 303 mg/100g [142]. It also has been reported that ferulic acid side

chains are esterified to some arabinose residues [143]. These cross-links make the extraction
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of AXs difficult and there is a need to use other treatments such as enzymes, alkali solutions
or mechanical treatments to effectively remove the AXs from what is a very stable network of
covalent and non-covalent cross-links [144, 145]. Moreover, the low solubility of AXs might
be due to the close packing of the cell content, which is proposed to be due to steric hindrance

[146].

Previous studies have shown that the percentage of WEAX is generally far lower than the
WUAX in cereals or cereal by-products (Table 2). Therefore, increasing and improving
WUAX solubility has been very important for those who are interested in converting WUAX
to WEAX. It has been reported that treating WUAX with alkali resulted in releasing WUAX
from cell wall material due to the breaking down of bridges between the AXs and the covalent
bonds and hydrogen atoms of the cell wall material [ 147]. In a later study carried out by Courtin
and Delcour [144], the possibility of increasing the extractability of AXs from wheat using
enzymes was investigated. WUAX treated with endoxylanases resulted in an increase in the
solubility of AXs due to the degradation of the xylan backbone. Additionally, this resulted in
a reduction in the molecular weight of the extracted AXs fraction [115]. There is a limit to the
increase in solubility from treating with endoxylanase due to the branched sections, which are
not affected by the endoxylanase treatment. On the other hand, several reports show that AXs’
solubility depends on the AXs’ degree of branching [148, 149]. AXs with high arabinose

substitutions have a higher solubility in water and vice versa.
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Table 2. WEAX and WUAX in some cereals (dry weight basis).

Cereal Tissue Total AXs % WEAX % WUAX % References
Bran 4.84-5.11 0.35-0.77 4.34-4.49 [150]
Bran 8.5 0.2 8.3 [14]
Hulls 8.36-9.24 0.11 8.25-9.13 [150]
Rice
Cooked 0.5 NA NA [151]
Germinated 2.97-6.84 NA NA [152]
whole grain
Whole grain 2.64 0.06 2.58 [150]
Bran 25 1 24 [153]
De-starched 29.1 NA NA [154]
bran
Bran 26.2 NA NA [154]
Bran 23 NA NA [155]
Bran 19.38 0.88 18.5 [13]
Wheat Endosperm NA 8.23 NA [32]
Endosperm 1.5-2.5 0.3-0.75 1.2-1.7 [115]
Endosperm 1.52-1.75 0.42-0.68 1.07-1.1 [156]
Flour 1.37-2.06 0.54-0.68 0.83-1.38 [10]
White flour 5.1 2.1 2.96 [157]
Whole grain 5.77 0.59 5.18 [13]
Whole grain 8.1 1.8 6.3 [14]
Whole grain 8-12.1 2.6-4.1 5.4-8 [158]
Bran 13 2.86-4.29 8.71-10.14 [159]
Rye
Flour 3.2-3.64 2.2-2.65 0.99-1 [48]
Whole grain 8.9 34 5.5 [14]
Bran 29.86 0.28 29.58 [150]
Corn
Bran 26.0 0.71 25.29 [160]
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5. Extraction of AXs:

Most of the AXs in the intact cell walls of cereals are cross-linked with other cell wall materials
to form a structural complex, which is not soluble in water. Therefore, there is a need to increase
the extraction yields through improving the solubility of the WUAXs fraction [150]. Several
methods have been developed, investigated and reported for the extraction and purification of
AXs [144]. These include water extraction [22, 115, 153] enzyme hydrolysis [115, 161], acid
and alkaline extraction [6, 147, 148, 153] and mechanically assisted treatment in the form of

extrusion [30, 158].

5.1. Water extraction:

Extraction using water is one of the most common methods used to isolate AXs from different
cereals, followed by precipitation with 65% ethanol [162, 163]. Using water alone to extract
AXs has several advantages such as it is environmentally friendly, cheap, available and edible.
It has been reported that the extraction yield of WEAX from two barley cultivars varies
depending on barley sub-fraction and varieties [164]. In 2003, Cyran et al. [48] reported that
the extraction yields of WEAX in rye flour were 1.1-1.4% at 4°C, 0.17-0.33% at 40°C and
0.41-0.51% at 100°C. It has been reported that the yield of AXs achieved by the enzymatic and
chemical methods is higher than that achieved by the water method. It is suggested that
combining water with gentle conditions (i.e. a temperature below 100°C) is not sufficient to
break the cross-linkages between AXs and the cell wall matrix [165]. To counter this, water
extraction combined with hydrothermal techniques have been developed, using high pressure
(5-40 MPa) and high temperature at (200-600°C), to increase the extraction yield of
hemicelluloses to 65-90% [166-169]. However, it has been indicated that although these
techniques are environmentally friendly, they degrade the hemicellulose structure, which may

damage the structure of the AX, which in turn may affect its functionality [168]. As a
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significant amount of AXs remain after water extraction, some researchers have dismissed

water extraction methods in preference to enzyme and alkali treatments [153].

