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Abstract

Cereals are a staple food in the diets of many populations globally. Besides their nutritive function in food, they are
also rich in various groups of bioactive compounds, especially polyphenols. Wheat, rice, barley, rye, oat, maize,
millet, sorghum, and other cereal grains present a great variety of phenolic acids, flavonoids, proanthocyanidins,
alkylresorcinols, and lignans, which can be affected in many ways by the post-harvest treatments and further
processing of these feedstocks. This review discusses up-to-date studies about the effects of common cereal pro-
cessing techniques on their phenolic composition, biological activities, and bioefficiency. Generally, mild thermal
and high-pressure treatments enhance cereals’ phenolic composition by releasing the insoluble-bound fraction,
which increases their bioaccessibility. On the other hand, processes involving extreme temperature conditions
and removal of the grains’ outer layers may drastically reduce the phenolic content. Therefore, it is imperative to

optimize the processing conditions of cereals, so their health-promoting benefits are preserved.
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1. Introduction

Cereal cultivation has been a crucial factor for the development of
many countries due to its economic and nutritional importance. As
staple foods, they are able to provide a significant portion of energy
and dietary needs. Cereals are rich in protein, selected micronutri-
ents, and even antinutrients. Maize, rice, wheat, barley, sorghum,
millets, oat, and rye are among the most cultivated cereals globally,
playing a vital role in the economy of both developed and develop-
ing countries (Raheem et al., 2021). However, the importance of
cereals extends beyond their essential nutrients. The consumption
of whole grains (containing endosperm, germ, and bran) has been
associated with a decreased incidence of cardiovascular diseases,
some types of cancer, type 2 diabetes, and obesity, among others
(Shahidi, 2009). These effects are due to the action of bioactive
compounds present in such foods (Shahidi et al., 2019).

The most prominent bioactive classes of compounds found in

cereals include phenolics, carotenoids, phytosterols, beta-glucans,
and gamma-oryzanol. In raw cereals, their amount and profile vary
according to their location in the grain. Usually, refined cereals
possess an underwhelming bioactive composition compared to
whole grains due to the removal of germ and bran, where several
bioactives are located. The mechanism through which these com-
pounds exert their beneficial effects varies according to their type,
structure, occurrence in the matrix, and other conditions. Never-
theless, a number of bioactive substances have in common their
capacity to act as antioxidants, dampening oxidative stress in the
body, thus protecting the macromolecules (e.g., lipids, proteins,
DNA) against damage that can lead to the development of chronic
diseases. This has been deemed one of their most appealing fea-
tures, helping the promotion of consumption of bioactive-rich
foods and their capacity to serve as ingredients for nutraceutical
and functional food development (Naczk and Shahidi, 2006).

The susceptibility of bioactive compounds in cereals is influ-
enced by temperature and pH variations, exposure to light and ox-
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Table 1. Chemical composition of the major cereal grains produced worldwide (whole grain)
Wheat Rye Maize Barley Oats Rice Millet

Moisture (g/100g) 12.6 13.6 11.3 12.1 13.1 13.0 12.0
Protein (g/100g) 11.3 9.4 8.8 111 10.8 7.7 10.5
Lipids (g/100g) 1.8 1.7 3.8 2.1 7.2 2.2 3.9
Available carbohydrates (g/100g) 59.4 60.3 65.0 62.7 56.2 73.7 68.2
Fiber (g/100g) 13.2 13.1 9.8 9.7 9.8 2.2 3.8
Minerals (g/100g) 1.7 1.9 1.3 2.3 2.9 1.2 1.6
Thiamine (B1) (mg/kg) 4.6 3.7 3.6 43 6.7 4.1 43
Riboflavin (B2) (mg/kg) 0.9 1.7 2.0 1.8 1.7 0.9 1.1
Nicotinamide (mg/kg) 51.0 18.0 15.0 48.0 24.0 52.0 18.0
Panthothenic acid (mg/kg) 12.0 15.0 6.5 6.8 7.1 17.0 14.0
Vitamin B6 (mg/kg) 2.7 2.3 4.0 5.6 9.6 2.8 5.2
Folic acid (mg/kg) 0.9 1.4 0.3 0.7 0.3 0.2 0.4
Tocols (mg/kg) 41.0 40.0 66.0 22.0 18.0 19.0 40.0

