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Abstract: The growing global prevalence of non-communicable diseases (NCDs) has gained
increasing attention to the health-promoting potential of whole grain dietary fibers. Whole grains are
rich sources of both soluble dietary fiber (SDF) and insoluble dietary fiber (IDF), contributing distinct
physicochemical properties and playing vital roles in promoting human health. This review provides
a comprehensive analysis of the dietary fiber composition of various whole grains including wheat,
oats, barley, rye, corn, sorghum, and rice, highlighting their structural characteristics, physiochemical
properties, and associated health benefits. The physicochemical properties of dietary fibers such as
solubility, water and oil holding capacity, viscosity, swelling ability, and bile acid binding capacity
contribute significantly to their technological applications and potential health benefits, particularly
in the prevention of NCDs. Despite strong evidence supporting their health benefits, global whole
grain intake remains below recommended levels. Therefore, promoting whole grain intake and
developing fiber rich functional foods are essential for enhancing public health and preventing
chronic diseases. Future research should focus on enhancing the bioavailability and functionality of
whole grain dietary fibers, optimizing its extraction methods, and exploring its potential applications
in the food and pharmaceutical industries.
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1. Introduction

The rising prevalence of non-communicable diseases (NCDs) has led to increasing global
attention on healthy dietary choices. Previous studies have shown that inadequate dietary fiber intake
is closely associated with a higher risk of NCDs, including cardiovascular diseases, cancers,
gastrointestinal disorders, and type 2 diabetes. Dietary fiber is a type of edible, non-starch group of
polysaccharides that cannot be digested and absorbed by endogenous enzymes in the human small
intestine. However, these fibers are partially or completely fermented in the large intestine by
beneficial microbiota, contributing to various health benefits [1].

Whole grain products are considered grains that contain the relative proportions of bran, germ,
and endosperm similar to those of untreated grains, and they play a vital role in healthy, sustainable
diets due to their rich content of plant-based dietary fibers. In contrast, refined grains undergo
processing that removes the bran and the germ, leaving only the starchy endosperm, which
significantly reduces their nutritional composition compared to the original whole grain products.
Whole grain consumption is associated with numerous health benefits due to its higher dietary fiber
content, including soluble and insoluble fibers. These health benefits are largely associated with the
physicochemical properties of dietary fibers and their fermentation in the large intestine [2,3].
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Epidemiological studies suggest that consuming at least 50 g of whole grains can lead to
significant reductions in health risks, including a 25% lower risk of type 2 diabetes, a 20% reduction
in cardiovascular mortality, a 12% decrease in cancer-related mortality, and a 15% reduction in
overall mortality [4]. However, guidelines for the recommended intake of whole grain products vary
across the world. According to the US food guide, individuals consuming a 2,000-calorie diet are
advised to consume approximately 85 grams of whole grains per day. Within the European Union,
Germany reports one of the highest whole grain intakes, with an average daily consumption of 127.4
g for males and 132.6 g for females. Denmark recommends a minimum daily intake of 75 g, while
Norway suggests a daily intake of 80 to 90 grams [2,4]. Despite these recommendations, global whole
grain consumption remains below the recommended levels in many countries, highlighting the need
for increased awareness of their health benefits.

While previous studies have extensively focused on the health benefits of whole grains, there is
a lack of comprehensive analysis of the different dietary fiber fractions in various whole grains and
their physicochemical properties associated with health benefits. Therefore, this review aims to
provide a thorough analysis of the dietary fiber composition of different whole grains, their
physicochemical properties, and their functional roles in the prevention of various NCDs.

2. Dietary Fiber in Whole Grains
2.1. Structure of Whole Grains

According to the Cereals and Grains Association, whole grains consist of the intact, ground,
cracked, flaked, or otherwise processed kernel, excluding inedible parts such as the hull and husk. In
whole grains, all anatomical components, including the endosperm, germ, and bran must be present
in the same relative proportions as in the intact kernel [5]. Examples of whole grains include wheat,
rice, maize, oats, rye, barley, triticale, sorghum, and millet, all of which belong to the grass family
Poaceae. Whole grains have a complex structure characterized by multiple cell layers. It contains a
bark-like protective hull, the endosperm, bran, and germ. The germ contains the plant embryo, while
the endosperm provides nourishment for the growing seedling. Surrounding both the germ and the
endosperm is the bran, which serves as a protective outer layer for the developing embryo [6].

The endosperm accounts for 80-85% of the whole grain and is primarily composed of starch and
protein. The bran and germ represent approximately 12-18% and 2-3% of the dry grain weight,
respectively. The embryo is vital for the germination process, as it contains the embryonic axis and
scutellum. The endosperm serves as an energy reserve, storing starch and proteins necessary for
germination. The aleurone layer, which forms the outermost part of the endosperm, typically consists
of 1 to 3 layers of cells, varying among different whole grains. A significant portion of this layer is
often removed during roller milling and, therefore, absent in refined flour. The bran fraction consists
of several distinct layers, including the outer pericarp, inner pericarp, testa, and nucellar epidermis
(hyaline layer). The inner and outer pericarp is rich in polysaccharides, such as cellulose, lignin, and
heteroxylan. The testa is a single cell layer in barley, oats, and rice, while in wheat and rye, it generally
has two distinct layers [2].