5.2. Alkaline extraction:

This method of extraction involves disrupting covalent and hydrogen bonds in the matrix of
polysaccharides to liberate various polysaccharides from the cell wall [24, 153]. Hydrogen
bonds between hemicellulose and cellulose can be disrupted by hydroxyl ions, and hydrolysis
of the ester linkages, which in turn solubilizes part of the hemicellulose material [47]. On the
other hand, under alkaline conditions, uronic acids change to their negatively charged form,
causing repulsion between different molecules, which results in an increase in the extractability

the AXs present [153].

There are several techniques developed to extract AXs using alkaline solutions. The first such
solution used to release WUAX from cereals was barium hydroxide, which was introduced by
Gruppen et al. [147]. Barium ions form insoluble complexes with B glucans, resulting in the
release of 80% of the WUAX from wheat flour. Additionally, Bergmans et al. [170] reported

that 50% of WUAX was extracted from wheat bran using this technique.

On the other hand, dilute alkaline solutions such as hydrogen peroxide (H>O2) have been used
to extract WUAX, resulting in yields of around 69% of the total AXs content, from wheat bran
[148, 171]. Although alkaline extraction yield is higher than the water extraction, alkaline
extraction has been reported to affect the molecular structure of AXs due to the disruption of
cross-linkages, resulting in different molecular structures in WUAX than that would occur
naturally, which in turn results in different functional characteristics [172, 173]. The extraction
yields of AXs and hemicelluloses using different alkaline solutions from rice and wheat brans

are shown in Table 3.
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Table 3. AXs and hemicelluloses extraction yield using alkaline solutions.

. Yield% of
Sources Extraction AXs/hemicelluloseq, Ara/Xyl References

Wheat bran | 0.5% H,0; (0.15M NaOH v/v) 18.5 0.8 [6]
Wheat bran 0.44 M NaOH (pH 12.5) 3430 0.54 [174]
Wheat bran 0.5M NaOH 43.1 0.64 [175]
en?l‘(])lslf)gm 427 M KOH 56, 0.91 [38]
Corn bran 8% NaOH 20.8 0.82 [160]

1% NaOH followed by 0.5%

Rice straw H,0, (pH 11.5)

18.65 / [176]

Rice straw 0.25 M NaOH (1:25 w/v) 0.37, 0.36 [177]

5.3. Enzymatic extraction:

In order to extract AXs from cereals, enzymatic techniques are often used. The most common
enzyme family used for isolating AXs are the GH 11 endo-B-(1,4)- xylanases [25, 161, 178].
Endoxylanases attack the xylan backbone, penetrating the cell wall and cleaving the internal
B-(1,4) linkages, a solubilizing portion of WUAX, aiding extraction [27, 115, 179]. Table 4
shows AXs’ extraction yield from some cereals and cereal by-products by enzymatic

extraction.

Comparing the extraction yields of enzyme treatments and alkaline treatments shows lower
extraction yields of AXs from the enzyme treatments, for example, the extraction yield from
de-starched wheat bran extracted with xylanase is 12.4% (Table 4), lower than that achieved
with alkaline sodium hydroxide at 34.3%. Zhang et al. [165] suggested that the low extraction
yield might be due to the existence of enzyme inhibitors and that the crystalline structure of

lignocellulose might limit the hydrolysis.
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Table 4. AXs extraction yield from some cereals using enzymatic treatment.

Sources Extraction Yield% of AXs | Ara/Xyl | References

De-starched )
Xylanase 150 units, lab-scale 12.4 0.56 [6]
wheat bran

De-starched Pentopan mono BG 0.75%, lab-

15.28 NA [180]
wheat bran scale
E-XYLNP 1500 U/mg from
Corn bran Neocallimastix Patriciarum, lab 88.1 0.89 [160]
scale
Thermostable xylanase
Rye bran RmXyn10A from Rhodothermus 41-53 0.38 [181]

marinus

20 U B-glucosidase, 250 U (1-3,1-
4)-B-glucan 4-glucano-hydrolase
Rye flour ) 1.08 0.5 [43]
and 400 U amyloglucosidase, lab

scale

Although, the extraction yield using enzyme hydrolysis is not as high as the alkaline extraction,
the action of alkaline solutions is not environmentally friendly as it produces hazardous waste
and it might release the ferulic acid due to the breaking of the ester bond between AXs and the
ferulic acid side chain, resulting in loss of antioxidant functionality [6]. Ferulic acid is known
for its low solubility in water [179]. Zhou et al. [6] indicated that AXs extracted with enzymes
have a higher ferulic acid content and it enhances the immune response more than AXs

extracted with alkaline in an in vivo trial.
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5.4. Mechanical extraction:

There are several mechanical technologies have been studied as pre-treatments to improve the
extraction yield of dietary fiber in general and specifically AXs. These include techniques such

as microwave irradiation and extrusion [182-184].