Adapted from Koehler and Wieser (2013).

ygen, and enzymatic reactions. Such factors can compromise their
ability to serve as antioxidants and exert their biological activities
(Chawda et al., 2017). Moreover, exposure of bioactives to the
aforementioned environmental factors is common for cereal grains
and cereal products due to post-harvest treatment and storage. At
this stage, cereals undergo a series of processing steps designed to
clean, sort, and remove inedible portions (primary processing) and
can even be transformed into more appealing products (secondary
processing), being subjected to more extreme processes such as
frying and extrusion (Food and Agriculture Organization, 2021).
Therefore, it is imperative to analyze how the major bioactives
found in cereals are affected by grain processing.

This review discusses up-to-date information on the transfor-
mations of cereal grains upon processing and the effects of com-
monly used unit operations on phenolic compounds, one the most
relevant groups of bioactive substances encountered in highly pro-
duced cereals.

2. Cereal grains: economic and nutritional importance

Cultivation of cereal grains drives the economy of several territo-
ries worldwide. The Food and Agriculture Organization (FAO) of
the United Nations estimates that around 70% of the world’s farm-
land is used to cultivate cereal grains. Approximately 45% of the
world’s economically active population is engaged in agriculture-
related activities, primarily planting and harvesting cereal grains
(Serna-Saldivar, 2016). Data from the 2020/2021 harvest (Statista,
2021) shows that corn (maize) is the most produced cereal in the
world, reaching 1.12 billion metric tons, followed by wheat (775.8
million metric tons (Mt)), milled rice (505 Mt), barley (159.74 Mt),
sorghum (62.05 Mt), oats (25.53 Mt), and rye (14.3 Mt). China is
the largest cereal producer with over 612 Mt harvested in 2018,
followed by the United States with 467 Mt, and India with 318
Mt. Most of this production is directed to animal feed and etha-
nol manufacture, with human consumption receiving the smallest
fraction. According to Food and Agriculture Organization (2020),
cereal production is expected to grow by 375 Mt in 2029. This
expansion is due to the development of better agricultural practices

and advances in biotechnology.

From a nutritional standpoint, the availability of cereals is im-
portant for meeting the global food demand since it is a cost-effec-
tive and nutritious food option, especially when considering the
population of developing countries (Raheem et al., 2021). Cereals
are botanically classified as grasses belonging to the monocot fam-
ily Poaceae. According to climate demands, cereals can be either
warm-season or cool-season. Warm-season cereals encompass
those grown year-round in tropical climates and during the frost-
free season in temperate climates. Examples include corn, rice,
sorghum, and millet. On the other hand, cool-season cereals are
grown in moderate climates and include wheat, barley, oats, and
rye (Koehler and Wieser, 2013). Anatomically, cereal grains are
composed of bran, germ, and endosperm. The endosperm is the
inner layer, making up most of the grain, and it is rich in starch
and proteins. The germ is a small nutrient-rich core containing vi-
tamins, fatty acids, and bioactive compounds. The bran is the outer
layer involving the endosperm, a source of fiber, B vitamins, and
trace minerals. The husk is combined with the bran in selected spe-
cies, such as oats, barley, and rice (Sidhu et al., 2007).

Chemically, cereal grains are mainly composed of carbohy-
drates (56-74%), especially the starch fraction deposited in the
endosperm, with fiber (mainly in the bran) representing 2—13%
(Koehler and Wieser, 2013). Table 1 shows the chemical composi-
tion of some of the most relevant cereal grains grown worldwide.

In general, cereals are high in their starch content which is high
in amylopectin (72-75%), while amylose accounts for 25-28%.
Besides its nutritional importance in cereals, starch plays a func-
tional role when processed and transformed into value-added prod-
ucts due to its gelatinization (in pasta, for example) and retrogra-
dation properties (in cereal-based baked goods) (Rodehutscord et
al., 2016).

