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Abstract: Inflammation is an important biological response to any tissue injury. The immune system
responds to any stimulus, such as irritation, damage, or infection, by releasing pro-inflammatory
cytokines. Overproduction of pro-inflammatory cytokines, including TNF-a and IL-1b, can lead to
several diseases eg., cardiovascular diseases, joint disorders, cancer, and allergies. Emerging science
suggests that whole grains may lower the markers of inflammation. Whole grains are a significant
source of dietary fibres and phenolic acids that have inverse association with the risk of
inflammation. The dietary fibres and phenolic acids composition of whole grains is very distinct
over different grains. Whole grains (cereals and pseudo-cereals) are rich in both dietary fibres e.g.,
arabinoxylan, B-glucan and phenolic acids e.g., hydroxycinnamic acids, hydroxybenzoic acids,
which are predominantly present in the bran layer. Although the biological mechanisms underlying
widely reported association between whole grains consumption and a lower risk diseases are not
fully understood. The modulatory effects of whole grains on inflammation also likely to be
influenced by several mechanisms, including the effect of dietary fibres and phenolic acids, while
some of these effects are direct, others involve gut microbiota, which transform important bioactive
substances into more useful metabolites that moderate inflammatory signaling pathway. Thus, the
aim of this review is two folded: first is to discuss the types of dietary fibres and phenolic acids
commonly found in cereals and pseudo-cereals, and their health benefits observed in animal and
human studies. Second, we review existing literature on the linkage between consumption of whole
grains and markers of subclinical inflammation, the role of dietary fibres, phenolic acids, and gut
microbiota on the anti-inflammatory activity of whole grains intake. Altogether, scientific data on
the ant-inflammatory properties of whole grains are encouraging, further researches are needed to
cover the gap between the emerging sciences of whole grains dietary fibres, phenolic acids and
inflammation.
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1. Introduction

According to the American Association of Cereal Chemist International (AACCI) 1999 [1],
"whole grains are composed of intact, milled, cracked, or flaked grains, with endosperm, germ, and
bran presenting in the same proportion as primary grains". However, the definition of whole grains
was expanded by the AACCI whole grains task force working group in 2006 to include pseudo-
cereals [2] (Table 1). Because pseudo-cereals are used in the same traditional way as cereals and have
a macronutrient composition that is largely similar to that of cereals, they were included in the
definition of whole grains, which were recognized worldwide. Consumption of whole grains in
preference to refined grains is known to have numerous health benefits, with the broad range of
benefits often attributed solely to the presence of dietary fibres [3]; first, by releasing indigestible
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fibres that influence gut microbiota composition and activity; second, by giving substrates such as
resistant starch, non-starch polysaccharides (p-glucan and arabinoxylans) however, other
components, like phenolic acids are all likely to play a role [4] that can be metabolized into useful
metabolites of microbiota. Previous observational studies have presented an inverse relationship
between whole grain consumption and markers of inflammation [5-7], however the available data
from randomized clinical trials is conflicting [8,9]. Additionally, regarding the relationship between
consumption of refined grains and inflammation have been reported in several studies. The evidence
regarding health outcomes of refined grain consumption is also inconsistent, majority studies have
indicated negative or neutral effects regarding inflammation and disease outcomes [10-12].
Furthermore, refined grains have also been associated with unhealthy diet patterns that may increase
the risk of developing certain diseases [13,14].

To date, many studies have been conducted on the intake of whole grains and their relationship
with several diseases such as inflammation and others [4-7,15]. Whole grains have been shown to
have anti-inflammatory properties that can be examined via inflammatory markers, such as C-
reactive protein, (CRP), interleukin-6, (IL-6), and tumor necrosis factors (TNF), and may potentially
downregulate an inflammatory response [16]. Inflammatory markers change in response to a series
of internal metabolic processes, where chronic inflammation may lead to chronic disease [17]. Most
observational and interventional studies have focused on the inflammation biomarkers CRP, TNF-q,
TNF-a receptor-1 and receptor-2, IL-6, fibrinogen, and IL-1§3 because it has been developed that these
biomarkers are associated with inflammation, which can result in the development of type 2 diabetes,
cardiovascular disease, neurodegenerative diseases, joint disorders, cancer,I2D, and allergies.
(Figure 2) [18-20]. Following IL-6, an acute-phase protein produced by the liver in response to IL-6,
appears to be the most studied inflammatory biomarker in studies investigating the influence of
whole grains on inflammation [21,22]. This recognition has been accompanied by researchers to
investigate the effect of whole grains on the inflammatory process as a potential explanation for
whole grains' ability to reduce the risk and severity of several diseases [17]. On the other hand, many
anti-inflammatory drugs are generally used, which might have side effects, such as gastrointestinal
disorders, water retention and renal failure, bronchospasm, and hypersensitivity reactions [23]. For
these reason, slowing down the inflammation process became very important. As an alternative in
inflammation treatment, whole grain dietary fibres and Phenolic acids have attracted scientific
attention by being play a significant role in the reduction risk of inflammation with null side effects.
Although there may never be such a single path to the prevention of inflammation diseases, it is
possible that the long-term consumption of whole grains as part of an overall healthy dietary pattern
may significantly reduce the development of inflammation and related diseases. Thus, the first
objective of the present study was to summarize the composition of dietary fibres and phenolic acids
in whole grains, as they present in common consumed grains. Second the current knowledge of the
associations between whole grain intake and biomarkers of inflammation along with the underlying
mechanisms. In summary, the scientific evidence that the anti-inflammatory properties is
encouraging. Recent evidence suggests that the phenolic acids and dietary fibres coupled with whole
grains may be beneficial to health than individual isolated components.

2. Materials and Methods

In the present study, we have summarized and reviewed the dietary fibres and phenolic acids
of different targeted whole grains (Table 1). Then we examined existing literature on the association
between the consumption of whole grains and the development of inflammation. All the materials
for the current review were searched for in PubMed and Google Scholar, including human studies,
such as observational (cross-sectional studies, case-control studies and cohort studies) and
intervention studies. The major keywords used for the search of literature were whole grains, dietary
fibres, phenolic acids, gut microbiota and inflammation. In the present review, pertinent data
published in the English language in reputable peer-reviewed journals have been included for
discussion. However, all contents available in the form of conference abstracts, books and
unpublished findings were excluded.
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Table 1. Targeted cereals used for the study.