5.4.1. Microwave-assisted extraction:

Microwave irradiation has been investigated as a technique to improve the extractability of
hemicelluloses. There are several advantages of using microwave irradiation in the extraction
of AXs, which are the ability to reach high temperatures and shorter extraction times [185,
186]. Microwave irradiation causes vibration between molecules, which potentially ruptures
bonds. Rose and Inglett [183] optimized the processing conditions for AX extraction from
maize; it was found that 50% of the AXs could be extracted at 200°C for 2 min or 180°C for
10 min. It was also reported that a combined microwave/pressure treatment of corn pericarp
increased the extraction yield of AXs to 70.8% of total carbohydrates, consisting mainly of
xylo-oligosaccharides. This high extraction rate can be achieved under pressurized water at
170.5°C, solid:liquid ratio 1:20 (g/ml), 2 min to reach operating temperature and 16 min heating
time respectively [187]. Moreover, Coelho et al. [186] have reported that the microwave-
assisted extraction of brewers’ spent grain (BSG) has increased the extraction yield of AXs
from 0.4 to 17% at 140 and 210°C respectively. The higher extraction yield achieved at the
highest temperature could be related to the desertification, depolymerization and debranching

of AXs complex material [186].

5.4.2. Extrusion pre-treatment:

Extrusion cooking is a valuable short-time, shear force, high-temperature, high pressure,

processing technique, which has been used since the 1930s for the production of textured foods,
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ready-to-eat snacks, baby foods and breakfast cereals [188, 189]. Extrusion cooking improves
the bioavailability of nutrients and the digestibility of protein and starch in comparison to other

conventional cooking techniques [188, 190, 191].

Extrusion cooking technology has been used as a pre-treatment to extract hemicelluloses and
increase the solubility of dietary fiber from wheat bran, pea hulls, lemon fiber, waxy barley
and corn fiber [23, 192-195]. Wang et al. [196] have reported that there is a significant increase
in soluble dietary fiber from 1.25% in raw whole wheat grain to 2.19% in samples extruded at
400 rpm. Moreover, a higher increase in solubility was reported from 1.75% in raw samples to
2.47% in extruded wheat bran samples at 400 rpm [196]. Zhang et al. [28] have investigated
the effect of temperature changes on dietary fiber solubility of oat bran. They reported that at
a fixed screw-speed of 50 rpm and 10% feed moisture, the solubility of dietary fiber increased

from 9.9% to 14.2% when the temperature was increased from 100°C to 140°C [28].

However, there are conflicting findings on the effect of extrusion on the solubility of dietary
fiber. Camire et al. [197], reported that at a constant screw-speed of 300 rpm, the solubility of
dietary fiber from potato peels decreased from 4.69% (at 104°C barrel temperature and 31%
feed moisture) to 3.75% (at 143°C barrel temperature and 36% feed moisture). In addition,
Zeitoun et al. [184] compared twin-screw extrusion and stirred reactor extraction for
hemicellulose extraction from wheat bran. She reported that extrusion pre-processing
decreased the soluble hemicellulose from 59%, using a stirred reactor, to 24%. There are
conflicting findings about the extrusion effect on dietary fiber/AXs solubility, which are

summarized in Table 5.

Interestingly, extrusion not only has an effect on the solubility of dietary fiber, it also has an
effect on molecular weight. The effect of extrusion on molecular weight has been investigated

by Ralet et al. [198] who found that extrusion cooking reduced the molecular weight (Mw) of
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hemicelluloses extracted from sugar beet pulp fiber resulting in an increase in water solubility.
In another study, Margareta and Nyman [ 199] reported that extrusion of vegetables reduces the
dietary fiber Mw, which was suggested to be due to the breaking of dietary fiber glyosidic

bonds, resulting in depolymerization of the dietary fiber.

Reducing the molecular weight of the AXs not only increases their solubility in water but also
increases their biological health benefits [115]. Recently, pronounced effects of low Mw AXs
(66 kDa) have been observed to have a higher prebiotic stimulation in an in vitro study when
compared to higher Mw AXs [200]. Modification of the molecular characteristics of AXs such
as Mw is important to achieve the optimum prebiotic, anti-tumor activities and immune

stimulation [115].