As for cereals’ protein composition, a great variability ex-
ists depending on the type of cereal. In general, the amino acid
glutamine is the predominant one in most cereals, representing
15-31% of all amino acids present. Wheat, rye, and barley pos-
sess a significant fraction of proline (12—14%). Leucine (7-14%)
and alanine (4-11%) can also be found in high amounts in cereal
grains. On the contrary, essential amino acids, such as tryptophan,
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methionine, histidine, and lysine, are present in smaller quantities
(0.2-1.0, 1.3-2.9, 1.8-2.2, and 1.4-3.3%, respectively). However,
with recent advances in genetic engineering, there is a possibility
of increasing the levels of essential amino acids, as successfully
achieved in the case of high-lysine barley and corn (Yu and Tian,
2018).

The germ is the principal storage site for cereal lipids. Among
cereals, oat is a significant source of lipid (6-8%) as opposed to
wheat and rye (1.7%). The fatty acid composition of oat lipids is
similar to most cereal grains, with a predominance of linoleic acid
(39-69%), followed by oleic acid (11-36%) and palmitic acid (18—
28%). Although triacylglycerols are the primary lipid class in the
germ, a small fraction of phospholipids and glycolipids can also be
found in the endosperm (Koehler and Wieser, 2013).

Minerals and vitamins are the minor constituents of cereals.
In terms of mineral content (calcium, magnesium, potassium,
phosphorus, iron, and sodium), cereals are richer than milk, meat,
and vegetables but present lower concentrations when compared
to pulses. Nevertheless, as staple foods, cereals are consumed in
high quantities; thus, being characterized as significant sources of
minerals in the diet. The majority of minerals in cereals are con-
centrated in the bran and the germ. Meanwhile, cereals are rich
sources of vitamins from the B-group and tocopherols. Similar to
minerals, the vitamins are mainly found in the germ, highlighting
the importance of consuming whole grains as opposed to refined
cereals (Baniwal et al., 2021).

3. Phenolic compounds in cereals

Phenolic compounds are secondary plant metabolites that have
the primary role of protecting against oxidative stress, ultraviolet
light, and pathogen attack (Shahidi and Naczk, 2003). Structur-
ally, phenolics are characterized by the presence of one or more
aromatic rings holding one (monophenols) or more (polyphenols)
hydroxyl groups (Duodu, 2011). To date, over 8,000 phenolics
have been identified in natural sources, being classified into sev-
eral subgroups according to their hydroxylation and methylation
pattern (Shahidi et al., 2019). Flavonoids, phenolic acids, and tan-
nins (proanthocyanidins and hydrolysable tannins) are the most
significant phenolic subclasses; however, lignans and alkylresor-
cinols are also important phenolic classes in cereals (Cheynier et
al., 2013; Shahidi et al., 2019).

Phenolic acids are derived from benzoic and cinnamic acids,
being classified into hydroxybenzoic (e.g., p-hydroxybenzoic, pro-
tocatechuic, vanillic, syringic, and gallic acids) and hydroxycin-
namic acids (e.g., p-coumaric, caffeic, ferulic, and sinapic acids)
(Duodu, 2011; Shahidi et al., 2019). Compounds belonging to this
subgroup may also be associated with macromolecules in cereal
matrices, such as cellulose, hemicellulose, and pectin, acting as
the building blocks supporting the cell wall. This fraction is known
as insoluble-bound phenolics and can represent up to 60% of all
phenolic compounds present in selected grains (Shahidi and Yeo,
2016).

Meanwhile, flavonoids are the largest phenolic class in terms of
number of compounds. Their basic structural skeleton is C6-C3-
C6, where two benzene rings are connected to a central hetero-
cyclic ring through a three-carbon bridge. They can be further
broken down into flavanones, flavonols, flavan-3-ols, flavones,
isoflavones, flavanonols, and anthocyanins, the latter being water-
soluble pigments (Shahidi et al., 2019). Cereal grains are abundant
sources of flavonoids. In such materials, they can be present either
as insoluble-bound or soluble compounds. The soluble flavonoids

may occur in the free form, or they can be conjugated with poly-
saccharides (glycosides) or esterified/etherified to fatty acids (Sha-
hidi and Yeo, 2016).

