MODIFYING WHEAT BRAN TO IMPROVE ITS HEALTH BENEFITS
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ABSTRACT

Consumption of wheat bran (WB) has been associated with improved gastrointestinal health
and a reduced risk for colorectal cancer, cardiovascular diseases and metabolic disorders.
These benefits are likely mediated by a combination of mechanisms, including colonic
fermentation of the WB fibre, faecal bulking and the prevention of oxidative damage due to
its antioxidant capacities. The relative importance of those mechanisms is not known and
may differ for each health effect. WB has been modified by reducing particle size, heat
treatment or modifying tissue composition to improve its technological properties and
facilitate bread making processes. However, the impact of those modifications on human
health has not been fully elucidated. Some modifications reinforce whereas others attenuate
the health effects of coarse WB. This review summarises available WB modifications, the
mechanisms by which WB induces health benefits, the impact of WB modifications thereon

and the available evidence for these effects from in vitro and in vivo studies.

INTRODUCTION

In Europe, the flour milling industry produces about 35 million tons of flour per year from
about 45 million tons of wheat and rye (European Flour Millers 2016). This process also
results in the production of an estimated 6.5 million tons of bran which is mostly used in
animal feed as a source of phosphorus, to lighten dense, heavy feed mixtures and to increase
fibre intake in animals (European Flour Millers 2016).

Because wheat bran (WB) is an excellent source of fibre that is readily available at a low
price, it is increasingly used

in human diets under the form of cereal-based and bakery products (European Flour Millers

2016). WB consumption has also been associated with health benefits such as
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gastrointestinal health and a decreased risk for the development of cardiovascular diseases
(CVD), cancer and metabolic diseases (Stevenson et al. 2012). Modifications of the tissue
composition and physical properties of bran can improve its technological properties but
may also affect specific health effects. Reducing WB particle size improves the accessibility
of nutrients within the bran (Rosa et al. 2013), such as phenolic antioxidants, whereas heat
treatment inactivates several enzymes, thereby reducing its biochemical reactivity
(Mosharraf, Kadivar, and Shahedi 2009).

Despite the benefits associated with WB consumption, the use of WB also raises some
concerns. Cereals can be contaminated with mycotoxins produced by a variety of fungi that
colonise the crops during growing or storage. Depending on their concentrations,
mycotoxins can induce adverse health effects in humans and animals. However, applying
appropriate pre- and postharvest strategies can mitigate the risk for mycotoxin contamination
(Cheli et al. 2017). Furthermore, WB also contains some anti-nutrients like phytates that
form strong complexes with minerals and in this way, may hamper the absorption and reduce
the bioavailability of the minerals.

This review provides an overview of available modifications of WB, the putative
mechanisms by which modified WB affects health and the available evidence on those health

benefits from in vitro, animal and human studies.

WHEAT BRAN: DEFINITION, STRUCTURE AND COMPOSITION

WB refers to the outer layers of the wheat kernel, which surround the germ and the
endosperm. It is composed of different histological tissue layers (Figure 1a, b). Starting
from the outside of the wheat kernel, one observes the pericarp (epidermis, hypodermis,
cross cells and tubular cells), the seed coat or testa, the nucellar epidermis and the aleurone
layer, which is tightly bound to the seed coat (Delcour and Hoseney 2010). In the jargon of

millers, the term bran is a collective name for all the above tissue layers together with some



residual starchy endosperm that remains attached to the aleurone layer after milling. From
the botanical point of view, the aleurone layer and the residual starchy endosperm are not
part of the bran.

The pericarp is the outermost layer of the bran fraction and is made of three layers: epicarp,
mesocarp and endocarp. It is composed of empty cells, mostly consisting of cell wall
polysaccharides, such as branched heteroxylans and cellulose, with numerous cross-links
between the polymer chains, formed by ferulic acid dimers (Brouns et al. 2012, Fincher and
Stone 1986). The arabinoxylan in the pericarp layer has a highly branched structure (high
arabinose to xylose ratio) and is therefore to large extent resistant to bacterial fermentation
(Barron, Surget, and Rouau 2007).

The aleurone layer, in contrast, is a monocellular layer located at the inner site of the bran
that contains B-glucans, few proteins and high amounts of lowly substituted arabinoxylan
and esterified ferulic acid monomers (Brouns et al. 2012). Due to the low arabinose to xylose
ratio, the arabinoxylans in aleurone are easily degraded by the gut microbiota. Moreover, the
aleurone layer is particularly rich in nutrients like the minerals iron, magnesium, zinc and
calcium and almost all of the B-group vitamins.

Coarse WB has a particle size between 1500 and 2000 um with a wide particle size
distribution. It is usually composed of 43 — 62% dietary fibre which mainly consists of
arabinoxylan (AX) and to a lesser extent of beta-glucan, cellulose, fructan and lignin.
Furthermore, WB consist of 6-19% starch, 14-18% protein, 5-8% ash and 3-6% lipids on
dry matter basis (Figure 1c) (Shenoy and Prakash 2002, Hemery et al. 2009, Zhang and

Moore 1997).



MODIFICATION OF WHEAT BRAN

Wheat Bran with Reduced Particle Size (WB RPS)

Usually, the particle size of coarse WB is reduced by milling after which the WB samples
are sieved (Brewer et al. 2014, Jacobs et al. 2015, Majzoobi et al. 2014). Different types of
milling are possible (Henrion et al. 2018). During jet milling, WB is subjected to a high
speed jet of compressed air or another inert gas. The reduction in particle size is merely the
result of the high-velocity collisions between WB particles themselves, with no grinding
material involved. Ball milling, in contrast, exposes WB particles to high energy collisions
of balls, during which particle size is reduced through impact and high friction. During both
types of milling, the milling chamber can be cooled with liquid nitrogen, which is referred
to as cryogenic grinding or milling. Cryo-milling prevents the mill and material from
overheating, but also and more importantly, keeps the material in a glassy, embrittled state,
which facilitates the particle size reduction and preserves important components within the
milled material.

Besides milling, other techniques, such as microfluidisation and extrusion have also often
been used to reduce WB particle size. During microfluidisation a suspension of WB and
water is pushed at a high pressure through different consecutive interaction chambers with
diameters varying in size (Wang et al. 2012). In contrast, during extrusion, high temperature
and high pressure is built up into a stationary barrel containing a tightly fitting rotating screw
that pushes the bran particles towards a die at the end of the barrel (Andersson et al. 2017).
Although particle size reduction and increasing the specific surface area of the bran is the
main purpose of these treatments, both also increase the water holding capacity, swelling
capacity and bulking capacity of the WB as it usually ‘puffs’ or expands and changes texture

when pressure and forces are applied (Wang et al. 2012).



The tissue composition of WB RPS does not differ from coarse WB, although the
accessibility of the cell material and hence the fermentability may be different (Jenkins,

Kendall, Vuksan, Augustin, Mehling, et al. 1999, Stewart and Slavin 2009).