Table 5. Main findings of the effect of extrusion of dietary fiber and AXs solubility.

Food Source Extrusion conditions DF/ AXs change References
Twin-screw extruder, L/D ratio
24:1, 3.0 mm die diameter, Soluble AX increased from 463 g/kg to
Corn fiber moisture; 30,40 and 50%, fixed 530 g/kg and 586.3 g/kg at 30 and 40% [195]
screw-speed 200 rpm and feed moisture
rate 9 kg/h
Twin-screw extruder, barrel | Hemicellulose extraction yield decreased
Wheat straw | length 1.6m, liquid/ solid ratio 7, from 59% using stirred reactor to 24%
and wheat feed rate 13.8 kg/h, screw-speed using an extruder. Xylan % decreased [184]
bran 150 rpm and fixed temperature at from 76% using stirred reactor to 53%
50°C using extruder
In oat bran, soluble DF increased from
. 3.45% WE to 5.46, 5.24 and 4.58% at 50,
Twin-screw  extruder, barrel . .
. 70 and 100 rpm respectively. In rice bran,
. diameter 62.2 mm, fixed e,
Rice bran, solubility increased from 2.0% to 2.5, 2.33
temperature 160°C, feed rate 68 .
oat bran, and . and 2.01% using screw-speeds at 50, 70 [201]
kg/h for oat and rice bran and . S
wheat bran and 100 rpm. In wheat bran, increasing in
51.25 kg/h for wheat bran, ..
screw-speeds 50. 70 and 100 rom solubility from 3.11% to 3.45 and 3.35% at
P ’ P 70 and 100 rpm while there was a decrease
at 50 rpm to 2.97%
Twin- trud ith CO o .
Whole wheat in\?::tiicr:el\iv/])e )r(a?ilo ZZYI ond dié AXs solubility decreased from 2.37 in
and Ny ’ o whole wheat to 1.91 and 1.65% at 150 and [195]
erminated | diameter 3.00 mm, extrusion .
g . o o 200 rpm screw-speed respectively. In
wheat carried out at 90 °C and 130°C, erminated wheat solubility decreased as
screw-speeds were 150 and 200 g Y
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rpm at constant moisture feed at | well from 2.64 to 2.28 and 2.09% at 150
30%. CO injection rate was 500 and 200 rpm respectively
ml/min and inlet pressure 20
MPa

Twin-screw extruder with a
screw diameter of 57 mm, L/D The solubility of dietary fibre at 175°C
ratio 24:1, moisture 20,25 and | temperature, 25% moisture and 200 rpm

Wheat b . . . 202
cat bran 30%, die temperature 165, 175 screw-speed was 11.75% in comparison [202]
and 185°C, screw-speeds at 180, with 2.54% for untreated wheat bran
190 and 200 rpm.

WE: without extrusion, DF: dietary fiber.

6. Conclusions:

AXs are important food additives due to their several health benefits, including their beneficial
effects on postprandial glucose response, lipid and cholesterol metabolism, immune response,
oxidative stress and viremia. Numerous extraction methods have been applied to increase the
extractability of AXs from different sources, including alkaline, enzymatic and mechanical
treatments. The alkaline and the mechanical extraction methods have been reported to give the
highest yield of AXs from different cereals. However, alkaline extraction has been reported to
affect the molecular structure of AXs due to the disruption of cross-linkages, resulting in
different molecular structures in WUAX more than those which would occur naturally, which
in turn results in different functional characteristics. Moreover, the action of alkaline solutions
is not environmentally friendly as it produces hazardous waste and it might release the ferulic
acid due to the breaking of the ester bond between AXs and the ferulic acid side chain, resulting
in loss of antioxidant functionality. The enzymatic treatment of AXs provides lower extraction
yields in comparison with the alkaline treatment, yet it does not produce such hazardous wastes
as the alkaline treatment does. The use of mechanical methods to improve the extractability of
AXs has proved its efficiency in comparison with the alkaline extraction and has been shown
to be more environment friendly. In summary, research studies show that the method of

extraction has a strong influence on the extraction yields of AXs. Hence, future studies should
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focus on optimizing the extraction methods of AXs, which then can be used as a food enhancer.
In addition, further studies are needed to delineate the exact mechanisms underlying the

beneficial therapeutic effects of AXs.
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Figure legends:
Figure 1. Arabinoxylans (AXs) structure.

Figure 2. Simplified schematic representation of (a) wheat flour and (b) wheat bran AXs.
Substituents above and below the backbone represent C(O)-2 and C(O)-3 positions,

respectively.
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