Monomeric flavonoids can form oligomers and polymers,
obtaining a higher degree of complexity. These polyphenols are
known as proanthocyanidins; polymeric structures composed of
(+)-catechin and (—)-epicatechin. Besides flavonoids, phenolic ac-
ids can also form polymeric structures known as hydrolysable tan-
nins, which can be either esters of gallic (gallotannins) or ellagic
(ellagitannins) acids (Shahidi and Yeo, 2016).

Besides phenolic acids, flavonoids, and tannins, other phenolic
groups are also considerable in cereals, namely lignans and alkyl-
resorcinols, the latter being a class of phenolic lipids. Lignans are
dimers with a 2,3-dibenzylbutane structure. They are precursors of
phytoestrogen, and can occur in cereal grains such as rye, wheat,
barley, and oats (Bhattacharya et al., 2010). Meanwhile, alkylres-
orcinols are amphipathic 1,3-dihydroxybenzene derivatives carry-
ing an alkyl chain (odd-numbered) at position 5 of the benzene
ring. They are present in wheat, rye, barley, millet, and maize
(Ross et al., 2003a).

The antioxidant power of phenolic compounds is related to
most of their known bioactivities. They can function both as pri-
mary (free radical scavenging) or secondary (metal chelation) an-
tioxidants. As primary antioxidants, phenolics can donate hydro-
gen atoms to free radicals, stabilizing them and interrupting the
propagation of oxidation. Then, the compound is transformed into
a phenoxyl radical, which gains stability by delocalizing its un-
paired electron around the aromatic ring. On the other hand, phe-
nolics bearing catechol and galloyl groups can also act as second-
ary antioxidants by complexing with transition metals, preventing
metal-catalyzed initiation of free radicals and formation of reactive
oxygen species (Chen et al., 2020).

According to Naczk and Shahidi (2006), flavonoids and phe-
nolic acids in cereals occur as free compounds or conjugated with
other molecules, being mainly located in the bran, even though the
endosperm and germ also present considerable amounts. Table 2
presents the phenolic composition of major cereal grains.

Zhang et al. (2019) analyzed the pericarp of purple maize and
reported a total phenolic content (TPC) of 69.1-229.1 mg of gallic
acid equivalents (GAE)/g and total anthocyanin content of 17-93.5
mg of cyanidin-3-glucoside equivalents (C3G)/g, varying accord-
ing to the genotype. The anthocyanins cyanidin-3-glucoside,
pelargonidin-2-O-glucoside, peonidin-3-O-glucoside, cyanidin-
3-(6"-malonylglucoside), pelargonidin-3-(6’-malonylglucoside),
and peonidin-3-(6'-malonylglucoside were identified in the sam-
ples. Besides, phenolic acids, namely o-coumaric, caffeic, vanillic,
protocatechuic, and ferulic acids were also identified, as well as
flavonoids rutin, luteolin, quercetin, naringenin, and kaempferol.
In terms of bioactivities, the authors demonstrated that quercetin,
luteolin, and rutin were the main contributors to the anti-inflam-
matory and anti-diabetic actions displayed by the samples. At the
same time, vanillic and protocatechuic acids had a major impact in
terms of anti-adipogenic potential.

According to Suriano et al. (2021), among pigmented maize, the
purple variety is the richest one in terms of total phenolic (4,047
ng GAE/g), total flavonoid (1,998 pg of catechin equivalents
(CE)/g), total anthocyanin (780 pg C3G/g), and total proanthocya-
nidin (1,381 pg CE/g) contents, followed by blue maize (2,416 ug
GAE/g, 1,739 pg CE/g, 216 pg C3G/g, and 1,279 png CE/g, re-
spectively) and red maize (2,373 pg GAE/g, 1,664 ug CE/g, 38.9
ng C3G/g, and 578 pg CE/g, respectively). Conventional yellow
maize had the lowest total phenolics (1,359 ng GAE/g) and fla-
vonoids (1,162 pg CE/g) and does not contain any anthocyanins.