2.2. Dietary Fiber Composition of Selected Whole Grains

Dietary fibers are defined as the edible parts of plants or analogous carbohydrates that resist
digestion and absorption in the human small intestine but undergo complete or partial fermentation
in the large intestine. Dietary fiber includes polysaccharides (cellulose, hemicellulose, pectin),
oligosaccharides (inulin, fructo-oligosaccharides), lignin, and other associated plant compounds. It
can be classified into two categories based on its water solubility: insoluble dietary fibers (IDF) and
soluble dietary fibers (SDF). IDF, which includes cellulose, most of hemicellulose, and lignin,
primarily serves as a structural component of plant cell walls. In contrast, SDF comprises various
non-cellulosic polysaccharides and oligosaccharides, mainly arabinoxylans and beta-glucans (Error!
Reference source not found.) [7,8].
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Figure 2. Examples of different dietary fiber and their main sources.

The total dietary fiber (TDF) content of wheat ranges from 9% to approximately 38% on a dry
weight basis and includes both insoluble and soluble fractions. In wheat, the fiber in bran is primarily
insoluble, whereas soluble is more prevalent in white flour. The endosperm tissues, including the
aleurone and starchy endosperm, contain high proportions of arabinoxylans (60-70%), moderate
amounts of (1,3:1,4) B-D-glucans (20-30%), small amounts of cellulose and glucomannan, and no
lignin. In contrast, the outer pericarp tissue of wheat has a cell wall composition rich in cellulose
(30%), lignin (12%), and xylans (60%), but contains only limited amounts of $-glucans [2].

In oats, the TDF content typically ranges from 60% to 80%, with approximately 30% comprising
SDF, which is primarily located in tissues outside the aleurone layer. Oat bran, which accounts for
approximately 30-50% of the whole grain, contributes significantly to the dietary fiber content. 3-
glucan with (1-3), (1-4)-p-D-glucoside linkages, is the primary SDF, followed by arabinoxylans. In
contrast, lignin and cellulose constitute the predominant IDF fraction [9,10]. A previous study
investigating 43 oat genotypes reported that dietary fiber content varies significantly by genotype,
with some varieties differing by up to 20% in measured fiber content [11,12]. Notably, there are
cultivated oat varieties known as hull-less oats, which contain similar quantity as other types, but the
husk separates much more easily during harvest [13]. Therefore, selecting dietary fiber-rich oat
varieties can offer significant benefits to both food producers and consumers, especially in terms of
their physicochemical and antioxidant properties [14].

Barley contains approximately 20-30% of TDF, with (3-glucans and arabinoxylans being the most
important components [15]. SDF, primarily (3-glucans, is abundantly found in the endosperm cells.
However, mixed linkage (-glucans and arabinoxylans are also present in the aleurone cell walls.
These two groups of compounds are distributed throughout the whole grain, although previous
studies have indicated that in hull-less barley, arabinoxylans are primarily concentrated in the outer
bran layer and aleurone cells. IDF fraction- including hemicellulose (in part), cellulose, and lignin- is
predominantly located in the bran [2,15]. Cellulose has a linear structure composed of glucose units
linked by -1,4-glucosidic bonds, forming microfibrils. This microfibrils are typically associated with
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hemicellulose and lignin in plant cell walls. Barley hemicellulose is a heterogenic complex, composed
a various monosaccharide, including xylose, arabinose, glucose, and mannose. Unlike cellulose,
hemicellulose does not consist solely of -1,4- linkages; instead, it features a range of linkages such
as -1,4- 3-1,3, and {-1,6, resulting in a more branched and amorphous structure. This branched
structure contributes to its greater solubility in water, in contrast to the insoluble nature of cellulose
and lignin. The presence of arabinosyl substituents on the xylan backbone has been shown to hinder
the enzymatic degradation of arabinoxylans by endoxylanase enzymes. This enzymatic resistance,
particularly due to xylose substitution, may significantly influence the malting process of barley [16].

Rye is distinguished from other cereals due to the highest dietary fiber content, ranging from 15-
22% on a dry matter basis [17,18]. IDF fraction accounts for approximately 10%, while low molecular
weight SDF expressed as an indigestible oligomer with a degree of polymerisation (<10%) comprises
about 5%. High molecular weight SDF makes up around 4% [19]. The main non-starch
polysaccharides in rye include arabinoxylans, mixed-linkage glucans, arabinogalactans, cellulose,
and lignin [17]. Arabinoxylan, a major component of the rye cell wall (approximately 1.3-1.4%),
particularly its water-extractable fraction, plays a significant role in bread dough formation [20,21].
B-glucan is present in rye in lower quantities (1.3-2.2%) compared to oats (2.2-7.8%) and barley (3.5-
11.3%) [21]. The ratio of cellotriosyl and cellotetraosyl units in rye and barley is higher than in oats,
which may influence the functional properties of the SDF fraction [21].

Sorghum has been reported to contain approximately 19% total dietary fiber (TDF), providing
about 6.7 grams of dietary fiber per 100 grams, which aids digestion by adding bulk to the diet and
helping to prevent constipation [22,23]. These findings are consistent with a previous study that
reported a dietary fiber content of 10.51% [23]. Of the TDF in sorghum, 35% to 48% is composed of
IDF. Dietary fibers in sorghum are primarily located in the cell walls of the pericarp and endosperm.
Arabinoxylans and f(-glucans are the main types of dietary fiber present, accounting for
approximately 55% and 40% of the TDF, respectively. Additionally, the cell wall components of
sorghum have been reported to contain around 20% lignin [24,25].