Cereal Botanical Name
Rye Secalecereale L.
Corn Zea mays L.
Sorghum Sorghum bicolor.
Millets  Eleusine coracana (L.) Gaertn.
Triticale Triticosecale Wittmack.
Pseudo cereal Botanical name

Quinoa Chenopodium quinoa Willd.

3. Dietary Fibre and Phenolic Acids in Whole Grains and Their Health Potentials
3.1. Dietary Fibres Contents in Whole Grains

According to the definition given by the World Health Organization (WHO), dietary fibers are
"carbohydrates with a degree of polymerization of 3 or more that naturally occur in foods of plant
origin and that are not digested and absorbed by the small intestine" [24]. Insoluble dietary fiber
(IDF) and soluble dietary fiber (SDF) are two categories of dietary fiber that may be categorized based
on their water solubility [25]. IDF, which is made up mostly of cellulose, water-insoluble
hemicellulose, and lignin, is found in plants as structural cell wall components [26]. SDF is made up
of a range of non-cellulosic polysaccharides and oligosaccharides. Hemicellulose is a common form
of DF in grains. Hemicellulose is a non-cellulosic component of cell walls composed of heterogenic
polysaccharides [27]. Hemicellulose molecules are broadly classified into four types: xylans,
xyloglucans, glucomannans, and mixed linkage $-glucans [28]. Hemicelluloses can be soluble or
insoluble depending on their size and structure (e.g., side chain substitutions and intermolecular
crosslinks) [29]. Arabinoxylan (AX) and mixed linked B-glucan make up around 70% and 20%,
respectively, of the total dietary fiber composition. Thus, AX contains four structural components:
non-substituted, mono and di- substituted Xyl, and O-2 or O-3 [30]. The O-5 position of arabinose
residues can be used to esterify ferulic acid. These ferulic acid structures can create connections
between AX chains, increasing the molecular weight of the compound while decreasing its water-
extractability.

The dietary fibre content of rye is higher compared to other grains, as rye contains ranging from
14 to 21% dietary fibre (Table 2) on dry matter base [31]. In rye, the four main dietary fibre forms are
AX, cellulose, fructan, and p-glucan, with AX being the predominant dietary fibre component (i.e.,
45% of total dietary fibre content) contained in endosperm cell walls [32]. Although both rye and
quinoa contain AX, the amount and solubility of AX in rye is greater than that of millet [27].

Rye contains the highest amount of fructan among other cereals. Fructan is a soluble dietary
fibre made up of f-D-fructofuranosyl units that can have or not have a terminal glucose residue [33].
Rye fructans can be either linear or branching in structure. In rye, the degree of polymerization of
fructan typically ranges from 2 to 60 [34]. The amount of dietary fibre in rye varies depending on
where it is located inside the kernel. The inner endosperm has less dietary fibre (12%), but the outer
endosperm and bran portion have around 22 and 38% dietary fibre, respectively [35]. The increased
quantities of dietary fibre found in the outer kernel layers of rye demonstrating the benefits of
consuming whole grains. The dietary fibre content of corn varies ranging to 3.7 and 19.9% on dry
matter basis, of which IDF is the largest fraction (Table 2) [31,36-38]. In corn bran, cellulose and
hemicellulose make up the majority of the IDF components [31,39]. The TDF of sorghum ranges from
1.5 to 12% [40], millet has a content of 13-14% [41], and triticale has a content of 14-15% on a dry
matter basis g/100g [42,43].

Table 2. Content of TDF, IDF and SDF targeted grains g/100g.

Whole Grains TDF IDF SDF References
15.2-20.911.1-159 3.7-4.5 [37]
14.7-20.910.8-15.9 3.4-4.6 [38]

Rye (Secalecereale L.)
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3.7-8.6 3.1-6.1 0.5-25 [39]
13.1-19.6 11.6-14.0 1.5-3.6 [31]
Sorghum (Sorghum bicolor) 7.55-12.36.52-7.901.05-1.23  [40]
Millets (Eleusine coracana (L.) Gaertn.)13.0-13.8 12.5-13.50.52-0.59 [41]

Corn (Zea mays L.)

o . . 14.5 0.7 6.7 [42]
Triticale (Triticosecale Wittmack) 146 120 ) [43]
Quinoa (Chenopodium quinoa Willd.) 16.2-20.6 - - [44]

11.6-15.1 9.9-12.2 0.4-2.9 [45]

Quinoa is a pseudo-cereal that has a long history of use as food components and has some very
interesting nutritional properties. In the past 10 years, pseudo-cereals have become increasingly
popular as ingredients in gluten-free goods. Their usage significantly raises the dietary fibre content
of these goods, which are typically deficient in dietary fiber [44]. Approximately quinoa contains
around 7 to 21% of TDF [45,46]. The majority of the dietary fiber in these pseudo-cereals, as
determined by a monosaccharide analysis of dietary fiber taken from samples of quinoa and
amaranth, is made up of galacturonic acid, arabinose, xylose, glucose, and galactose. The main
portions of quinoa are soluble and insoluble dietary fiber which is categorized as pectic
polysaccharide [47] based on the monosaccharide composition and linkage analyses. Xyloglucans are
the second most abundant dietary fibre contained in quinoa whole grains.

In summary; whole grains cereals and pseudocereals contain a wide variety of dietary fibre
types. Some examples of cereal dietary fibre types are arabinoxylan, (3-glucan, xyloglucan, pectic
polysaccharides and fructan. Cereal dietary fibre exists as both soluble and insoluble dietary fibre
fractions. Different cereals have typically a different dietary fibre profile. Among the above studied
cereals, Rye grain particularly rich in AX, while quinoa and millets are recognized for the functional
properties associated with their most important dietary fibre type, i.e., f-glucan. One of the main
effects of soluble dietary fibre is increasing the viscosity of the gut content. In contrast, insoluble
dietary fibre absorbs more water and helps in faecal bulking. Therefore (Table 2) summarizes the
content of dietary fibres in whole grains, which showed that, rye contains the highest dietary fibre
levels, from 14 to 21%, while sorghum contains the lowest dietary fibre level among cereals (7-13%).
The ranks become variable in the rest of the cereals. The descending order of the sum of total dietary
fibre in Table 3 is Rye, quinoa, corn, triticale, millet and sorghum. In a few studies, both soluble and
insoluble dietary fibre in triticale and quinoa were undetected. The consumption of whole-grain fibre
has been linked to a reduced risk of chronic non-communicable diseases. Diets rich in fibres are an
important role in the reduction risk of inflammation. Further experimental trials are required to
confirm the contents of TDF, IDF and SDF in different whole grains.