Heat Treated Wheat Bran (HT-WB)

Treating WB with heat is a well-known method to reduce its biochemical reactivity without
changing its chemical composition or particle size. One can distinguish wet heat treatment
such as boiling, steam cooking or autoclaving (Majzoobi et al. 2014, Mosharraf, Kadivar,
and Shahedi 2009) and dry heat treatment such as toasting. Both treatments inactivate
enzymes like endopeptidase, a-amylase and endoxylanase in the bran (De Almeida et al.
2014, de Kock, Taylor, and Taylor 1999, Nandeesh, Jyotsna, and Rao 2011, Sudha,
Ramasarma, and Venkateswara Rao 2011). In addition, HT-WB has a higher surface

hydrophobicity than coarse WB (Jacobs et al. 2016).

Wheat Bran with Modified Tissue Composition

On lab-scale, aleurone-rich and pericarp-rich bran, can be produced either by manual
dissection of whole wheat kernels, which yield the purest bran fractions or by subjecting
wheat grains to a debranning process (Brouns et al. 2012). Debranning is a controlled
process, during which the outer grain layers, mostly pericarp, are removed either by friction
(peeling) or abrasion (pearling) or a combination (Dexter and Wood 1996, Hemery et al.
2007). This process results in polished wheat kernels that yield aleurone-rich bran after
milling whereas the pearlings consist of pericarp-enriched bran.

To isolate aleurone and pericarp on a larger scale both wet-fractionation and
dry-fractionation processes have been used. Wet-fractionation processes combine enzymatic
treatments and wet millings steps, followed by sequential centrifugation and ultra-filtration

(Kvist et al. 2010). Pericarp-enriched WB fractions can be obtained after treatment with



cellulases and endoxylanases. The latter remove the aleurone layer, as they cleave the lowly
substituted AX, present in the aleurone and not in the pericarp (Douge et al. 2004).

Dry-fractionation processes, in contrast, only apply physical and mechanical treatments,
limiting the biochemical alterations of the aleurone structures (Brouns et al. 2012). They can
be used to produce simultaneously aleurone-enriched and pericarp-enriched WB. The
procedure comprises a fragmentation step, usually grinding, and a separation step (Hemery
et al. 2007). Separation of the particles according to properties like size, mass and density
does not yield high purity fractions, due to the low differentiation in size and density of the
particles generated after grinding (Brouns et al. 2012). Electrostatic separation of the

different wheat bran tissues allows to obtain more pure WB fractions (Hemery et al. 2009).

MECHANISMS BY WHICH (MODIFIED) WHEAT BRAN IMPROVES HEALTH

Faecal Bulking

Carbohydrates that are not digested or absorbed in the small intestine, reach the colon where
they are (partly) fermented by the gut microbiota. Carbohydrates that are resistant to colonic
fermentation have high bulking effects (Monro 2000). Also the water holding capacity of
cereal bran is predictive for its faecal bulking effect (Eastwood et al. 1983). Increased bulk
leads to increased movement of the colonic content and distends the colon, resulting in a
shorter transit time, softer stools and prevention of constipation (Monro 2001, Monro 2002,
Topping 2007). In addition, bulk also dilutes the colonic content, leading to lower
concentrations of toxins and potentially harmful substances in the stool and a reduced risk
for developing colorectal cancer (CRC) (Cummings et al. 1992, Zoran et al. 1997). On
average, dietary fibre from WB increases faecal output by 3.7 £ 0.1 g/g fibre/day (de Vries,
Miller, and Verbeke 2015), whereas fibre from fruit and vegetables contributes less to faecal
bulk (0.88 g/g fibre/day for fruit and 2.03 g/g fibre/day for vegetables) (Cummings et al.

1992, de Vries et al. 2016).



Processing of WB alters its bulking effects. Pericarp-enriched WB is poorly fermentable and
has a high bulking capacity whereas aleurone-rich WB is easily degraded by the gut
microbiota and barely contributes to bulking effects (Brouns et al. 2012). Furthermore, WB
RPS has a lower water holding capacity compared to coarse bran (Heller et al. 1980, Kirwan
et al. 1974), which is related to the loss of micropores and reduced void space between

particles due to more efficient stacking of smaller particles (Jacobs et al. 2015) (Figure 2).
Microbiota Composition and Activity

The human colon is colonised by approximately 10* bacteria, which play an important role
in the maintenance of host health (Qin et al. 2010). Imbalance in the microbiota composition
of the human colon may lead to disorders like obesity and other metabolic diseases (Cani,
Everard, and Duparc 2013, Khan et al. 2016). The impact of (modified) WB on the

microbiota composition has only scarcely been investigated.

Effects of wheat bran on microbiota composition

To identify the primary degraders of WB, faecal samples from healthy individuals were
inoculated with WB in an in vitro continuous flow system after which WB attached bacteria
were identified (Leitch et al. 2007, Duncan et al. 2015). Seventy percent of the bacterial
sequences recovered from the WB were from Clostridial cluster X1Va bacteria and consisted
mainly of close relatives of the butyrate producers Eubacterium rectale, Roseburia species,
E. xylaniphylum and Butyrivibrio species. A recent in vitro study observed increased relative
abundances of Bifidobacterium after incubation of faecal slurries with coarse WB, aleurone-
rich bran, WB RPS and soluble bran (D'hoe et al. 2018). In addition, aleurone-rich bran also
increased the proportion of Roseburia and Dorea.

Data from in vivo studies are scarce but consistent. In healthy subjects, clostridia numbers
were increased in faeces after consumption of WB-based breakfast cereals (48 g/day) for 3

weeks (Costabile et al. 2008). Numbers of Lachnospiraceae, also belonging to the clostridia,
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increased in men with metabolic syndrome after WB supplementation (27.7 g/day) for 3
weeks (Salonen et al. 2014), whereas no major alterations in the composition of the faecal
microbiota were induced in a similar study in overweight men (Walker et al. 2011).

Feeding a high dose of coarse WB (150 g/kg diet) for 6 weeks to piglets increased microbiota
richness (expressed as Chao 1 index) in the jejunum, ileum and colon ascendens, although
no differences in microbiota composition were observed, when compared to the control diet

(Kraler et al. 2016).

Effects of wheat bran on metabolic activity of the microbiota.

Most studies investigating the fermentation of WB focus on the production of the short-chain
fatty acids (SCFA; acetate, propionate and butyrate) as the major metabolites in in vitro
fermentation experiments (Adiotomre et al. 1990, Ehle, Robertson, and Van Soest 1982,
Karppinen et al. 2000, McBurney and Thompson 1990, Nordlund et al. 2012), as well as in
animals (Fleming, Fitch, and Chansler 1989, Mathers and Tagny 1994, Mclntyre et al. 1991)
and humans (Costabile et al. 2008, Ehle, Robertson, and Van Soest 1982, Lewis and Heaton
1997, Salonen et al. 2014) and compare them with the SCFA levels produced from other
cereal brans and other dietary fibre sources. The production of other metabolites has been

studied very little so far.

Effects of coarse wheat bran

Oat bran resulted in highest acetate, butyrate and total SCFA production when fermented in
vitro with human faecal microbiota, followed by WB, rice, corn and barley brans (McBurney
and Thompson 1990). Accordingly, the in vitro fermentation rate of pre-digested oat bran
was higher than that of predigested WB (Nordlund et al. 2012). However, the relative
proportion of butyrate was highest after WB fermentation, supporting the observation that
WB is primarily colonised by butyrate producing bacteria (Duncan et al. 2015, Leitch et al.