Corn fiber has been reported to contain approximately 70% carbohydrates, including cellulose,
xylan, residual starch, and lignin [26]. Its composition typically includes 25%-35% hemicellulose,
16%—20% cellulose, 25%-35% starch, 2%-3% lignin, and 8%-10% protein. However, these
proportions can vary depending on the corn variety, maturity stage, and processing methods. A key
component of hemicellulose in corn fiber is arabinoxylan, which accounts for about 30% of the
hemicellulose content. Corn arabinoxylan is predominantly located in the outer layers of the kernel,
such as the bran and pericarp. Arabinoxylans are primarily composed of D-xylose (48%-54%) and L-
arabinose (33%-35%), with smaller amounts of glucose (7%-11%) and glucuronic acid (3%—6%). The
arabinose-to-xylose ratio, typically around 1:4 or 1:5, plays a crucial role in determining the solubility,
functionality, and interactions of arabinoxylan in various applications, including gel formation and
fermentability by gut microbiota. Cellulose, a major structural component of the corn cell wall, along
with its improved forms—such as microcrystalline cellulose and carboxymethyl cellulose —is widely
utilized in the food industry to enhance the texture, stability, and mouthfeel of food products. [15].

Rice is unofficially categorized into white, brown, and black varieties based on the content and
composition of bioactive substances. Brown and black rice varieties contain higher levels of dietary
fiber, lipids, and bioactive phytochemicals, including phytosterol-enriched lipids, dark pigments
such as anthocyanins, and phenolic compounds with strong antioxidant activity. [21,26]. In rice,
dietary fiber is primarily located in the bran. Its content ranges from approximately 0.7-2.7% in white
rice, 2.9-4.4% in brown rice, and around 6% in unpolished black rice.[27,28]. Recent studies have
shown that the dietary fiber content, particularly the IDF fraction, is in the following order: black rice
>brown rice > white rice. During the milling process, the bran is largely removed, reducing the health
benefits of rice while generating food by-products [29]. It is worth noting that bran, as a main by-
product of rice milling, is composed of 20.5-33.9% dietary fiber, and therefore the most extracted
fraction is water insoluble, which consists of cellulose, hemicellulose, and lignin with small amounts
of SDF. [30,31]. Consequently, numerous studies have analyzed the composition and physical
properties of dietary fiber in rice bran [30,32,33]. White and glutinous rice varieties are reported to
have a higher proportion of the SDF fraction. The highest SDF content has been found in white rice
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(16.39%), whereas the highest IDF content was observed in brown rice (16.51%) [34]. The IDF fraction
is predominantly composed of the following saccharides: xylose (42-45%), glucose (26-32%),
arabinose (8-13%), and galactose (10-11%), which reflects the presence of cellulose and arabinoxylan.
In contrast, the SDF fraction is rich in xylose (37-42%), glucose (15-33%), galactose (17-19%), and
arabinose (9-14%), due to the high concentrations of arabinoxylan and arabinose-rich pectic
substances.

3. Physicochemical Properties of Dietary Fiber

Dietary fibers from whole grains exhibit a complex structure that significantly influences their
various functions in the gastrointestinal tract. These functions are largely determined by their
physiochemical properties. Processing methods applied to whole grains can alter both the
composition and physicochemical characteristics of dietary fibers. These properties are influenced by
various factors, including extraction methods, food sources, molecular structure, and particle size
[35,36]. Several researchers have reported a range of physicochemical properties of dietary fiber,
including water solubility, water-holding capacity, swelling ability, viscosity, gel-forming ability,
bulking capacity, and binding ability [35,36].

3.1. Solubility

The solubility of dietary fibers plays a critical role in determining their technological
functionality in food systems. Based on their solubility in water, dietary fibers are primarily classified
as SDF and IDF. Solubility is influenced by several factors, including molecular branching, the
presence of ionic groups, and specific positional bonding within the fiber structure. Compared to
insoluble fibers, soluble fibers are known for their ability to increase viscosity and enhance
emulsifying properties, making them particularly valuable in food processing applications [36].
Several studies have highlighted variations in the solubility of dietary fibers from different whole
grains. In one study, the solubility of dietary fiber from oats and wheat was reported to be
approximately 3.4% and 4.2%, respectively [37]. Solubility has also been observed to increase during
processes such as germination. In whole wheat, for example, solubility has been reported to increase
by 18.45 + 0.23 % after germination [14]. The grinding process can alter the solubility of dietary fiber
and is often employed as an effective method to enhance the functional properties of food products.
In general, increasing the degree of fiber fragmentation tends to raise the content of SDF while
reducing the proportion of IDF [38].

3.2. Water-Holding Capacity (WHC)

WHC refers to the amount of water retained by a known weight of dry fiber under defined
conditions. The WHC of dietary fibers depends on several factors, including the molecular structure
and the nature of water-binding sites within the fiber matrix [8]. The WHC of dietary fiber is crucial
in various food applications, as it significantly influences the shelf life and texture of food products.
According to Ahmad et al., $-glucan extracted using hot water treatment exhibited the highest WHC
value (3.79 g/g), followed by (3-glucan extracted through alkali and acid treatments [39]. In another
study, quinoa bran exhibited higher WHC compared to oat and rice hulls [40]. Processing methods
such as grinding can also affect WHC. For example, the WHC of oats increases from 3.53 to 5.23 g/g
with superfine grinding. This improvement is attributed to the increased specific surface area of the
sample, which enhances its contact with water. [41]. Moreover, the germination process in whole
wheat increased the WHC from 2.12 +0.19% to 2.75 + 0.23%, which is probably related to the increase
of SDF fraction in TDF [37].