3.2. Health Potentials

Whole grain bran is a grain's nutritious storehouse. The chemical composition of whole grain
bran is highly complex, and the various health benefits of grains bran might be exploited by
incorporating it in one's regular diet [48]. Besides regular nutrients like protein, vitamins, minerals,
and fats, it also contains a variety of bioactive compounds like dietary fibre and phenolic acids, which
have been shown to have a wide range of biological activities and other health benefits in populations
eating cereal grain-based diets [49,50]. However, selecting a good source becomes complicated, due
to their wide range of physicochemical properties. One of the major components found in whole
grain bran is dietary fibre. The benefits of dietary fibre in human health have been supported by
extensive research conducted over the last three decades [51,52]. The main focus of 3-glucan in diet
to decrease blood lipids, specifically serum total and LDL-cholesterol, has been the major emphasis
of B-glucan in the diet, assuming that both these effects have long-term health advantages [53].
According to the author found that average cholesterol reduction was 4.4%. These data were obtained
from 23 studies that had used less than 10 g dietary fiber per day. It is noteworthy that the test samples
used in the meta-analysis were intact whole oats and oat bran. Furthermore whole grains 3-glucan
has been shown to provide a number of health advantages [54], including lowering blood cholesterol
and glucose levels, Decrease glycemic index prebiotic effect and improving satiety, all of which aid
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in the long-term management of heart disease and other chronic non communicable diseases in Table
3 [55-68].

Table 3. Dietary fibres in whole grains and their health potentials.

Grains Dietary Fibres Health Potentials References
Wh.ole Arabinoxylans Increase fecal biomas.s, .enhance ggt health, low LDL level, [55-59]
grains lipid metabolism

Whole Anti-Inflammation, Decrease glycemic index; prebiotic effect,

grains B-glucans  Blood cholesterol and glucose modulation, Immune function = [60-63]

modulation
Anti-Inflammation Lower risk of Anti-cardiovascular disease,
Anti-diabetics, and certain Anti-cancers and Body weight  [51,64-67]
regulation

Whole Total dietary
grains fibres

Consumption of grains AXs has been shown to improve lipid metabolism by lowering LDL
cholesterol levels in the blood, improve colonic health by lowering cancer risk, and improve glycemic
management by lowering blood glucose levels [56,57]. AXs have been shown in studies to inhibit
small intestinal transit, limit starch availability to digestive enzymes, and slow the rate of lumen-to-
cell glucose diffusion. All of these factors can contribute to decreased glucose absorption, which
reduces postprandial glycemic response [58]. The health claim that AX consumption reduces the
glucose rise after a meal has been accepted by the European Food Safety Authority [59]. Significant
intake of dietary fiber helps individuals to lose weight and enhances blood glucose, immunological
function, and serum cholesterol concentrations. It also lowers the risk of several crippling diseases
including Inflammation Lower risk of cardiovascular disease, diabetes, and certain cancers Body
weight regulation [51,64—67]. Recent findings on the health implications of whole grains, precisely
their bioactive fractions, have underlined the potential status of whole grains as functional foods,
which can reduce the risks for several chronic diseases [65].

In Table 3 several studies has highlighted that the health potential of cereal-based food is related
to their carbohydrate compounds, like (3-glucan, arabinoxylan, and other dietary fibres [54-67].
Therefore, the Table 2 above summarizes the functional compounds together with their location in
grain fractions. The health benefits of dietary fibres found in cereals and pseudo-cereals have been
investigated extensively throughout the years. Intake of some types of dietary fibres such as 3-glucan
have been recommended due to approved health benefits, while many other types of dietary fibres
are still studied for their unique impacts. Because these health benefits are linked to several aspects,
itis difficult to obtain solid evidence of the health impacts of dietary fibres in reduction risk of chronic
diseases. Furthermore dietary fibres content varies widely between grains. However, the extent to
which dietary fibres in whole grains contributes in health benefits have yet to be elucidated.
However, more research and communication are needed their content in different varieties of whole
grains as well as the health benefits to translate the science underlying these beneficial effects into
useful information.

3.3. Phenolic Acids Contents in Whole Grains

Phenolic compounds are distinguished by the presence of one or more aromatic rings joined by
one or more hydroxyl groups. Phenolic acids are benzoic and cinnamic acid derivatives. In general,
"phenolic acids" refer to phenols with one carboxylic acid functionality. However, when defining
plant metabolites, it refers to a separate category of organic acids. These naturally occurring phenolic
acids have two distinct constitutive carbon frameworks: hydroxycinnamic and hydroxybenzoic.
Although the fundamental structure remains the same, the numbers and positions of the hydroxyl
groups on the aromatic ring create the variety.

Phenolic acids are formed in plants via shikimic acid via the phenylpropanoid pathway, as
byproducts of the monolignol pathway, and as breakdown products of lignin and cell wall polymers
in vascular plants [68]. Phenolic acids are found in grains in three forms: free, conjugated, and bound,
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with the binding form predominating [69,70]. They are mostly found in the bran and embryo cell
walls of cereal kernels [69,71]. Hydroxycinnamic acids are aromatic carboxylic acids having a C6-C3
structure. Ferulic, p-coumaric, caffeic, and sinapic acids are some of the most frequent
hydroxycinnamic acids found in grains (Figure 1). Hydroxybenzoic acids have a C6-C1 structure, and
p-hydroxybenzoic, gallic, vanillic, and syringic acids are prevalent in grains. It should be
demonstrated that hydroxycinnamic acids are more abundant in plants than hydroxybenzoic acids
[72,73], and the phenolic acids present in whole grains include ferulic, vanillic, caffeic, syringic, and
p-coumaric acids [49,72,73]. Hydroxycinnamic acids are generated in a variety of plant foods,
including coffee beans, tea, maté, berries, citrus, grapes, spinach, beetroots, artichokes, potatoes,
tomatoes, and cereals [74]. Cinnamic-related compounds have been shown to have anticancer, anti-
tuberculosis, antimalarial, antifungal, antibacterial, antiatherogenic, and antioxidant properties.
There are several cinnamic acid isoforms found in nature, with trans-CA (trans-3-phenyl-2-propenoic
acid; t-CA) being the most common. Because of its low toxicity, t-CA has been widely employed as
an antibacterial/antifungal component in medicine. t-CA is present in triticale, barley, oat, rye, rice,
and maize [75], sorghum [76], and millet [77], with millet and quinoa having undetectable levels. The
following literature will cover the composition of phenolic acids, including derivatives of benzoic
and cinnamic acids in whole grains, as they are present in the most widely eaten grains. Furthermore,
the significance of these phytochemicals to the health advantages of whole grain consumptions is