2007).



Results from in vivo animal studies are consistent with the results from the in vitro batch
fermentations. In caecal contents, total SCFA levels, butyrate levels and the proportion of
butyrate were higher after consumption of coarse WB compared to other fibre sources
(Cheng et al. 1987, Fleming, Fitch, and Chansler 1989, Mathers and Tagny 1994, Mclintyre
et al. 1991), whereas the proportion of propionate was decreased (Mathers and Tagny 1994)
(Table 1). Only one study measured faecal SCFA concentrations in rats and found elevated
acetate, propionate and butyrate concentrations during WB administration (Mclintyre et al.
1991). Finally, total SCFA and butyrate concentrations were elevated in hepatic portal blood
of rats that were fed a WB diet (Cheng et al. 1987).

In most studies, changes in SCFA concentrations were attributed to adaptation of the
microbiota to the WB, although the microbiota composition was not measured. An
alternative speculation was that some starch in WB escaped digestion in the small intestine
and was fermented in the colon (Mclintyre et al. 1991).

The effects in human studies were less pronounced compared to the in vitro and animal
studies (Table 1). In only one out of three studies, faecal SCFA were significantly higher
compared to a fibre-free diet or a cellulose diet (Ehle, Robertson, and VVan Soest 1982, Lewis
and Heaton 1997, Salonen et al. 2014). However, SCFA measurements in human studies is
restricted to faecal samples as it is not possible to sample the caecum or proximal colon in
humans. Because of the efficient absorption of SCFA by the colonocytes (up to 95% of the
colonic-produced SCFA are rapidly in the proximal colon), faecal SCFA do not adequately

reflect colonic SCFA production (Cummings et al. 1987).

Effects of reducing particle size
WB RPS raises the expectation that it will yield more SCFA than coarse WB. In addition,
milling of the bran particles destroys the cell walls making the fermentable substrates better

accessible for bacterial enzymes (Stewart and Slavin 2009). In line with this, SCFA
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concentrations were higher in a recent in vitro fermentation study with fine WB compared
to coarse bran although coarse bran yielded the highest proportion of butyrate (Stewart and
Slavin 2009).

Data from human intervention studies using WB RPS are limited (Table 1). Whereas faecal
butyrate was increased after a 3-week intervention with 20 g/d in one study (Jenkins,
Kendall, Vuksan, Augustin, Li, et al. 1999), another study did not observe changes in faecal
SCFA levels after 9 weeks with 26 g/d (Ehle, Robertson, and Van Soest 1982). The level of
particle size reduction does not seem to play a major role in its effects on SCFA production
as bran with a particle size of 50 um and of 758 um both increased faecal butyrate levels to
the same extent when compared to a control diet (Jenkins, Kendall, Vuksan, Augustin, Li,
et al. 1999).

Accordingly, changes in breath hydrogen excretion were observed after a single
administration of white bread or bread containing standard or fine whole wheat flour,
suggesting that neither particle size of the whole wheat flour, nor fibre content of the breads
affected colonic fermentation (Jenkins, Kendall, Vuksan, Augustin, Li, et al. 1999).
However, excretion of breath hydrogen is not an appropriate measure for quantitative
assessment of colonic fermentation as the fraction of colonic produced hydrogen that is

excreted in breath is variable.

Effects of aleurone- and pericarp-rich bran

Total SCFA were higher when aleurone-rich WB was incubated in vitro with faecal samples
compared to pericarp-rich WB (4.9 mmol/g vs 3.5 mmol/g, respectively) (Wood et al. 2002),
confirming the better fermentability of aleurone-rich bran. These findings were confirmed
in a comparable in vitro experiment by Amrein et al. (Amrein et al. 2003) and in a study
with rats and cockerels (Bach Knudsen et al. 1995) and could be anticipated based on the

lower substitution of the AX in the aleurone-rich bran fraction. An additional factor that may
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explain the higher fermentability of aleurone-rich WB is its smaller particle size than
unmodified WB (Stewart and Slavin 2009). Similarly, butyrate concentrations were higher
after fermentation of wheat aleurone compared to WB, and even compared to rye and oat
bran, which, however, contain rapidly fermentable fibre (Nordlund et al. 2012).

In rats, caecal acetate and propionate concentrations were higher when aleurone-enriched
WB was consumed, while butyrate concentrations were higher in the groups that received
coarse WB and pericarp-enriched with bran (Cheng et al. 1987) (Table 1). However,
compared to a fibre-free diet, caecal butyrate concentrations were three times higher with
aleurone-enriched WB (Mclntosh, Royle, and Pointing 2001). In hepatic portal blood, SCFA
ratios reflected those in the caecum.

Further modification of aleurone did not improve the production of SCFA from this fraction
(Rosa et al. 2013). Although slightly more SCFA were produced in a batch fermentation
experiment from ground aleurone (65 um) compared to unmodified aleurone after 8 h of
fermentation, amounts were similar for both aleurone fractions after 24 h. Neither xylanase
treatment nor xylanase and feruloyl esterase treatment of the aleurone fraction changed the
formation of SCFA (Rosa et al. 2013).

So far, no human intervention trials have been performed with aleurone- and pericarp-rich

bran, most likely due to insufficient availability.

Effects of (modified) wheat bran on the fermentation of other carbohydrates

Rapidly fermentable fibres increase SCFA in the proximal colon whereas slowly fermentable
fibres increase more distal SCFA production (Mclintyre et al. 1991). As SCFA are rapidly
absorbed from the colonic lumen, it is unlikely that proximally produced SCFA reach the
distal colon. Because of the important role of SCFA in maintaining health and integrity of
the colonic epithelium, increased SCFA concentration along the entire colon has been aimed

for by shifting the fermentation of carbohydrates to more distal parts of the colon. WB may
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be a possible candidate to shift fermentation downwards by accelerating the transit of digesta
and in this way, physically pushing readily fermentable carbohydrates like resistant starch
(RS) and inulin further along the colon.

In rats, faecal starch excretion was increased 4-fold after feeding a diet enriched with raw
potato starch compared to a low-starch low-fibre control diet. Addition of 10 % WB to the
potato starch diet further increased starch excretion 10-fold (Young et al. 1996), indicating
that RS is less fermented in the presence of WB. To determine the exact site of fermentation
of RS and WB and the interaction between both, pigs were fed either a control diet low in
RS and WB, a diet supplemented with RS, a diet supplemented with WB and a diet
supplemented with RS+WB for 2 weeks (Govers et al. 1999). The pigs were sacrificed to
allow sampling of the different parts of the intestine. In the control group and the RS group,
starch was readily fermented as negligible amounts of starch were present in the faeces.
Adding WB to the control diet or RS diet delayed starch fermentation in the caecum, which,
in the RS+WB group, resulted in higher amounts of starch reaching the distal regions of the
large bowel and the faeces. Addition of WB to the RS diet increased the amount of starch
fermented between the proximal colon and faeces. The site and level of fermentation of WB
was not affected by RS. Interestingly, butyrate levels were significantly higher in the pigs
that consumed the RS+WB diet compared to the other diets (Govers et al. 1999).