3.3. Oil Holding Capacity (OHC)

OHC refers to the amount of oil retained by fibers after mixing and centrifugation. This property
is important for minimizing fat loss during cooking and may also aid in the removal of excess fat
from the body. [8]. Numerous studies have demonstrated the OHC of whole grain fibers such as
quinoa, wheat, oats, and rice bran [42,43]. A previous study found that SDF from quinoa bran SDF
exhibited a higher OHC (1.85 + 0.16 g/g to 2.95 + 0.23 g/g) compared to the orange peel fiber and oat
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hull [40]. Another study reported that wheat fiber had the highest oil retention capacity (4.98 mL/g),
followed by oat fiber (3.27 mL/g) [44]. Additionally, Dhillon et al. have found that OHC of whole
wheat flour increased with germination, and reported that OHC of whole wheat flour 2.32 + 0.21 g/g
rose to 3.78 +0.43 g/g after germination [37]. The research done by other authors further demonstrates
that dietary fibers derived from oats, whole wheat flour, millet bran, and rice bran possess a high
WHC and a low OHC, suggesting their potential as a dietary resource for the development of
functional food products that address water synergism in formulated foods and act as emulsifiers for
high-fat foods [37,42,43].

3.4. Viscosity and Gel Formation

Viscosity (n) refers to a fluid's resistance to flow and is mathematically defined as the ratio of
shear stress (1) to shear rate (y). Viscosity plays a significant role in increasing enteric viscosity, which
can slow intestinal transit, delay gastric emptying, and reduce the absorption of glucose and sterols
in the intestine. These effects contribute to lower serum cholesterol, postprandial blood glucose, and
insulin levels. These health benefits are primarily associated with viscous SDF [45,46]. In whole
grains, soluble dietary fiber (SDF) plays a crucial role in enhancing the viscosity of solutions. In
contrast, insoluble fibers, such as cellulose found in rice bran and wheat bran, generally contribute
less to viscosity due to their inability to dissolve in water and form gel-like structures [46].

A previous study found that oat dietary fiber, particularly -glucan, has the ability to lower
glycemic responses, primarily due to its role in increasing viscosity within the upper digestive tract.
The viscosity of 3-glucan samples ranged from 34.30 to 52.82 cP, depending on the extraction method.
The highest viscosity (52.82 cP) was observed in enzymatically extracted 3-glucan, while the lowest
viscosity was found in alkali-extracted (-glucan. Additionally, factors such as temperature and pH
of the solution also significantly influence the viscosity of [3-glucan solutions. [39]. Soluble fibers such
as -glucan form gels that increase the viscosity of gastrointestinal contents. For example, long-chain
polymers like guar gum and tragacanth gum retain large amounts of water and exhibit high viscosity,
whereas highly soluble fibers like gum arabic display low viscosity despite their solubility [46].

3.5. Bile Acid Binding Capacity

Cholesterol serves as a precursor for bile acid synthesis in the liver. Dietary fibers can bind to
bile acids, promoting their excretion from the body. This loss stimulates the conversion of more
cholesterol into bile acids, thereby lowering blood cholesterol levels and reducing the risk of heart
disease [28]. The gel formed by SDF in the presence of Ca?* can encapsulate bile acids. Various water-
soluble polysaccharides contribute to bile salt binding, primarily due to the presence of functional
groups such as -COH, -C=0, -O-, -COOH, and —OH, which exhibit high affinity for cholesterol and
bile salt structures. Additionally, lignin- a highly branched component of IDF- also plays a significant
role in this mechanism, particularly due to its abundance of hydroxyl and carbonyl groups [47].

A previous study reported that the bile acid binding capacity of dietary fiber from the rice
cultivars Mushq Budij and SR-4 was 18.10 umol/g and 23.24 umol/g, respectively [28]. A study by Liu
et al. explored the bile acid-binding capacity of soluble dietary fiber extracted from various colored
quinoa varieties [40]. Bile acids such as cholic acid (CA) and chenodeoxycholic acid (CDCA) play a
vital role in lipid metabolism. The study found no significant differences in CA adsorption capacity
among the different SDF samples extracted from quinoa. However, the adsorption capacity for
CDCA varied significantly among the samples [40].

3.6. Swelling Ability

The swelling ability of dietary fiber refers to its capacity to expand or gelatinize when mixed
with water and is expressed as the ratio of the fiber's volume after soaking in water to its actual
weight. This ability varies depending on the solubility, chemical structure, and source of the dietary
fiber, as well as additional factors such as temperature and ionic charge [48]. According to a previous
study, the swelling ability of wheat bran dietary fiber increased from 2.14 to 2.60 mL/g after grinding.
This improvement may be attributed to structural changes in the dietary fiber induced by the
grinding process [49]. In another study, the swelling ability of oat bran dietary fiber increased
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significantly (p < .05) with extended grinding times. This enhancement is likely due to the superfine
grinding process, which improves the specific surface area of the sample and increases its contact
with water. [41]. Other authors have reported that extraction methods using alkaline and acidic
treatments significantly affect the water swelling ability of dietary fiber. In both cases, the fibers
extracted using alkaline treatment—both SDF and IDF —exhibited the highest swelling values. This
is attributed, in the case of SDF, to a loose microstructure, reduced particle size, and consequently, a
larger surface area for interaction with water molecules. For IDF, the strong alkali treatment breaks
down cellulose chains into shorter polymers and disrupts the ether linkages between hemicellulose
and lignin, enhancing water absorption capacity [48]. In food processing, enhanced swelling ability
improves functional performance and can better meet the growing public demand for health-oriented
food products. Therefore, in the context of whole grain-based foods, the physical properties of dietary
fiber are critical in supporting overall health benefits.