Pigmented rice is also a remarkable source of anthocyanins.
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Pang et al. (2018) analyzed the free and insoluble-bound phenolic
fractions of whole-grain and bran of white, red, and black rice.
It is noteworthy that most samples contained around two times
more insoluble-bound than free phenolics. This fraction has also
been reported as the most prominent one in maize (85%), oats and
wheat (75%) (Adom and Liu, 2002). Liyana-Pathirana and Shahidi
(2006) demonstrated that hard and soft whole wheat are mainly
composed of insoluble-bound phenolics, as opposed to their free
and esterified counterparts. This reinforces the role of cereals as
one of the main sources of insoluble-bound phenolics in the diet.
This fraction has been associated with improved gut health and
reduction of the risk of developing colon cancer (Shahidi and Yeo,
2016). According to Pang et al. (2018), rice bran has a phenolic
content of almost four times higher than the whole grain, confirm-
ing that these compounds are preferably concentrated in the outer
layers of cereal grains. Pigmented rice (red and black) is superior
to white rice in terms of phenolic content since it has a significant
amount of anthocyanins, which is lacking in white rice. Ferulic and
p-coumaric acids were among the main phenolic acids identified
in both white and pigmented rice. Isoferulic acid was also found
in high amounts in white rice, whereas pigmented rice varieties
showed a significant content of vanillic acid.

Proanthocyanidins are also relevant in pigmented rice. Shao et
al. (2018) investigated the proanthocyanidin composition of brown,
red, and black rice genotypes. Among all samples, proanthocyani-
dins were only detected in red rice, ranging from 58.13 to 254.8
mg CE/100 g, depending on the genotype. According to the authors,
the majority of identified proanthocyanidins were oligomers of 5-8
units (40%), while polymers (over ten units) accounted for 29%.

Proanthocyanidins are also present in barley, mainly in the form
of oligomeric prodelphinidins and procyanidins. These compounds
are involved in the formation of haze in beer. Besides proanthocya-
nidins, barley presents a rich and diverse phenolic profile, includ-
ing phenolic acids, their esters and glycosides, anthocyanins, and
lignans. The free phenolic fraction of barley is primarily composed
of ferulic acid (especially the bran). On the other hand, barley's
insoluble-bound phenolic fraction is abundant in p-hydroxyben-
zoic acid.

Millet grains play an important role in the diet of several Asian
and African populations, besides being used as an ingredient in
multigrain and gluten-free cereal products. This cereal has a rich
and diverse phenolic composition, especially in regard to its in-
soluble-bound fraction. According to Chandrasekara and Shahidi
(2011a, b), over 50 phenolic compounds were identified among
various whole millet grain varieties. Most phenolic compounds
were detected in the insoluble-bound fraction, which accounted
for an average TPC of 17.3 pmol ferulic acid equivalent (FAE)/g,
followed by free (6.89 pmol FAE/g) etherified (2.05 pmol FAE/g),
and esterified (0.99 umol FAE/g) phenolics. Among the phenolic
groups detected, phenolic acids and their derivatives (dehydrod-
iferulates and dehydrotriferulates), flavan-3-ols monomers and
dimers, flavonols, flavones, flavanonols, and proanthocyanidins
were most abundant. The insoluble-bound fraction was mainly
composed of hydroxycinnamic acids and their derivatives (e.g.,
chlorogenic, cafteic, p-coumaric, ferulic acids). Meanwhile, flavo-
noids (e.g., catechin, epicatechin, gallocatechin, epigallocatechin,
procyanidins B1 and B2) accounted for most of the free phenolics.