In human subjects with a family history of CRC, faecal starch concentrations and faecal
acetate, butyrate and total SCFA levels were higher after consumption of a diet containing
RS (22 g/day) and WB (12 g/day) for 3 weeks compared to a control diet or a diet containing
only WB (12 g/day) (Muir et al. 2004). Furthermore, the proportion of butyrate was higher
whereas the propionate production was lower. As a diet containing only RS was not
included, the impact of WB on the RS fermentation could not be assessed. Nevertheless,

previous studies with supplementation of RS alone also showed increase faecal SCFA
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concentrations (Cummings et al. 1996, Hylla et al. 1998, Phillips et al. 1995, Scheppach et
al. 1988, van Munster, Tangerman, and Nagengast 1994).

In contrast to studies with RS, the site of fermentation of inulin in healthy subjects did not
shift when administered together with coarse WB, WB RPS nor pericarp-enriched WB
(Deroover et al. 2017). Here, the site of fermentation was estimated by comparing the time

of appearance of SCFA in plasma to the oro-caecal transit time.

Antioxidant Properties

Antioxidants modulate the oxidative status of cells and prevent biologically important
molecules such as DNA, proteins and membrane lipids from oxidative damage (Zhou, Su,
and Yu 2004). In this way, they may reduce the risk for chronic diseases such as
cardiovascular disease (CVD) and cancer (Liyana-Pathirana and Shahidi 2007, Ross, Kamal-
Eldin, and Aman 2004, Yu, Zhou, and W Parry 2005, Zhou, Su, and Yu 2004). Wheat grains
contain antioxidant phytochemicals that are mainly located in the aleurone layer (Liyana-
Pathirana and Shahidi 2007, Mateo Anson et al. 2008, Perez-Jimenez and Saura-Calixto
2005). Antioxidant properties and phytochemical composition of WB strongly differ
depending on the origin of the bran (Zhou, Su, and Yu 2004).

Ferulic acid is the most abundant phytochemical in WB. Up to 90 % of the ferulic acid is
esterified to AX and other undigestible polysaccharides (Andreasen et al. 2001, Liu 2007,
Mateo Anson et al. 2008, Vaher et al. 2010, Yu, Zhou, and W Parry 2005). The unbound
fraction is absorbed in the small intestine and conjugated in the liver with glucuronide and
sulphate to become bioavailable and exert its beneficial effects (Manach et al. 2004, Zhao,
Egashira, and Sanada 2004). In addition, in vitro studies identified esterases that are able to
release ferulic acid from dietary fibre in the intestinal mucosa of both rats and humans. Those
enzymes may therefore increase the bioavailability of ferulic acid (97). Bound ferulic acid

can also be released in the colon, through the action of microbial esterases (Duncan et al.
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2015). This ferulic acid is further metabolised by the microbiota to metabolites such as
3-(3-hydroxyphenyl)-propionic acid and benzoic acid. Both metabolites are absorbed into
the systemic circulation and may have antioxidant properties as well (Buchanan, Wallace,
and Fry 1996, Kroon et al. 1997). Consequently, both readily available ferulic acid and
ferulic acid released by mucosal and microbial esterases contribute to the beneficial
antioxidant properties of WB.

Varying methods have been used to evaluate the antioxidant capacity of ferulic acid (Hemery
et al. 2010). For example, the 2,2-diphenyl-1-picrylhydrazyl antioxidant assay and the
ferrous ion chelating assay are both colorimetric assays, but they work in different ways.
The first one measures the capacity of an antioxidant to reduce free radicals, whereas the
latter assay measures the capacity of an antioxidant to form complexes with ferrous ions.
The use of those different assays hampers comparison amongst studies and extrapolation to

general conclusions about antioxidant capacity.

Effects of coarse wheat bran

In adults, total phenolic concentrations in plasma and urine were significantly higher after
ingestion of a test meal containing WB (93 g) compared to ground white rice (Price et al.
2008). Similarly, ferulic acid plasma levels were increased in healthy subjects that consumed
whole grain wheat cereals and WB cereals compared to baseline, with higher concentrations
upon ingestion of WB (Costabile et al. 2008). These data extend results in rats where plasma
ferulic acid concentrations rapidly increased after ingestion of WB and remained constant
up to 24 h. Plasma antioxidant activity was also higher in rats that consumed WB compared
to rats on a control diet or rats that were fed pure ferulic acid (Rondini et al. 2002, Rondini

et al. 2004).
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Effects of reducing particle size

Reducing the particle size of WB improved its in vitro antioxidant capacity (Zhu et al. 2010).
Potential mechanisms include an increased metal chelating activity (Zhu et al. 2010) and
improved accessibility of phenolic acids (Brewer et al. 2014, Hemery et al. 2010, Rosa et al.
2013). Whether these mechanisms also result in increased in vivo antioxidant activity still

needs to be investigated.

Effects of heat treatment

The impact of heat treatment on the antioxidant properties of WB has not been studied in
vivo. Most studies investigated the effects of baking during bread-making on antioxidant
properties (Gélinas and McKinnon 2006, Holtekjglen et al. 2008, Leenhardt et al. 2006,
Menga et al. 2010). The availability of phenolic compounds and their antioxidant activity
remained relatively stable or slightly increased during baking of bread containing wholemeal
wheat flour or WB (Gélinas and McKinnon 2006, Holtekjglen et al. 2008) (Menga et al.
2010). Also hydrothermal processing of wheat kernels increased the accessibility of phenolic
acid contents. Unfortunately, whether the antioxidant capacities of the wheat kernels

improved was not measured (Zielinski, Kozlowska, and Lewczuk 2001).

Phytate Content

Phytate is a naturally occurring plant compound that represents the major storage form of
phosphorous in cereals and seeds (Cheryan 1980). In wheat, phytate accounts for 1-2 % of
the kernel weight and is most abundant in the aleurone and pericarp layer of the bran fraction
(Cheryan 1980, Dost and Tokul 2006, Liu et al. 2007, Noort et al. 2010). Phytate binds
minerals in cereals and seeds to form phytate-mineral complexes, which decrease the
solubility, absorption and digestibility of minerals, resulting in a lower bioavailability of

these compounds (Brinch-Pedersen, Sorensen, and Holm 2002, Harland and Oberleas 1987,
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Reddy and Pierson 1994). Although wheat grains have a high phytase activity that
hydrolyses the phytates (Brinch-Pedersen, Sorensen, and Holm 2002), absorption of
calcium, magnesium, zinc and iron was impaired in most animal and human studies with
diets containing high amounts of coarse WB (Cook et al. 1983, Dobbs and Baird 1977, Fly
and Czarnecki-Maulden 1996, Sandberg et al. 1982, Simpson, Morris, and Cook 1981,
Weaver et al. 1991, Weaver et al. 1996) (Table 2).

Processing of WB, such as particle size reduction, fermentation and heat treatment reduces
phytate content in WB with 8 to 90 % (Majzoobi et al. 2014, Watzke 1998) (Table 2).
However, whether these modifications also improve mineral availability has neither been
investigated in vitro nor in vivo.