4. Health Benefits of Whole Grain Dietary Fiber

4.1. Prevention of Cardiovascular Disease

Elevated levels of low-density lipoprotein cholesterol (LDL-C) and postprandial hyperglycemia
are key risk factors contributing to the development of atherosclerotic cardiovascular disease (CVD).
While synthetic medications such as statins are effective in managing CVD, their long-term use can
be associated with high costs and potential side effects, particularly when consumed in large doses
over extended periods [50]. Consequently, dietary fibers are receiving growing attention for their
potential health benefits, especially in the prevention and management of CVD. A substantial body
of research has examined the protective effects of dietary fibers derived from whole grain cereals
against CVD, highlighting their role in modulating lipid profiles, reducing blood glucose levels, and
improving overall cardiovascular health [51-53]. Compared to IDF, SDF is more frequently
associated with reductions in serum low-density lipoprotein cholesterol (LDL-C) and is often linked
to a lower risk of cardiovascular disease (CVD). SDF in whole grains can form viscous gels within the
gastrointestinal tract, increasing gut viscosity. This elevated viscosity impedes the reabsorption of
bile acids, thereby promoting their excretion and reducing the enterohepatic circulation of
cholesterol. As a result, hepatic cholesterol is redirected for bile acid synthesis, contributing to a
decline in circulating cholesterol levels [54].

A cohort study involving 7,469 participants with CVD demonstrated that increased dietary fiber
intake was associated with significant reductions in both total cholesterol and LDL. Specifically, total
cholesterol decreased by 0.42 mmol/L (95% CI: -0.78 to —0.05), while LDL cholesterol decreased by
0.47 mmol/L (95% CI: -0.85 to -0.10) [55]. Moreover, several studies have demonstrated the potential
of oats and oat-based products to improve blood lipid profiles and lower blood pressure by
modulating insulin metabolism in individuals with mild hypercholesterolemia [56-58]. 3-glucans
present in oats have been shown to reduce cholesterol absorption in the small intestine by forming a
viscous gel that binds to cholesterol molecules. Additionally, a previous study reported that dietary
fiber supplementation with oat bran was associated with a reduction in heart rate among patients
with hypertension [57]. Experimental studies on rats have demonstrated that enzyme-treated wheat
bran-rich in arabinoxylans, cellulose, and lignin- significantly reduced body weight and hepatic
triglyceride content when administered to five-week-old mice [59].

Soluble fiber is suggested to reduce cholesterol synthesis by modulating serum concentrations
of hormones and short-chain fatty acids (SCFAs), such as acetate, propionate, and butyrate, which
influence lipid metabolism. Notably, butyrate has been shown to significantly inhibit de novo
cholesterol synthesis in isolated rat hepatocytes [60]. These findings suggest that increasing dietary
fiber intake, particularly from whole grain sources, may represent an effective nutritional strategy for
the prevention and management of CVD.

4.2. Prevention of Type 2 Diabetes Mellitus

Diabetes mellitus is a non-communicable metabolic disorder characterized by the body's
inability to produce or effectively utilize insulin. Type 2 diabetes mellitus (T2DM), which results from
inadequate insulin production or insulin resistance, accounts for approximately 90% of diabetes cases
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in the adult population [2]. Whole grain dietary fibers play a critical role in the prevention of T2DM,
largely due to their association with a low glycemic index, increased satiety, and reduced body
weight. Regular consumption of at least 15.9 g of dietary fiber per day has been shown to improve
glycemic control by lowering fasting blood glucose levels, postprandial insulin concentrations, and
serum triglyceride levels [61].

Previous studies have demonstrated that SDF present in whole grains can increase the viscosity
of gastric contents. This elevated viscosity significantly contributes to reduced glucose absorption by
slowing gastric emptying and decreasing the rate of starch digestion, thereby delaying the
postprandial rise in blood glucose levels [2,62]. The increased viscosity induced by SDF may also
result in the formation of a ‘thick layer” surrounding food particles, thereby limiting the accessibility
of digestive enzymes to the inner components of the food matrix and delaying their interaction with
the absorptive surfaces of the gastrointestinal tract [2]. SDF plays a vital role in the management of
T2DM, whereas IDF does not directly impact postprandial glucose levels or insulin sensitivity in
T2DM [62]. However, some studies suggest that IDF may also have significant potential to reduce the
risk of T2DM [62,63]. The beneficial effects of IDF may be attributed to its fermentation by gut
microbiota and the subsequent production of bioactive compounds. IDF also acts as a physical
barrier, slowing the transit of digestive products across the enterocyte brush border and modulating
the activity of digestive enzymes. Additionally, microbial fermentation releases phenolic compounds
bound to the fiber matrix, thereby increasing the bioavailability of these phytochemicals.
Polyphenols, recognized as potent bioactive compounds, are considered a promising alternative
strategy for the prevention and management of T2DM [62].