Figure 1. Chemical structures of targeted phenolic acids.
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In (Table 4) we have reviewed 8 phenolic acids in targeted cereal grains, which demonstrate that
Ferulic acid (4-hydroxy-3-methoxycinnamic acid; FA) is prevalent in plants and is the product of
phenylalanine and tyrosine metabolism. FA is one of the

most abundant phenolic acids in cereals, found primarily in the cell walls of rye, triticale [75],
corn [78], sorghum [79], millet [80-82], and quinoa [83,84]. The average FA content of these grains
ranges from 46.2 to 827.2 g/g dry weight, with rye and millet having the highest levels and triticale
having the lowest. p-Coumaric acid (3-(4-hydroxyphenyl)-2-propenoic acid; p-CA) has been found in
rye, [75], corn and triticale [85], millet [81], sorghum [80], and quinoa [84]. The range of average p-CA
concentration in grains is from 43.6 g/g dry weight in sorghum up to 340.5 g/g in corn. Caffeic acid
(3,4-dihydroxycinnamic acid) is found mostly in foods as an ester with quinic acid to create
chlorogenic acid. Caffeic acid can be found in rye, corn and triticale [75], millet and sorghum [80],
and quinoa [84]. Sorghum has an average value of 4.6 g/g dry weight, while sorghum has a content
of 32.1 g/g. Sinapic acid (4-hydroxy-3, 5-dimethoxy cinnamic acid; SA) is prevalent in several plants,
including rye [75,86], corn and triticale, [73,75,87], sorghum [79], and millet [80]. In cereals, the
average concentration varies from undetected in quinoa to 94.2 g/g in millet.

Table 4. Review of four hydroxycinnamic acids four hydroxybenzoic acids in targeted cereals g/g of

Dry Weight.
Hydroxycinnamic Acids in Targeted Cereal Grains pug/g of Dry Weight
Whole grains Ferulic acid p-Coumaric Caffeicacid  Sinapicacid  References
Rye (Secalecereale L.) 827.2 (218.7-1170.0)  49.0 (29.9-70.0) 16.2 (12.3-20.0) 94'12485357_ [75,86]
Corn (Zea mays L.) 942 (51.7-140.0) 3405 (97.0-584.0) 15.0 (5.7-24.4) 66.1 (52.9-79.3)[73,75,78,84,85]
Sorghum (Sorghum bicolor) 66.1 (52.9-79.3) 436 (3.8-834) 321 (1.9-62.4) 8.2 [79]
Millets (EZ‘Z‘:Z;C;WC“"“ @) 2334 (20.0-5713)  46.0 (180-1183) 4.6 (1.1-82) 467 (213-721)  [80-82]
. L ‘ 83.0 (50.0-
Triticale (Triticosecale Wittmack) 46.7 (21.3-72.1) 139.8 (21.2-258.5) 9.9 (6.0-13.9) 140.0) [75,85]
Quinoa (Chenopodiunm quinoa 87.7 (23.7-150.0)  48.6 (17.1-80.0) 7.0 - [83,84]
Willd.)
Hydroxybenzoic acids in targeted cereal grains ug/g of Dry Weight
p-Hydr::i):ibenzmc Gallic acid Vanillicacid  Syringic acid
Rye (Secalecereale L.) 14.1 (8.1-20.0) 7.7 18.0 (15.9-20.0) 63 (75]
Corn (Zea mays L.) 8.2 (4.9-11.6) 554 (05-1165) 10.3 (5.4-154) 45.3(4.3-1084)  [75,85]
Sorghum (Sorghum bicolor) 36.2(6.1-148.0)  28.0(132-460) 232 (8.3-50.7) 169 (15.6-19.7)  [78,88]
Millets (EZ‘Z‘;:Z;C;W”"” (L) 3.0 68.6 (38.7-109.0) 22.2 (11.0-33.3) 13.1 (21-24.0) [73,80,81]
. L ‘ 3337 (1234- 4460 (1540- 1732 (5.3-
Triticale (Triticosecale Wittmack) 7.1 (6.9-7.4) 544.0) 738.0) 341.0) [75,85]
Quinoa (Chenopodiunm quinoa 21.7 (13.8-29.0) ; 30.4 (11.7-110.0) - [84]

Willd.)

Hydroxybenzoic acids are phytochemicals found in various diets. It should be emphasized that
circulating hydroxybenzoic acids in humans can be the absorbed products of bacterially mediated
polyphenol metabolism in the lower intestine [89,90]. This chapter discusses widely discovered
hydroxybenzoic acids in grains, namely p-hydroxybenzoic (p-OHBA), gallic (GA), vanillic (VA), and
syringic (SyA) acids. p-OHBA is present in rye, corn, and triticale [75], sorghum [88], millet [72], and
quinoa [84]. The average p-OHBA ranges from 3.0 g/g in millet to 36.2 g/g in sorghum. GA is found
in rye, corn triticale, [75], sorghum [79], millet [80,81], and quinoa [84]. Its presence has not been
reported in quinoa, and the greatest amount among grains was found in triticale, at 333.7 g/g. VA has
been detected in rye, corn, and triticale [75], sorghum [73], millet [87], and quinoa [84]. The average
concentration varies from 10.3 g/g in corn to 446.0 g/g in triticale. Sy A has been found in rye [75], corn
and triticale [85], sorghum [79], millet [72]. It was content was highest in triticale (173.2 g/g) and
undetected in quinoa.