The mechanisms by which processing of WB lowers the phytate content in bran have been
repeatedly discussed in literature. The acidic conditions (pH 4.5) during hydrothermal
treatment have been related to lower phytate levels (Majzoobi et al. 2014, Mosharraf,
Kadivar, and Shahedi 2009). A low pH enhances the endogenous phytase activity of WB
resulting in more degradation of the phytic acid. In addition, the washing steps applied in
wet heat treatment methods, may remove phytate (Majzoobi et al. 2014, Zielinski,
Kozlowska, and Lewczuk 2001). Reducing the particle size of WB increases the accessibility
of phytate for phytases, resulting in more phytate hydrolysis. Lastly, as phytate is largely
distributed in the aleurone and pericarp layer (Cheryan 1980, Dost and Tokul 2006),
removing those layers results in lower phytate contents, yet does not improve mineral

availability (Sanz Penella, Collar, and Haros 2008).
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HEALTH EFFECTS OF WHEAT BRAN AND MODIFIED WHEAT BRAN

Transit and Stool Output
Due to its bulking effects, WB improves digestive health by increasing faecal output,
decreasing transit time, slowing down gastric emptying, softening stool and preventing

constipation (Mclintyre et al. 1997).

Effects of coarse wheat bran

The effects of coarse WB on gastrointestinal parameters have been extensively investigated
in animal models and human subjects (Burkitt 1971, Chen et al. 1998, Danjo et al. 2008,
Harvey, Pomare, and Heaton 1973, Heller, Rivers, and Hackler 1977, Kirwan et al. 1974,
Lewis and Heaton 1997, Payler et al. 1975, Slavin and Marlett 1980, Vuksan et al. 2008). A
recent meta-analysis, comprising 65 intervention studies in healthy subjects with wheat fibre
demonstrated that every additional gram of wheat fibre per day increases stool weight by
3.7 g/day, dry stool weight by 0.75 g/day and stool frequency by 0.004 times/day.
Furthermore, gastrointestinal transit time is decreased by 0.78 h per additional gram of wheat
fibre among those subjects with a transit time of more than 48 h (de Vries, Miller, and
Verbeke 2015). A large faecal output has been associated with a low incidence of colonic
disorders like constipation and diverticular disease and adequate intake of dietary fibre is

considered essential for protection and treatment of these disorders (Burkitt 1971).

Effects of reducing particle size

Different studies univocally showed that coarse WB is more efficient than WB RPS in
increasing faecal output and normalising transit time and should be preferred for laxative
purposes (Brodribb and Groves 1978, Heller et al. 1980, Kirwan et al. 1974, Smith,
Drummond, and Eastwood 1981) (Table 3). In most studies, these differences between

coarse and fine WB were attributed to the higher water holding capacity of coarse WB,
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resulting in soft, bulky stools which can easily pass through the colon (Heller et al. 1980,
Kirwan et al. 1974). In healthy subjects, WB supplements with different particle sizes for
1 month did not modify faecal bulk nor faecal water content (Jenkins et al. 1999). In contrast,
Stephen and Cummings found a 28 % greater water holding capacity for small particles of
WB than for large particles (Stephen and Cummings 1979). These conflicting results may
be related to the method used to measure water holding capacity, as shown by Jacobs et al.
(Jacobs et al. 2015). The centrifugation technique which is used in most studies likely
removes more water surrounding the particles than the dialysis bag technique (Life Sciences
Research Office 1987). It is not clear which method most closely approximates conditions

in vivo.

Effects of heat treatment

The effects of cooked WB on stool weight, bowel actions and stool water content are
conflicting. In humans, faecal wet and dry weight were increased with a high dose (39 g/day)
of heat treated bran (Walters et al. 1975) (Table 3). However, unlike uncooked coarse bran
in the same dose, cooked WB (22 g/day) did not affect intestinal transit, wet and dry faecal
weight and stool frequency (Wyman et al. 1976). The effects of heat treatment could not be
attributed to changes in hydration properties as water retention capacity and chemical
composition were not affected after dry heat treatment of WB (Jacobs et al. 2016). Similarly,
other heat treatments such as extrusion, extrusion-cooking, steam cooking and autoclaving
did not modify the water retention capacity of WB (Caprez et al. 1986, Ralet, Thibault, and
Della Valle 1990). Nevertheless, boiling may increase the water absorption capacity due to
gelatinisation of starch originating from the residual endosperm attached to the WB rather

than to changes in hydration properties of the bran tissues itself (Caprez et al. 1986).
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Serum Lipids and Cardiovascular Disease

Several prospective epidemiological studies have associated the intake of dietary fibre and
especially whole-grain products and brans with a reduction of the risk for CVD (He et al.
2010, Jensen et al. 2004, Ye et al. 2012). Consumption of whole-grain products in a dose
exceeding 25 g/day would reduce the risk for CVD with approximately 15 % (Jensen et al.
2004).

Since the 1950s many studies investigated the effects of WB on serum lipids and cholesterol
levels which are generally accepted as risk markers for CVD (Kannel et al. 1971, Manson
and Bassuk 2015). In healthy male volunteers consumption of 0.5 g WB per kg body weight
per day for 4 weeks significantly reduced total cholesterol levels with 10 % and total serum
triglycerides with 24 % (van Berge-Henegouwen et al. 1979). The authors speculated that
WB enhanced the faecal fat excretion by binding of cholesterol and bile acids to the dietary
fibre present in the small intestine, thereby reducing the available amounts for absorption.
Therefore, WB should be consumed simultaneously with meals to maximise this effects
(Liebman et al. 1983). In addition, the type and origin of the WB influenced its effects. A
daily dose of 26 g hard red spring WB for 28 to 30 days decreased total cholesterol with 12%
and low density lipoprotein (LDL) cholesterol with 21 %, whereas the same dose of soft
white WB did not induce any changes (Munoz et al. 1979).

Inhibition of pancreatic lipase activity by WB resulting in less hydrolysis and uptake of
triglycerides in the small intestine has been proposed as an alternative mechanism for
lowering blood lipids. However, this effect has only been demonstrated in in vitro
experiments (Borel et al. 1989, Isaksson, Lundquist, and Ihse 19823, b, Lairon et al. 1985,

Vigne et al. 1987).
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Finally, WB extracts in vitro reduced tissue damage by absorbing oxygen radicals formed
during lipid peroxidation in LDL cholesterol (Yu, Zhou, and W Parry 2005). In this way,
WB might prevent early development of atherosclerosis.

Nevertheless, interventions with WB for several weeks or months in rats on a high-fat,
low-fibre diet or rats fed cholesterol (Arvanitakis et al. 1977, Chen and Anderson 1979,
Mathe et al. 1977, Truswell and Kay 1976, Tsai et al. 1976, Weber and Kerr 2012), healthy
human subjects (Connell and Smith 1974, Costabile et al. 2008, Durrington, Wicks, and
Heaton 1975, Eastwood et al. 1973, Heaton, Manning, and Hartog 1976, Jenkins, Hill, and
Cummings 1975, Munoz et al. 1979, Persson et al. 1975, Truswell and Kay 1976) and
patients suffering from hypercholesterolemia, obesity and type 2 diabetes (Anderson et al.
1991, Bremner et al. 1975, Jenkins et al. 2002, Kestin et al. 1990, Liebman et al. 1983) did
not reduce blood lipids, whereas interventions with more soluble dietary fibre sources like
oat bran resulted in lower plasma total cholesterol and LDL cholesterol concentrations
(Kashtan et al. 1992, Kestin et al. 1990).