A higher glycemic index (GI) has been linked to an increased risk of T2DM. Previous studies
have reported average GI values for various whole grain products, including 42 for whole grain cold
breakfast cereals, 55 for oatmeal and brown rice, and a range of 27 to 70 for whole grain breads. This
variability in GI for whole grain breads depends largely on the main ingredients used, such as barley,
buckwheat, oats, and rye [64]. Furthermore, a comprehensive systematic review of eleven prospective
cohort studies, encompassing 463,282 participants and 37,249 type 2 diabetes cases, found that a
higher daily intake of whole grains was associated with a reduced risk of developing T2DM [65].
Specifically, higher oat intake (more than 5.7 g/day) was significantly associated with lower risk of
T2DM [66]. Oat-based products, such as oat flakes, oatmeal, and oat bran generally have a lower
glycemic index compared to similar products made from wheat, barley, or corn. This effect is largely
attributed to {-glucans, the primary component of oat fiber. $-glucan is a water-soluble, non-
digestible polysaccharide that is not absorbed in the small intestine. By increasing the viscosity of the
alimentary bolus in the upper gastrointestinal tract, 3-glucan slows nutrient absorption and reduces
postprandial glucose spikes [66]. Similarly, dietary fiber from millet bran has demonstrated the ability
to reduce fasting blood glucose (FBG) levels in rat models, further highlighting the potential of whole
grain fibers in glycemic control [67]. Wheat bran dietary fibers have also demonstrated significant
benefits in diabetic models by increasing serum insulin content. Specifically, intake of modified wheat
bran dietary fibers significantly elevated serum insulin levels and appeared to inhibit hepatic
gluconeogenesis by suppressing the 1,2-DAG-PKCe signaling pathway. This suppression enhanced
insulin receptor activity and insulin signal transduction, collectively resulting in reduced blood
glucose levels in diabetic mice [68].

4.3. Control of Obesity

Obesity is a major global health concern, impacting both developed and developing countries,
and significantly increasing the risk of CVD, T2DM, and certain types of cancer [69]. According to
the World Health Organization (WHO), more than 1 billion people worldwide were living with
obesity in 2023, including approximately 650 million adults and 39 million children [70]. The primary
cause of obesity is an imbalance between energy intake and expenditure, driven by excessive calorie
consumption from food and beverages combined with insufficient physical activity. Effective obesity
management requires creating a negative energy balance, which reduces fat stores while preserving
lean body mass. Treatment plans should be personalized, taking into account factors such as age, sex,
degree of obesity, and individual health risks. Various approaches exist to tackle this global epidemic,
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with lifestyle modification playing a central role in all weight management strategies. Behavioral
changes that promote self-control of daily energy balance through diet and physical activities are
essential for long-term success and, importantly, for maintaining body weight [71,72].

Compared to refined grains, whole grains contain fewer starches and calories but are richer in
micronutrients and phytochemicals, offering significant health benefits [73]. Previous studies have
shown significant inverse associations between whole grain fiber intake and measures of body weight
[74,75]. A previous meta-analysis found that higher whole grain intake was significantly associated
with lower body mass index (BMI), showing a weighted slope of -0.0141 kg/m? per gram per day
(95% CI: -0.0207 to -0.0077; r = -0.526, P = 0.0001) [76]. Similarly, another study reported a significant
reduction in BMI and fat mass among overweight and obese adults after a whole-grain diet
intervention over a defined period [77]. A 2019 meta-analysis of observational studies and
randomized controlled trials found that higher whole-grain consumption is significantly associated
with lower BMI values. Analysis of cross-sectional data from 12 studies, involving 136,834
participants, indicated a significant inverse correlation between whole-grain intake and BMI [78]. In
another study involving 5,094 randomly selected Finnish adult men, a significant inverse association
was observed between whole grain intake and BMI (P < 0.001), waist circumference (P <0.001), and
total cholesterol levels (P = 0.02) [79].

The naturally high fiber content in most whole-grain foods may help prevent weight gain by
enhancing appetite control and slowing carbohydrate absorption. Additionally, the presence of
multiple enzyme inhibitors within the whole grain fiber matrix may directly influence metabolic
efficiency, providing another mechanism through which whole grains can positively impact body
weight. Conversely, the high insulin concentrations often associated with consuming low-fiber
refined grains may, over the long term, promote weight gain by shifting metabolic fuels from
oxidation to storage [80,81].

4.4. Gastrointestinal Health

Whole grains are an important source of dietary fiber, which positively impacts digestive health
by increasing stool bulk, accelerating intestinal transit, promoting the production of short-chain fatty
acids (SCFAs), and modulating gut microbiota composition [3]. Recent studies have demonstrated
that B-glucan consumption enhances the production of SCFA and positively modulates gut
microbiota composition. For example, Thandapilly et al. reported that high molecular weight barley
B-glucan significantly increased fecal SCFA concentrations in individuals with mild
hypercholesterolemia [82]. Additionally, Pi et al. found that hydrolyzed (-glucan promoted the
production of SCFAs and gases, also increasing the abundance of beneficial bacteria such as
Bifidobacterium and Faecalibacterium, suggesting its potential role in improving gut health and
modulating the microbiota [83]. Previous research has shown that whole grain oats, barley, and their
[-glucans generally exhibit prebiotic properties by promoting an overall increase in colonic microbial
populations and activity, particularly favoring Lactobacillus acidophilus and Bifidobacterium longum
[84]. These studies also observed an increase in SCFAs production using porcine and mouse models
[85,86]. In another study involving 31 adults with overweight and class-I obesity, supplementation
with corn arabinoxylan was found to modulate gut microbiota composition by promoting the growth
of Bifidobacterium longum, Blautia obeum, and Prevotella copri. Additionally, it increased fecal
propionate concentrations, which are known for their potential metabolic benefits. Compared to
arabinoxylans from other sources such as rice, corn, and wheat, corn arabinoxylan yielded the highest
production of health-beneficial SCFA [15].