In summary of 8 reviewed phenolic acids (Table 4), FA is the most abundant in all grains except
corn and triticale. In corn, FA is ranked is ranked second and p-Coumaric acid being on the top, while
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in triticale, FA is ranked 5th, with Vanillic acid, gallic acid, syrengic acid and p-Coumaric acid, and
Vanillic acid being the top in triticale, respectively. In buckwheat, vanillic acid and gallic acid are
predominant in descending order. The ranking becomes variable in the rest of the phenolic acids
within grains. The descending order of the sum of the 8 reviewed phenolic acids is triticale, rye, corn,
millet, sorghum and quinoa, of five hydroxycinnamic acids is rye, corn, millet, triticale, sorghum and
qunioa, and of five hydroxybenzoic acids is triticale, corn, millet, sorghum, quinoa, and rye.
Interestingly, the ratio of the sum of hydroxycinnamic acids to hydroxybenzoic acids is larger than 1
in all grains except triticale. These comparisons suggest that each grain prefers one phenolic acid
synthesis pathway to the others, leading to a unique phenolic acid profile. Phenolic acid content in
quinoa appears much lower than in other grains, probably due to low synthesis. However, more
studies are warranted to confirm their contents.

Health Potentials

Epidemiological evidence suggests that phenolic acids have remarkable health-promoting
impacts on chronic disorders, including anti-carcinogenic, anti-inflammatory, and antioxidant
activity (Table 1). The anti-carcinogenic capacity of phenolics is a major disease-preventive effect;
they inhibit the development and progression of malignancies by limiting normal cell transformation,
tumor growth, angiogenesis, and metastasis. Furthermore, phenolics stimulate the expression of
tumor-suppressing proteins such as p53, phosphatase, and the tensin homolog PTEN [91]. Several
investigations have demonstrated that p-coumaric acids have antibacterial, anti-inflammatory and
anti-carcer [92,93] properties. For example, Janicke et al. [94] discovered that p-coumaric acid protects
against colon cancer formation by decreasing the cell cycle progression of Caco-2 colon cancer cells.
Feruloyl-L-arabinose reduced lung cancer cell penetration, motility, and the formation of reactive
oxygen species. Other phenolic acids, such as ferulic, feruloyl-L-arabinose, and p-coumaric, have also
been examined in various cell lines for their anti, inflammation, anti-carcinogenic, antihypertensive,
and antidiabetic potential [95-98]. Ferulic acid possesses anticancer characteristics, according to
Fahrioglu et al. [96], via influencing the cell cycle, invasion, and apoptotic behavior of MIA PaCa-2
(human pancreatic cells). Eitsuka et al. [99] investigated the synergistic anticancer potential of ferulic
acid against cancer cell proliferation and discovered that this combination inhibits the proliferation
of DU-145 (prostate cancer), MCF-7 (breast cancer), and PANC-1 (pancreatic cancer) cells better than
their individual use. Moreover, numerous studies have shown that consuming whole grains rich in
phenolic acids protects against a number of cardiovascular and blood circulation-related diseases,
including caffeic acid, while also improving insulin resistance, plasma triglyceride levels, and platelet
function, anti-carcinogenic and anti-mutagenic properties [100].

Furthermore, no comprehensive investigation on the biological activities of sinapic acid was
found. A literature search revealed the existence of both free and ester forms of sinapic acid, with
some examples of esters being sinapoyl esters, sinapine (sinapoylcholine), and sinapoyl malate [101].
Spices, citrus and berry fruits, vegetables, cereals, oilseed crops, and vegetables are among the edible
plants that contain the phytochemical sinapic acid [102,103]. Sinapic acid has been investigated and
documented in relation to a number of clinical disorders, including infections, oxidative stress [104],
inflammation [105], cancer [106], diabetes [107], neurodegeneration [108], and anxiety [109]. Studies
have also been conducted on the acetylcholinesterase inhibition [110,111], antimutagenicity [112], and
antioxidant activity [113] of a few sinapic acid derivatives, including sinapine, 4-vinylsyringol, and
syringaldehyde. In regards to p-hydroxybenzoic acid, we looked at the antithrombogenic,
anticoagulation, and inhibitory effects of protocatechuic acid, isovanillic acid, and 4-hydroxybenzoic
acid, which all function as antithrombotic and anticoagulant agents [114,115]. However, there are no
studies on how these substances affect blood cell viability or their inhibitory effects on fibrin clot
formation, plasma recalcification, or the enzymatic activities of procoagulant proteases or
fibrinoligases. DU-145 human prostate carcinoma cells and human leukemia (HL)-60 cancer cells are
two examples of the cancer cells that gallic acid has been shown to have a strong anticancer impact
on in a number of studies [116,117]. Furthermore, human epidermoid carcinoma (A431) skin cancer
cells are not able to proliferate when methyl gallate is present [96,118]. In addition, it has been
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demonstrated that phenolic acids are considered excellent antioxidants that are capable of
neutralizing excessive damage to the body produced by free radicals and chronic disorders. The
antioxidant capacity of hydroxybenzoic acids is centered on phenolic hydroxyl. Other than that’s,
methoxy and carboxy groups have a significant impact on phenolic acid antioxidant capability.
Which have an important role in the prevention of Alzheimer's and Parkinson's diseases, both of
which are neurological illnesses, including vascular dementia and cerebrovascular insufficiency
syndromes [119-121], as well as antidiabetic, anticancer, cardio-protective, and anti-inflammation
agents [122] Table 5.

Table 5. Phenolic acids and their health potentials.

Phenolic Acids Health Potentials References
p-Coumaric Anti-microbial, Anti-inflammatory, Anti-cancer, [92,2]
Ferulic acid Anti-cancer, Anti-hypertension, Anti-diabetes, Anti-inflammation [95-98]
Caffeic acid Anti-mutagenic, Andti-arcinogenic activity [100]

Anti-oxidative , Anti-inflammation, Anti-cancer, Anti-diabetes, Anti-neurodegeneration,

Sinapic acid Anti-anxiety [104-109]
p-Hydroxybenzoic . . .

acid Anti-thrombotic and Anti-coagulant [114,115]

Gallic acid Anti-cancer HCV inhibition Anti-bacterial [116-118]

Alzheimer's disease and Parkinson’s Disease. Neurological disorders, Vascular dementia, [119-121]
Anti-inflammatory and Cerebrovascular insufficiency states.
Syringic acid Antidiabetic, Anticancer, Cardioprotective, Anti-inflimation [122]