Only one study compared the effects of coarse WB and WB RPS (50 um, 19 g/d) on blood
total cholesterol and triglyceride levels in hyperlipidemic and healthy subjects. It was
hypothesised that WB with finer particle size may be more efficient in reducing serum
cholesterol because of its higher surface area for cholesterol and bile acid binding (Jenkins
et al. 1999). Unfortunately, a daily dose of neither coarse WB nor WB RPS affected total

cholesterol, LDL or high density lipoprotein cholesterol levels.

Colorectal Cancer

Epidemiological studies have suggested that dietary factors such as fibre and fat intake play
a role in colon carcinogenesis (Burkitt 1971, Reddy et al. 1978). Lupton and Turner
described four putative mechanisms by which WB might protect against colorectal tumour

development (Lupton and Turner 1999). First, (pro)carcinogens and known tumour
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promotors such as bile acids and ammonia are diluted in a bulky stool, reducing their access
to the colonic mucosa. In rats, WB diluted a non-absorbable biomarker in all colonic regions
to a larger extent than the same amounts of pectin, guar gum, oat bran or cellulose
(Gazzaniga and Lupton 1987). Second, acceleration of the intestinal transit by WB leads to
a shorter exposure of the luminal contents to the colonic epithelial cells (Lupton and Meacher
1988). A third mechanism relates to the fermentation of WB into SCFA as mainly butyrate
inhibits cell proliferation and stimulates differentiation and apoptosis of colonocytes (Boffa
etal. 1992, Conway et al. 1995, Gamet et al. 1992, Hague, Butt, and Paraskeva 1996). Lastly,
the presence of phytochemicals and the high amounts of phytate in WB have been suggested
to protect against tumorigenesis, although these effects have only been minimally
investigated. For example, the phytochemical B-sitosterol, a phytoestrogen, binds to the
nuclear estrogen receptor in colonocytes which in turn activates transcription of a tumour
suppressor gene (Issa et al. 1994, Waliszewski et al. 1997). Furthermore, high levels of
phytate block PI1-3 kinase activation in JB6 mouse epidermal cells, a model system for the
in vitro analysis of promotion prevention agents, which resulted in an acceleration of

apoptosis. However, this effect has not yet been explored in colonocytes (Huang et al. 1997).

Effects of coarse WB

Most studies investigated the impact of WB on chemically induced colon cancer in rats.
Subcutaneous administration of carcinogens such as 1,2-dimethylhydrazine and
azoxymethane to rats induces colonic mucosal hyperplasia, a larger proliferation zone,
increased distal colonic crypt cell production and shortening of the cell cycle (Jacobs 1983,
Sunter, Watson, and Appleton 1981). Although the study designs are quite consistent
amongst these studies (diet containing 15-20 % of WB for 20 to 40 weeks and carcinogen
administered subcutaneously for 8 to 13 weeks), the observed results are contradictory

(Table 4). In some studies benign and malignant colonic tumours were significantly reduced
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when WB was administered. This protective effect was attributed to increased faecal bulk
and decreased transit time upon consumption of WB and to the direct adsorption of the
carcinogen by WB (Alabaster, Tang, and Shivapurkar 1996, Barnes et al. 1983, Reddy and
Mori 1981, Watanabe et al. 1979, Wilson, Hutcheson, and Wideman 1977). Other studies
were not able to demonstrate any protective effect of WB compared to a fibre-free diet
(Bauer et al. 1979) and in one study WB consumption even increased the number of
chemically induced tumours (Jacobs 1983).

In humans, the effect of coarse WB was mainly investigated in patients with a history of
CRC (Table 4). Two studies evaluated the impact of WB consumption on mucosal cell
proliferation in rectal biopsies. Therefore, biopsies obtained before and after WB
consumption were incubated with 3H-labelled thymidine. Incorporation of this DNA-
precursor into cellular DNA is a marker of cell proliferation (Alberts et al. 1990, Alberts et
al. 1997). Two other studies investigated the impact of WB consumption on the recurrence
of adenomatous polyps, precursor lesions of colon cancer, in subjects with a history of CRC
(DeCosse, Miller, and Lesser 1989, MacLennan et al. 1995). WB consumption only showed
very limited or no effects in those human trials. However, these end points rather reflect
CRC development than prevention of tumour induction as shown in the rat studies which
might explain the discrepancy between rat and human studies.

To what extent production of SCFA such as butyrate contributes to a protective effect against
CRC remains to be elucidated. In rats fed WB after 1,2-dimethylhydrazine injection faecal
butyrate levels were negatively correlated with tumour mass. (Mclintyre, Gibson, and Young
1993). Surprisingly, in another study with a similar design, rats fed WB had significantly
lower tumour incidence and lower concentrations of butyrate in the proximal and distal colon

(Zoran et al. 1997).
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Total SCFA production increased to a similar extent after in vitro incubation of WB with
faecal samples from patients with colonic adenomas, patients with CRC and healthy
subjects. The proportion of butyrate was, however, lower in patients with colonic cancer and

adenomas compared to healthy controls (Clausen, Bonnen, and Mortensen 1991).

Effects of aleurone-rich bran

Only a few studies addressed the potential benefits of isolated aleurone on CRC.
Supplementation of wheat aleurone (33 g/100 g feed) or coarse WB (16 g/100 g feed) to the
diet of azoxymethane-treated rats tended to reduce colon adenomas with 43 % compared to
the control cellulose diet (Mclintosh, Royle, and Pointing 2001) (Table 4). Faecal butyrate
concentrations increased to a similar extent by wheat aleurone and coarse WB suggesting an
association between butyrate concentrations and reduced colon adenomas, independent of
the bulking effect.

In vitro fermentation of wheat aleurone with faeces induced two- to threefold higher SCFA
concentrations than unsupplemented faeces and reduced levels of secondary bile acids,
which are considered as tumour promotors (Borowicki et al. 2011, "Borowicki et al. 2010,
4Borowicki et al. 2010, Stein et al. 2010, Stein et al. 2011). Subsequent incubation of
fermentation supernatants with human adenocarcinoma HT29-cells stimulated apoptosis and
cell differentiation (Borowicki et al. 2011, ®Borowicki et al. 2010, Borowicki et al. 2010).
Furthermore, DNA damage by H.O> was significantly reduced in those cells. Also the
expression of enzymes involved in antioxidative defence and detoxification of carcinogens
in epithelial tissue from healthy colon was increased. Altogether, those results suggest that

wheat aleurone may be useful in the prevention of CRC.

Obesity
Epidemiological studies indicate that a high fibre intake is associated with a lower body

weight (Clark and Slavin 2013, Slavin 2005). Different mechanisms have been proposed to
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explain the effects of fibre on body weight and food intake (Heaton 1973). Fibre replaces
calories and nutrients from the diet and reduces the energy density of foods. In the proximal
gastrointestinal tract, it increases chewing, which limits food intake by promoting the
secretion of saliva and gastric juice, leading in turn to accommodation of the stomach and
induction of satiety. Upon fermentation by the gut bacteria, SCFA are produced which
regulate food intake and nutrient absorption by stimulating the secretion of the satiety
hormones glucagon-like peptide 1 and peptide YY (Canfora, Jocken, and Blaak 2015,
Drucker 2002). Furthermore, the bulking and viscous properties of dietary fibre also
contribute to increased satiety (Burton-Freeman 2000).