Bifidobacteria and Lactobacilli are key gut microorganisms associated with significant health
benefits. Bifidobacterium has been shown to protect against diseases such as colorectal cancer,
diarrhea, necrotizing enterocolitis, and inflammatory bowel disease (IBD). It also competitively
inhibits pathogens from attaching to epithelial cell binding sites. Lactobacillus plays a protective role
in maintaining intestinal barrier integrity by mitigating inflammation, chemical damage, and stress-
induced permeability. Additionally, Lactobacillus produces lactate, which is further metabolized into
SCFAs. Bacterial fermentation of dietary fibers in the colon generates SCFAs, including acetate,
propionate, and butyrate. Bifidobacterium contributes to SCFA production by generating acetate and
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maintaining a symbiotic relationship with butyrate-producing bacteria. Consumption of dietary
fibers, such as those from whole grains, enriches butyrate levels, which are vital for maintaining gut
health [87]. Therefore, the consumption of whole grains positively influences the gut microbial
community, particularly by promoting the growth of beneficial bacterial groups that promote
gastrointestinal health.

Recent studies have confirmed the beneficial effects of whole grains on bowel health. A
randomized controlled trial demonstrated that a diet rich in wholegrain fiber enhances fecal bulk and
colonic fermentation, resulting in increased stool frequency and higher fecal water content- both
indicators of improved bowel function [88]. Additionally, research on barley 3-glucan consumption
has shown increased fecal bile acid excretion and elevated production of SCFAs, including butyrate.
Butyrate plays a crucial role in maintaining colonocyte health and promoting apoptosis in mutated
colon cells, thereby supporting colon health and potentially reducing cancer risk [89].

Rye-based foods have been reported to be more effective than whole-wheat and low-fiber foods
in increasing plasma enterolactone and fecal butyrate concentrations. The elevated enterolactone
levels result from the beneficial microbial fermentation of mammalian lignans in the gut lumen,
followed by absorption through the colon wall. Enterolactone is considered a potential biomarker for
large bowel health [90]. Additionally, fecal ammonia and p-cresol potentially toxic compounds
produced in the large bowel can negatively impact colon wall health. Whole grain dietary fibers have
been shown to reduce the colon’s exposure to these harmful substances, thereby promoting improved
large bowel health [91].

Dietary fiber, especially rich in phenolic compounds like ferulic acid, is abundant in the bran of
the wheat kernel and is released through microbial fermentation in the colon. The presence of ferulic
acid in plasma or feces serves as a biomarker for bacterial fermentation activity in the colon [92-94].
Additionally, a controlled trial reported the beneficial effects of consuming 70 g of wholegrain wheat
(providing 8 g of fiber) daily for 8 weeks, compared to 60 g of refined wheat (providing 2.2 g of fiber).
The study demonstrated significant increases in ferulic acid levels, with a 4-fold rise in plasma
concentration and a 2-fold increase in fecal excretion in the wholegrain group compared to refined
wheat consumers [93].

4.5. Prevention of Cancers

Several studies have suggested that whole grain fibers help to protect the body against various
types of cancer, including gastric, colorectal, breast, and prostate cancers [95-98]. Moreover, higher
whole grain intake is inversely associated with weight gain and the risk of T2DM, both of which are
established risk factors for cancer development [99]. Moreover, the dietary fibers in whole grains
increase fecal bulk and reduce intestinal transit time, which helps dilute carcinogens and limit their
absorption by the intestinal epithelium. Resistant starches and oligosaccharides present in whole
grains are fermented in the colon to produce SCFAs, including butyrate. These SCFAs serve as a
preferred energy source for mucosal cells and exhibit proapoptotic and antineoplastic properties that
help to inhibit tumor growth. Additionally, SCFAs lower the intestinal pH, reducing the solubility of
free bile acids and thereby decreasing their availability for carcinogenic activity [100,101]. Therefore,
dietary fibers in whole grains play a vital role in protecting the body against various types of cancer.

A previous study found that participants in the highest quintile of whole grain intake had a 22%
lower risk of developing liver cancer [102]. Additionally, Liu et al. reported that whole grain fiber
shows promising potential in breast cancer prevention. Another study demonstrated that barley
exhibits anti-tumor activities in both rat mammary tumor models and MCEF-7 breast cancer cell lines,
through mechanisms including induction of cell cycle arrest, promotion of apoptosis, and inhibition
of cell proliferation [102,103]. Numerous studies have documented the anticancer potential of oat [3-
glucans, demonstrating their effectiveness against various cancer cell lines, both in vitro and in vivo
[104,105]. Another study suggested that oat [3-glucans are a safe and effective option for managing
early-stage colorectal cancer [105].

Dietary fibers in whole grains play a significant role in colorectal cancer prevention, largely due
to their interactions with bile acids. Bile acids are amphiphilic molecules essential for lipid absorption
in the small intestine and for the formation of micelles that solubilize cholesterol. In the large
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intestine, gut bacteria metabolize bile acids by deconjugating and dehydroxylating primary bile acids
to form secondary bile acids—compounds that have been implicated in colonic carcinogenesis.
Several studies have demonstrated that these bile acids are cytotoxic to colonocytes and can stimulate
abnormal cell proliferation. Dietary fibers bind bile acids, thereby modifying the gut-liver axis,
reducing circulating cholesterol levels, and consequently decreasing the risk of colorectal cancer
development [106].
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Figure 3. Health benefits of whole grain dietary fibers.

Table 1. Health benefits of different whole grains.

Dietary  Study type Health benefit Research findings Referenc
fiber e
source
Rye Human Cardiovascula Total and LDL cholesterols were [107]
interventio r disease lowered (-0.06 and -0.09 mmol/L,
n prevention respectively; P < 0.05) after

consumption of whole grain rye
with lignan supplements after 4

weeks.
Diabetic Rye kernel bread decreased blood ~ [108]
control glucose (0-120 min, P = 0.001),

serum insulin response (0-120
minutes, P<0.05), and fasting FFA
concentrations (P<0.05).