Vanillic acid

Table 5 summarizes the grains phenolic acids and health potentials, with regard to p-
Hydroxybenzoic acid intake, there is a large body of epidemiological evidence on its protective effects
against a variety of chronic ailments such as cancer, inflammatory diseases, and bacterial disorders,
as well as lowering diabetes, cardiovascular, and neurodegenerative diseases. Several studies have
been conducted to investigate the anti-platelet aggregation and antithrombotic activities of
protocatechuic acid, isovanillic acid, and 4-hydroxybenzoic acid, which act as antithrombotic and
anticoagulant, but no studies have been conducted on the effect of these compounds on blood cell
viability and their inhibitory effects on fibrin clot formation, enzymatic activities of procoagulant
proteases or fibrinoligases, and plasma recalcification. Furthermore, there is no extensive research on
the biological properties of sinapic acid in the literature. These studies have been outlined in this brief
review article so that the scientific community can pay more attention to sinapic acid's biological
characteristics. Furthermore, cereal grains phenolics have been shown to inhibit Parkinson's and
Alzheimer's illnesses, as well as have anti-analgesic, anti-allergic, cardio-protective, and anti-diabetic
properties. As a result, phenolic compounds are considered to be beneficial natural bioactive and
nutraceutical agents for preventing/inhibiting of inflammation and other several chronic non-
communicable diseases.

4. Effect of Consuming Whole Grains on Inflammation Active Components
4.1. Evidences from Epidemiological Studies

Epidemiological studies significantly support the findings that whole grain intake is associated
with a lower risk of inflammation as well as several other diseases like coronary heart disease,
cardiovascular disease, type 2 diabetes and cancer [18-20,47,123]. Research indicates that consuming
whole grains may reduce the incidence of inflammation [4-7,15,21-23]. Although the mechanisms
underlying this beneficial impact remain unclear, the significance of subclinical inflammation as a
common denominator in most disease processes is gradually attracting attention in the literature
[124,125].

In this regard, Xu et al. [126] conducted a meta-analysis of data collected from different
randomised controlled trial studies to investigate the relationship between whole grain intake and
circulating inflammation markers. This meta-analysis contained data on 838 individuals from nine
RCTs. The findings of these analyses revealed that alterations in the inflammatory markers CRP, IL-
6, TNF-a, and IL-13 were negatively correlated with higher whole grain intake (standardized mean
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difference, 0.16; 95% confidence interval, 0.02-0.30). Furthermore, whole grain consumption was
found to be inversely associated with a significant decrease in the levels of IL-6 (standardised mean
difference, 0.19; 95%CI, 0.03-0.36) and CRP (standardised mean difference, 0.29; 95%CI, 0.08-0.50).
Similar in another meta-analysis of 13 studies including 466 participants indicated that consuming
whole grains significantly increased blood concentrations of hs-CRP and IL-6, but had no significant
influence on TNF-a levels [127].

Furthermore, in another intervention trail study, Zamaratskaia et al. [128] investigated the
impact of a whole grain diet on low-grade inflammatory biomarkers in individuals with prostate
cancer. Seventeen men with untreated, low-grade prostate cancer were given 485 g/d of whole grain
rye and rye bran products, or refined wheat products with added cellulose. In males with prostate
cancer, consumption of whole grains rye and rye bran decreased the inflammatory biomarkers TNF
receptor-2, E-selectin, and endo-statin compared to diets including refined wheat products. A
beneficial impact of whole grains consumption on subclinical inflammation was reported by [129],
when 50 obese participants (body mass index > 30 kg/m2) consumed whole grains-rich meals for a
period of 12 weeks. The author discovered that CRP concentrations in the whole grains group had
significantly decreased, by 38%, at the end of the intervention, while refined-grain concentrations
remained unchanged [129].

Many systematic reviews and meta-analyses have been published summarizing these benefits,
which have now been collected into so-called "umbrella reviews" [130-132] that validate these
findings. Whole grains have been shown in studies to enhance glucose kinetics, reduce peripheral
insulin resistance, and lower inflammation [6,7,126,133]. However, consuming whole grains may not
be the only reason for the observed improved health outcomes because people who eat whole grains
tend to live a healthier lifestyle in general, including smoking less, drinking less alcohol, and being
more physically active [134,135].

4.2. Dietary Fibres

Whole grains are high in soluble dietary fiber, particularly -glucan, which has numerous
physiological and nutritional benefits. However, B-glucan is considered to be a major active
component of whole grains that alters and stimulates the gut bacteria (Figure 2). Increased dietary
fiber consumption has been shown to provide a number of health benefits, including anti-
inflammatory properties. There are additional indications of a direct link between carbohydrate-rich
and dietary fiber-deficient diets in the development of inflammation, providing support to the
essential role of dietary fibers in inflammation [136]. Qi et al. [137] investigated the effect of whole
grains dietary fiber on inflammatory markers and revealed an inverse correlation between the highest
and lowest quintile of cereal fiber consumption and lower levels of CRP and TNF receptor-2
concentrations (18% and 8%, respectively). The impact of [3-glucan from whole grains products on
ulcerative colitis has also been studied. Ulcerative colitis is a severe inflammatory bowel disease
characterized by inflammation in the gastrointestinal tract and caused by persistent or recurrent
immune system activity. Upregulation of pro-inflammation markers, such IL-1f3, has been observed
in both colitis patients [65] and animal models [66]. Most research on colitis focus on the pro-
inflammation biomarker IL-1f3, which is primarily generated by lamina propria monocytes, including
macrophages that infiltrate the colitis mucosa [67]. In a similar study, diets which includes 2 whole
grains barley cultivars, SW and Hadm, varying in dietary fiber and (3-glucans content, as well as the
solubility of dietary fiber, were provided to male Wistar rats, and their anti-inflammatory activities
were investigated [60]. The author found that consumption of barley can reduce the risk of
inflammation, as evidenced by observed lower levels of plasma LPS-binding protein and monocyte
chemoattractant protein-1.

Liu et al [61] examined the protective effect of oat B-glucan against colitis induced by dextran
sodium sulfate in 80 mice. The results of this study revealed a decrease in aberrant mRNA expression
of the inflammation biomarkers in intervention diet, TNF-«, IL-6, and IL-1{3 after consuming of oat
B-glucan (500 mg/kg and 1000 mg/kg). In contrast, Wilczak et al [138] studied the impact of two types
of B-glucan (high molecular weight oat 3-glucan and low molecular weight oat $-glucan) on 72 male
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Sprague-Dawley rats with LPS-induced enteritis. This study found that 3-glucan, particularly low
molecular weight oat (-glucan, has strong anti-inflammatory properties, as evidenced by pro-
inflammatory (IL-12, TNF-a) data, anti-inflammatory markers, and the profiles of both lymphocyte
populations (intraepithelial and lamina propria) residing in colon tissue.