In healthy subjects, acute administration of coarse WB with a test meal increased feelings of
fullness and satiety, decreased the rate of hunger return and resulted in a significantly lower
energy intake during a subsequent ad libitum meal or during the rest of the day (Holt et al.
1999, Samra and Anderson 2007). In contrast, other studies did not observe changes in food
intake 2 h after ingestion of a test meal containing WB despite significantly increased
fullness and satiety and decreased hunger and prospective food consumption (Freeland,
Anderson, and Wolever 2009, Vuholm et al. 2014). A systematic review on the effect of
fibre on satiety and food intake concluded that most acute fibre treatments did not enhance
satiety and did not reduce food intake (Clark and Slavin 2013).

The potential role of WB in weight reduction and weight maintenance has been evaluated in
animals. In mice fed a high-fat diet for 2 weeks supplementation with 10 % coarse WB or
10 % aleurone did not affect BW, food intake and adipose tissue weights compared to the
control diet (Neyrinck et al. 2008). Similarly, addition of 13 % aleurone, aleurone with
reduced particle size or xylanase-treated aleurone to the diet of obese mice did not reduce
body weight gain and adiposity. Aleurone with reduced particle size even significantly

increased BW gain. This can be explained by the fact that grinding increased the aleurone
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particle surface area exposed to digestive enzymes, rendering the digestion more efficient.
Enrichment of the diet with xylanase-treated aleurone, in contrast, tended to lower body
weight gain and visceral adipose tissue accumulation, which might be attributed to the high
proportion of soluble AX in this fraction (Rosa et al. 2014).

Finally, in hamsters on a hypercholesterolemia- and obesity-inducing diet, addition of 10 %
HT-WB but not coarse WB for 28 days reduced fat mass and increased lean body mass
compared to controls, despite no effect on food intake and weight gain (Harding et al. 2014).
This suggests that the compositional changes in the HT-WB, specifically solubility of
phenolic antioxidants and fibre, may have contributed to the lower fat accumulation in the
animals. However further studies are needed to determine the exact mechanism behind this

increased lipolysis or reduced lipogenesis and energy utilization from adipose tissue.

CONCLUSIONS

Most epidemiological studies provide evidence that consumption of coarse WB is associated
with health benefits such as an increased faecal output, normalisation of the gastrointestinal
transit and less constipation as parameters for gastrointestinal health and a decreased risk of
developing CRC and CVD (Stevenson et al. 2012). Several mechanisms have been proposed
to explain these health effects (Figure 3). In addition to the bulking capacities of WB, the
production of SCFA and the antioxidant capacity and phytate content of WB may also
contribute to the observed health effects. The relative importance of those mechanisms is
not known, and may differ for each health benefit.

WB has been mainly modified to improve its technological properties such as its behaviour
in the process of bread making. However, modifying WB may also affect health properties.
The type of WB modification strongly determines whether the benefits observed with coarse
WB are enhanced or attenuated. Modifications that result in a better accessibility of

fermentable material, such as WB RPS or aleurone-rich WB, stimulate SCFA production,
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which may protect against CRC. In addition, these fractions contain higher levels of phenolic
compounds, leading to increased antioxidant capacity and a lower risk for developing CVD.
Reducing the particle size of WB usually decreases water holding capacity and faecal
bulking resulting in less effects on gastrointestinal health. Pericarp-rich WB, in contrast,
mainly contains unfermentable material, and may result in high bulking effects and an
improved gastrointestinal health. However, no human studies have been performed so far.
Heat treatment has also been shown to increase faecal bulking and total phenolic content of
the WB, yet the mechanism behind it is less clear.

In general, WB modification does not negatively influence the health effects obtained by
coarse WB except from a less pronounced effect on faecal bulking. However, most evidence
comes from in vitro studies and animals models and still needs to be confirmed in humans,
preferably in randomized placebo-controlled intervention studies. In addition, some health
effects require higher doses of modified WB compared to coarse WB.

Long-term human intervention studies with modified WB are highly warranted to determine
the optimal dose and administration period of WB and to provide more evidence that WB
modification is an efficient tool to further improve health effects obtained by the
consumption of coarse WB. Nevertheless, it is clear that one “optimal” WB fraction,
improving all health effects, does not exist. Depending on the benefit that is aimed for,

different WB modifications should be considered to accomplish that specific goal.
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TABLES

Table 1. Overview of animal and human intervention studies with (modified) wheat bran on the metabolic activity of the microbiota. In animal studies, caecal, portal and faecal
concentrations of SCFA were measured whereas human studies were mainly limited to faecal SCFA concentrations.

Reference Subjects Sample size WB fraction Comparator Dosage Duration Effects
Animal studies
Fleming et al. 1989 Pigs 6 Coarse WB Other fibre sources 11% diet 2 weeks 1 caecal [Bu]
Mathers et al. 1994 Rats 16 Coarse WB Placebo 20% diet 2 weeks | ratio caecal Pro
1 ratio caecal Bu
Mclntyre et al. 1991 Rats 6 Coarse WB Other fibre sources 10% diet 30 weeks 1 caecal [Total SCFA]
1 caecal [Ac]
1 faecal [Total SCFA]
1 faecal [Pro] + [Bu]
Cheng et al. 1987 Rats 6 Coarse WB Placebo 220.7 g/kg foodf 10 days 1 caecal [Bu]
1 portal [Total SCFA]
1 portal [Bu]
6 Aleurone WB 308.7 g/kg food 10 days 1 caecal [Ac] + [Pro]
1 portal [Total SCFA]
1 portal[Ac] + [Pro]
6 Pericarp WB 148.7 g/kg food 10 days 1 caecal [Bu]
1 portal [Total SCFA]
1 portal [Bu]
Mclntosh et al. 2001 Rats 20 Coarse WB Placebo 16% diet 4 weeks 1 caecal [Bu]
20 Aleurone WB 33% diet 4 weeks 1 caecal [Bu]
Human studies
Ehle et al. 1982 Healthy subjects 12 Coarse WB Other fibre sources 12 g/day 2 weeks = faecal [SCFA]
12 WB RPS 12 g/day 2 weeks = faecal [SCFA]
WB RPS 26 g/day 9 weeks = faecal [SCFA]
Lewis et al. 1997 Healthy subjects 13 Coarse WB Laxative products 28 g/day 9 days 1 faecal [Total SCFA]
1 faecal [Ac] + [Bu]
Salonen et al. 2014 Metabolic 14 Coarse WB Resistant starch 27.7 glday 3 weeks = [SCFA]
syndrome patients
Hallfrisch et al. 1999 Healthy subjects 26 WB RPS Coarse WB 12.6 9/100 g bread Single administration = breath CH4 and H;
excretion
Jenkins et al. 1999 Healthy subjects 23 WB RPS Coarse WB 20 g/dag 4 weeks 1 faecal [Bu]
1 breath CH4
excretion