Rye-based  foods  decreased [109]
postprandial glucose- and insulin

responses.
Obesity Participants who consumed a rye- [110]
control based diet for the 12-week period

had lost 1.08 kg body weight and
0.54% body fat more than the
refined wheat consumed group
(95% confidence interval (CI): 0.36;
1.80, p < 0.01 and 0.05; 1.03, p =
0.03, respectively).
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Gastrointestin  Induced some changes in gut [111]
al health microbiota composition,
including increased abundance of
the butyrate-
producing Agathobacter.

Oat Human Cardiovascula Significant reduction in office [58]
interventio r disease systolic blood pressure (0SBP; P <
n prevention 0.001) and office diastolic blood

pressure (oDBP; P < 0.028) in the
oat bran consumed group (30
g/day of oat bran contains 8.9 g of
dietary fiber) compared to the
control group after 3-month
period.
Consumption of oat dietary fiber  [112]
reduces levels of systemic chronic
inflammation after two weeks
post-treatment.
Diabetic The intake of 5 g of oat [3-glucan- [113]
control enriched diet for 12weeks can
help improve glycemic control,
increase the feeling of satiety, and
promote changes in the gut

microbiota profile.

The study demonstrated that a [114]
hypocaloric oat-based nutrition

diet led to a significant reduction

in total insulin dosage and HbAlc

levels in insulin-treated
outpatients with type 2 diabetes.
Obesity Oat B-glucan intervention  [115]
control increases the abundance of
Lactobacillus and
Bifidobacterium. These

microbiota alterations contributed
to an increase in 7-
ketodeoxycholic acid and it
enhances bile acid synthesis.

Ageing control A decrease in the Eotaxin-1 [112]
protein, an aging-related
chemokine, independent of a
person’s gender, body mass index,

or age.
Wheat Human Cardiovascula Total and LDL cholesterol were [107]
interventio r disease lowered by -0.09 mmol/L at (P <
n prevention 0.05) after consumption of a

wheat-based diet in 40 men with a
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metabolic syndrome risk profile
after 4 weeks.
Obesity The study found that [116]

control consumption of resistant starch-
enriched wheat rolls significantly
increased fasting and peak
concentrations of peptide YY3-36
(PYY3-36), a hormone associated
with satiety while decreasing peak
concentrations and iAUC of
glucose-dependent insulinotropic
peptide (GIP), which is involved
in hunger regulation.

Gastrointestin ~ The study has found that intake of [117]

al health 15 g/day of wheat bran extract
increases fecal Bifidobacterium

and softens stool consistency
without major effects on energy
metabolism in healthy humans
with a slow GI transit.
In vivo Gastrointestin The study has found that high [118]
study al health amylose wheat (HAW)
consumption led to an increase in

fecal bacterial load and
gastrointestinal health in mice.

Corn Human Cardiovascula Whole grain  corn  flour [119]
interventio r disease significantly = decreased = LDL
n prevention cholesterols over time (-10.4 + 3.6

mg/dL, P = 0.005) and marginally
decreased total cholesterol (-9.2 +
3.9 mg/dL, P = 0.072) over time.

Brown Human Diabetic Improved endothelial function,  [120]
rice interventio  control without changes in HbAlc levels

n
Whole Human Diabetic Higher intake of whole grain fiber [121]
grains interventio  control was positively associated with

n better [-cell function, insulin

sensitivity, ~and  postprandial
glycemic control.

A systematic review found that [122]
increasing whole grain fiber
intake improves glycemic control
and reduces cardiometabolic risk
factors in individuals with
prediabetes, type 1, or type 2
diabetes. The study suggests
increasing daily fiber intake by 15
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g or to a total of 35 g per day to
lower the risk of premature
mortality and enhance diabetes
management.

5. Conclusions

Whole grain dietary fibers exhibit a wide range of physicochemical properties including
solubility, water and oil holding capacity, swelling ability, viscosity, gel formation, and bile acid
binding which contribute not only to their technological utility but also to their role in preventing
non-communicable diseases. The dietary fiber content and composition vary significantly among
different whole grains such as wheat, oats, barley, rye, corn, sorghum, and rice. The evidence from in
vitro, in vivo, and clinical studies highlights the beneficial effects of whole grain dietary fibers against
various chronic diseases, including cardiovascular diseases, type 2 diabetes mellitus, obesity,
gastrointestinal disorders, and certain cancers through different mechanisms. Despite the strong
evidence of the importance of whole grain dietary fibers, global intake of whole grains remains below
recommended levels. Therefore, promoting whole grain intake and developing fiber-rich functional
foods are essential for enhancing public health and preventing chronic diseases. Future research
should focus on enhancing the bioavailability and functionality of whole grain dietary fibers,
optimizing their extraction methods, and exploring their potential applications in the food and
pharmaceutical industries.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/doi/s1, Table S1: Dietary fiber composition of different whole grains.
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The following abbreviations are used in this manuscript:
NCDs Non-Communicable Diseases

IDF Insoluble Dietary Fibers
SDF Soluble Dietary Fibers
TDF Total Dietary Fiber
WHC Water-Holding Capacity
OHC Oil Holding Capacity
CA Cholic Acid

CDCAChenodeoxycholic Acid

LDL-C Low-Density Lipoprotein Cholesterol
CVD Cardiovascular Disease

SCFA Short-Chain Fatty Acids

T2DM Type 2 Diabetes Mellitus

GI Glycemic Index
WHO World Health Organization
BMI Body Mass Index

IBD Inflammatory Bowel Disease
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