Given the likely effects of dietary fiber on colonic microbiota diversity and Short chain fatty acid
(SCFAs) production outlined above, as well as the known effects of butyrate in the mediation of
inflammatory pathways, it is entirely plausible, if not likely, that dietary fiber has an influence on
inflammatory status both within the colon and systemically. Future research should focus on the
mechanisms implicated. Given the numerous potential beneficial effects of dietary fibre discussed in
this section, as well as the complexity of the implicated mechanisms (including the involvement of
the colonic microflora), identifying the actual mechanisms that mediate dietary fibre's anti-
inflammatory effects will be difficult and will require a variety of approaches, including
prospectively designed Randomized Controlled Trials (RCTs) and rodent-based mechanistic studies.

4.3. Phenolic Acids

Inflammation is an important biological response to any tissue injury. The immune system
responds to any stimulus, such as irritation, damage, or infection, by releasing pro-inflammatory
cytokines [139]. Overproduction of pro-inflammatory cytokines, including TNF-a and IL-1b, can lead
to serious adult disorders like CVDs, joint disorders, cancer, and allergies. Thus, suppressing the
overproduction of these pro-inflammatory cytokines is critical for controlling and preventing these
diseases. Phenolic compounds have been used to treat inflammation and related disorders since
prehistoric era. In order to better understand the impact of whole grains on inflammation, several
bioactive components of whole grains and their metabolites were investigated for their potential
impact on inflammation indicators [17,140]. Although previous research has primarily focused on the
presence of fiber in whole grains for their anti-inflammatory properties, current research suggests
that anti-inflammatory agents in whole grains extend beyond fiber [141,142]. Other bioactive
compounds found in whole grains, such as phenolic compounds, tocols, folates, and phytosterols,
have also been linked to their anti-inflammatory properties. In this regard [143] investigated the anti-
inflammatory properties of p-coumaric acid by measuring TNF-a level in arthritic rats' synovial
tissue. P-coumaric acid has strong anti-inflammatory activity, reducing TNF-a expression. In
addition [95] reported that ellagic and caffeic acid have anti-inflammatory properties. Both caffeic
acids and ellagic acids were fed to mice by mixing it into their usual diet in the ratio of 2.5 and 5.0%.
The expression of inflammatory mediators was decreased upon inculcation of these phenolic acids.
Furthermore, caffeic acid also had anti-inflammatory, anti-hyperglycaemic, and anti-hyperlipidemia
effects in a high fructose diet-mediated metabolic alteration model by reducing pro-inflammatory
cytokines like serum IL-6, IL-8, and TNF-a [18]. Interestingly, Ibitoye et al., found [144] that by
increasing the bioavailability of NO, caffeic acid positively regulates blood pressure in rats with
cyclosporine-induced hypertension.

Whole grains contain avenantramides (AVAs), which are secondary metabolites. These
polyphenolic compounds, which are found in the bran portion of oat grains and are crucial
components of oat groats, have also been investigated for their potential to promote health,
particularly in relation to inflammation. The three most prevalent AVAs in oat are, Esters of 5-
hydroxyanthranilic acid with p-coumaric acid (2p or AVA-A), ferulic acid (2f or AVA-B), or caffeic
acid (2c or AVA-C). Oat's phenolic compound, AVAs, has also been shown to have anti-inflammatory
and antioxidant properties. AVAs have demonstrated antioxidant and anti-inflammatory properties
in both in vitro and in vivo studies, has been found to significantly reduce the systemic pro-
inflammatory response in exercise-induced inflammation in both younger and older women [145].
This study observed that AVA treatment decreased neutrophil respiratory burst, CRP, IL-1f3, IL-6
levels, and NF«B activation. Liu et al. [146] studied the anti-inflammatory and anti-atherogenic
properties of oat AVAs in a human aortic endothelial cell culture system. Pretreatment of human
aortic endothelial cells with AVAs for 24 hours significantly reduced IL-1B-induced inflammation.
Additionally, Sur et al. [147] also investigated the anti-inflammatory effects of AVA on human
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keratinocytes. Results of this study found that AVA treatment significantly lowered NF-«kB-
dependent luciferase activity and a subsequent reduction in the release a-IL-8 release in TNF-a-
treated keratinocytes.

Phenolic acids and their circulating metabolites have been shown to have anti-inflammatory
effects ex vivo. In this regard, Mateo Anson et al. [34] investigated the effects of phenolic acids and
their metabolites on inflammation biomarkers. In this study, 8 healthy men followed a low-phenolic-
acid diet for 3 days and then fasted overnight before consuming either 300g of whole wheat
bioprocessed bread with high phenolic acid concentrations or normal wheat bread with low phenolic
acid concentrations. Blood samples were drawn and incubated with LPS after consuming bread for
0, 1.25, 6, and 12 hours, respectively. A comparison of different blood samples revealed a significantly
lower pro-inflammatory to anti-inflammatory cytokine ratio in LPS-stimulated blood obtained after
consuming bioprocessed wheat bread with high phenolic acid content versus bread with low
phenolic acid content.

In summary, studies on the effect of whole grains on inflammation have been inconclusive, most
likely due to differences in study approaches and designs. For example, while some studies
completely controlled the diet, maintained weight, and kept the dietary components under
investigation constant, others were not as controlled. Furthermore, some study designs did not
include biomarkers of adherence, which may have influenced the observed effect of whole grains on
inflammatory markers. Furthermore, while some studies were conducted on healthy individuals who
were unlikely to be immune compromised or have a high inflammatory status, it is possible that more
pronounced changes would have been observed in participants preselected for having a high
inflammatory status or chronic disease. Hence, further studies and clinical trials are greatly needed
to fully establish the therapeutic efficacy of phenolic acids as well as to determine their safety for
human consumption.