WAB: wheat bran, Bu: butyrate, Pro: propionate, SCFA: short-chain fatty acids, Ac: Acetate, WB RPS: wheat bran with reduced particle size
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Table 2. Phytate content in wheat bran decreases during modification and might result in better mineral availability, which is reduced after consumption of wheat bran. Overview
of in vitro studies showing phytate reduction in modified wheat bran, and of animal and human intervention studies with (modified) wheat bran on mineral availability

Reference In vitro/ Sample size WB fraction Comparator Dosage Duration Effects
Subjects
In vitro studies
Mosharraf et al. 2009 In vitro - HT-WB - - - 55 % phytate reduction
Zielinski et al. 2001 In vitro - HT-WB - - - 8 % phytate reduction
Manini et al. 2014 In vitro - Fermented WB - - - 90 % phytate reduction
Zhao et al. 2017 In vitro - Fermented WB - - - 20 % phytate reduction
Sanz Penella et al. 2008 In vitro - WB RPS - - - | phytate content
Animal studies
Fly et al. 1996 Chicken 16 Coarse WB No treatment 5-10% diet 2 weeks = Fe absorption
Human studies
Cook et al. 1983 Healthy subjects 21 Coarse WB Placebo 12 g/day 2 weeks | Fe absorption
Dobbs et al. 1977 Healthy subjects 13 Whole meal bread White bread 100 g bread Single administration | Fe absorption
Simpson et al. 1981 Healthy subjects 10 Coarse WB No treatment 12g Single administration | Fe absorption
Weaver et al. 1991 Healthy subjects 18 Coarse WB Milk 459 Single administration | Ca absorption
Coarse WB + Milk

Weaver et al. 1996 Healthy subjects 26 Coarse WB No treatment 169 Single administration | Ca absorption
Sandberg et al. 1982 lleostomy patients 8 Coarse WB Low-fibre diet 16 g/day 1 week 1 [Zn]

1: [Fe]

=: [Ca], [Mq]

WB: wheat bran, HT-WB: heat treated wheat bran, WB RPS: wheat bran with reduced particle size, Fe: iron, Ca:

calcium, Zn: zinc, Mg: magnesium
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Table 3. Overview of human intervention studies with (modified) wheat bran on gastrointestinal transit and stool parameters

Reference Subjects Sample size WB fraction Comparator Dosage Duration Effects
Human studies
de Vries et al. 2015 Healthy subjects - Wheat fibre - - - 1 stool weight
1 dry weight
1 stool frequency
| transit time
Kirwan et al. 1974 Diverticular disease 5 WB RPS Coarse WB 20 g/day 4 weeks 1 transit time
patients
Brodribb et al. 1978 Healthy subjects 21 WB RPS Coarse WB 20 g/day 2 weeks | stool weight
Heller et al. 1980 Healthy subjects 24 WB RPS Coarse WB 32 g/day 2 weeks 1 transit time
| stool weight
Smith et al. 1981 Diverticular disease 6 WB RPS Coarse WB 20 g/day 4 weeks = transit time
patients = stool weight
Walters et al. 1975 Healthy subjects 5 HT-WB Other fibre source 39 g/day 1 weeks 79 % 1 wet weight
44 % 1 dry weight
Wyman et al. 1976 Healthy subjects 10 HT-WB Coarse WB 22 g/day 2 weeks = transit time
= wet weight
= dry weight

= stool frequency

WB: wheat bran, WB RPS: wheat bran with reduced particle size, HT-WB: heat treated wheat bran



Table 4. Overview of animal and human intervention studies with (modified) wheat bran on parameters of colorectal cancer.

Reference Subjects Sample size WB fraction Comparator Dosage Duration Effects
Animal studies
Alabaster et al. 1996 Rats 5 Coarse WB Phytic acid; 8% diet 12 weeks | total tumours
Vitamin E; = adenomas
Physillium; Folic =adenocarcinomas
acid; B-carotene
Barnes et al. 1983 Rats 15 Coarse WB Other fibre sources  20% diet 4 weeks 1 survival
| large bowel tumours
Reddy et al. 1981 Rats 12 Coarse WB Other fibre sources  15% diet 20 weeks | small intestinal tumours
| large bowel tumours
| colon adenomas
| colon adenocarcinomas
Watanabe et al. 1979 Rats 30 Coarse WB Other fibre sources  15% diet 20 weeks | large bowel tumours
Wilson et al. 1977 Rats 44 Coarse WB Low-fibre diet 20% diet 30 weeks | large bowel tumours
| malignant tumours
| colon polyps
Bauer et al. 1979 Rats 40 Coarse WB Other fibre sources  20% diet 15 weeks = number colorectal tumours
Jacobs 1983 Rats 48 Coarse WB Low-fibre diet 20% diet 31 weeks 1 tumor yield
1 benign tumors
1 malignant tumors
Mclintyre et al. 1993 Rats 15 Coarse WB Other firbe sources  10% diet 33 weeks | malignant tumours
Mclntosh et al. 2001 Rats Coarse WB Placebo 16% diet | intestinal tumours
Aleurone WB 33% diet | intestinal tumours
Human studies
Alberts et al. 1990 Patients with CRC history 17 Coarse WB Low-fibre diet 13.5g/day 2 months | cell proliferation
Alberts et al. 1997 Patients with CRC history 100 Coarse WB Low-fibre diet 13.5 g/day 9 months = cell proliferation
DeCosse et al. 1989 Patients with familial polyposis 29 Coarse WB VitaminCand E ~ 22.5 g/day 4 years = number malignant polyps
supplementation = number benign polyps
| size of benign polyps
MacLennan et al. 1995 Patients with CRC history 306 Coarse WB [-carotene 25 g/day 4 years No prevention for new adenomas

WB: wheat bran, CRC:colorectal cancer
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FIGURES
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Figure 1. (a) Composition of the wheat kernel. (b) Scanning Electron Microscopy image of
a cross section of wheat bran. Al: Aleurone; P: Pericarp. (c) Average wheat bran composition

based on dry matter basis.
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Figure 2. Wheat bran with reduced particle size has a lower water holding capacity
compared to coarse bran, due to the loss of micropores and reduced void space between
particles. Reprinted from Jacobs et al., Food Chem., 2015, 179:296-304. Copyright 2015 by

Elsevier Ltd. Reprinted with permission.
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Figure 3. Coarse wheat bran is associated with several health effects that are possibly
mediated by different mechanisms. Modifying wheat bran may change those mechanisms,

thereby affecting the health effects obtained by coarse wheat bran.
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FIGURE CAPTIONS
Figure 2. (a) Composition of the wheat kernel. (b) Scanning Electron Microscopy image of
a cross section of wheat bran. Al: Aleurone; P: Pericarp. (c) Average wheat bran composition

based on dry matter basis.

Figure 2. Wheat bran with reduced particle size has a lower water holding capacity
compared to coarse bran, due to the loss of micropores and reduced void space between
particles. Reprinted from Jacobs et al., Food Chem., 2015, 179:296-304. Copyright 2015 by

Elsevier Ltd. Reprinted with permission.

Figure 3. Coarse wheat bran is associated with several health effects that are possibly
mediated by different mechanisms. Modifying wheat bran might impact those mechanisms,

thereby affecting the health effects obtained by coarse wheat bran.
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