4.4. Proposed Mechanism of Anti-Inflammatory Properties of Whole Grains Dietary Fibres and Phenolic
Acids; and Involvement of Gut Microbiota

The ability of whole grains to modulate inflammation has also been attributed to SCFAs, which
are byproducts of the microbial degradation of whole grains dietary fiber (Figure 2). The anti-
inflammatory properties of whole grains may be partially attributed to the bioactive properties of
SCFAs. Furthermore highlighting the significance of SCFAs in reducing inflammation, it has been
reported that WG consumption increases the concentration of Lachnospira, a producer of SCFAs, and
stool SCFA concentration when compared to refined-grain consumption [148]. Through controlling
leukocyte functions and cytokine production, SCFAs (butyrate, propionate, and acetate) in the blood
and gastrointestinal tract can reduce inflammation. Cytokines are intercellular messengers and
soluble regulatory signals that initiate and constrain inflammatory responses via signaling pathways,
including NF-«B and mitogen-activated protein kinase. Cytokines migrate to the sites of
inflammation and destroy microbial pathogens [149].  While cytokines are important in
coordinating the development of innate and adaptive immune responses to inflammation, they can
be life-threatening in excess. In addition, SCFAs can have an effect on histone deacetylase function.
Histone deacetylase inhibitors have been shown to reduce cytokine levels in plasma as well as ex
vivo responses to pro-inflammatory stimuli [150,151]. Several studies have recently been published
that describe SCFAs' ability to activate immune cells, which helps in the destruction of inflammation-
triggering pathogens while also controlling the production of cytokines and chemokines when in
excess.

The phenolic acid has also been shown to have antioxidant and anti-inflammatory properties. In
vitro and in vivo studies have shown that phenolic acids have antioxidant and anti-inflammatory
properties (Figure 2). Supplementation with phenolic acids was found to significantly reduce the
systemic pro-inflammatory response to exercise-induced inflammation [145]. The study found that
treatment with phenolic acids reduced neutrophil respiratory burst, CRP, IL-1p, IL-6 levels, and
NF«B activation. Furthermore, Liu et al [146] investigated the anti-inflammatory and anti-
atherogenic effects of whole grain phenolic acids in a human aortic endothelial cell culture. The
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author discovered that pretreatment of human aortic endothelial cells with phenolic acids for 24
hours significantly reduced IL-1(3-induced inflammation. Sur et al. [147] investigated the potential
anti-inflammatory effects of phenolic acids in human keratinocytes. This study found that phenolic
acids significantly inhibited NF-kB-dependent luciferase activity and reduced IL-8 release in TNF-a-
treated keratinocytes.
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Figure 2. Overview of the anti-inflammatory properties of whole grains dietary fibres and phenolic
acids, involvement of gut microbiota and diseases outcomes. IFN-Y, interferon gamma; IL-1f3,
interleukin 1 beta; IL-6, interleukin 6; iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide;
NF«B, nuclear factor kappa-light-chain-enhancer of activated B cells; RNS, reactive nitrogen species;
ROS, reactive oxygen species; TNF-a, tumor necrosis factor alpha; CVD, cardiovascular diseases; T2D,
type 2 diabetes.

The ability of whole grains to affect both host metabolism and gut microbial ecology suggests
that some of their benefits are mediated by their effects on the gut microbiome (Figure 2). As a result,
some nutritional studies have investigated the effect of whole grains on inflammation, as well as the
role of the gut microbiome in this intervention. Lee et al [152] discovered that whole grains had a
modulatory effect on inflammation markers, as well as changes in the population of useful microbiota
such as Lactobacillus and Bifidobacterium, as well as a lower abundance of the Bacteroides fragilis
bacteria group in the cecum. Furthermore, Vitaglione et al. [33] found a correlation between an
increase in Lactobacillus and Bacteroides spp. abundance and a noteworthy decrease in the
inflammatory marker TNF-a. Furthermore, Martinez and colleagues [153] investigated if the impact
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of whole grains on markers of inflammation was linked to the gut microbiota. Results of this
investigation indicated a decrease in plasma IL-6 levels and a tendency toward a decrease in plasma
hs-CRP levels. These findings may have stimulated anti-inflammatory effects, which could be
associated to a reduction in LPS translocation and an enhancement of the gut barrier function. It
seems that a number of mechanisms affect how whole grains modulate inflammation. The effects of
fiber, phenolic acids and their metabolites, and microbial metabolites SCFAs (associated with fiber)
may be among these actions. While some of these effects are direct, others are due to the prebiotic
effects on gut microbiota that change significant bioactive compounds into more beneficial
metabolites, which then influence biomarkers associated with inflammation.

5. Conclusions

This article presents a comprehensive review of the composition and biological activity of whole
grain dietary fibres and phenolic acids. As reviewed above, whole grains contain a variety of dietary
fibres and phenolic acids; however, different grains have typically had a distinct dietary fibre and
phenolic acid profile. The benefits of dietary fibres and phenolic acids from whole grains (cereals and
pseudo-cereals) have been extensively studied throughout the years. The majority of components
associated with health are concentrated in the bran and germ, which are removed during the grains-
refining process. Emerging evidences suggest that consumption of whole grains provide benefits
beyond basic nutrition, a fact sustained by epidemiological studies demonstrating, a protective effect
of a whole grains and inflammation. The anti-inflammatory activity may involve the impact of
dietary fibres, microbial metabolites SCFAs and phenolic acids. While some of these effects are direct,
others involve the prebiotic on gut microbiota that transform essential bioactive compounds to more
beneficial metabolites, which, in turn, affect inflammatory biomarkers. Challenges appear in diverse
areas, therefore it is critical to determine which of these components may have the greatest protective
action. Future research may investigate whether the whole grain's bran and germ are directly
associated with reducing the risk of inflammatory markers, or whether the associations are primarily
driven by dietary fibres, specific phenolic acids, or another aspect of the diet, and could significantly
contribute to the next generation of healthy cereal-based products.

In general, whole grains contain both dietary fibers and phenolic acids. The modulatory effects
of whole grains on inflammation appear to be influenced via several mechanisms. Consumption of
whole grains on risk of inflammation includes not only the beneficial effects of dietary fibres, but also
the direct anti-inflammatory and antioxidant effects of phenolic acids. Moreover, gut microbiota also
contributes a significant role in the anti-inflammatory properties of whole grains. Therefore, it will
be interesting to determine the independent effects of bran and germ while investigating the
relationship between consumption of whole grain dietary fibres and phenolic acids; and the influence
on inflammatory markers. In order to validate the action and strength of the relationship, the gut
microbiota should be considered when interpreting the data and making conclusions in future
studies.
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