Besides its rich phenolic composition, millet has also been
shown to present numerous bioactivities. Millet phenolics have
demonstrated protection against copper-induced human low-
density lipoprotein (LDL) oxidation (Chandrasekara and Sha-
hidi, 2012). The accumulation of oxidized LDL can lead to the
formation of atheromatous plaques that can eventually cause
atherosclerosis and associated cardiovascular diseases. Phenolics

Reference
Chandrasekara and
Shahidi, 2011a, b
Zhang et al. (2019)
Dykes and

Rooney, 2006
Dykes and

Rooney, 2006

Gallic, protocatechuic, vanillic, syringic, p-hydroxybenzoic,

p-coumaric, chlorogenic, caffeic, ferulic acids; catechin,

epicatechin, myricetin, kaempferol, quercetin, luteolin
acids; rutin, luteolin, quercetin, naringenin, and kaempferol;

cyanidin-3-glucoside, pelargonidin-3-0O-glucoside, peonidin-3-
0O-glucoside, cyaniding-3-(6'-malonylglucoside), pelargonidin-
3-(6’-malonylglucoside), and peonidin-3-(6"-malonylglucoside

caffeic, p-coumaric, ferulic, and cinnamic acids; catechin,

caffeic, p-coumaric, ferulic, and cinnamic acids; catechin,
epicatechin, procyanidin B1, apigenin, luteolin

o-Coumaric, caffeic, vanillic, protocatechuic, and ferulic
epicatechin, procyanidin B1, apigenin, luteolin

Gallic, protocatechuic, p-hydroxybenzoic, vanillic,
Gallic, protocatechuic, p-hydroxybenzoic, vanillic,

Major phenolics identified

phenolics: 2.02 umol FAE/g. Etherified total

phenolics: 1.55 pmol FAE/g. Insoluble-
phenolics: 0.37 umol FAE/g. Etherified total

Free total phenolics: 16.2 umol ferulic
acid equivalent (FAE)/g. Esterified total
bound total phenolics: 81.6 umol FAE/g
Free total phenolics: 4.49 umol ferulic
acid equivalent (FAE)/g. Esterified total
phenolics: 0.32 umol FAE/g. Insoluble-
bound total phenolics: 11.6 umol FAE/g
Free phenolic acids: 123 pg/g. Insoluble-
bound phenolic acids: 622.9 ug/g

Phenolic content

Kodo (whole grain)
Foxtail (whole grain)

Variety

Sorghum  White (whole grain)

Table 2. Phenolic composition of highly-produced cereal grains - (continued)
Cereal
Millet
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from Kodo millet were able to suppress in 40% the formation of
conjugated dienes, a product of LDL oxidation. In another study
(Chandrasekara and Shahidi, 2011a), millet’s soluble (from whole
grain, dehulled grain, and hulls) and insoluble-bound (from whole
grain) phenolics exerted protection against free radical-induced
supercoiled DNA strand scission in a dose-dependent manner. At
a concentration of 0.5 mg/mL, phenolic extracts displayed oxida-
tion inhibition varying from 46 to 96% in the presence of hydroxyl
radicals and from 31 to 95% in the presence of peroxyl radicals.
The attack on the DNA molecule by free radicals can lead to base
modification and strand scission, inducing mutagenesis, which
could further progress to cancer development. Millet phenolics
have been demonstrated to be able to suppress this effect. Besides,
phenolics from whole millet grains have also shown inhibition of
human colon adenocarcinoma cell proliferation with efficiency
ranging from 28 to 100%, which lends support to the anticancer
potential of millet phenolics (Chandrasekara and Shahidi, 2011b).

Cereals are the major source of lignan in the Western diet, with
wheat and rye having the highest contents of lignan among all cere-
als, especially their bran fraction. In wheat, for example, 70-85%
of the grain lignan is located in the bran, which accounts for 5-20
mg/100 g on average, depending on the variety. Rye bran possesses a
similar content, ranging from 10 to 20 mg/100 g. The most common-
ly found lignans in wheat are 7-hydroxymatairesinol, syringaresinol,
secoisaloriciresinol, lariciresinol, and matairesinol. Meanwhile, in
rye, the major lignans encountered are syringaresinol, pinoresinol,
lariciresinol, isolariciresinol, 7-hydroxymatairesinol, mairesinol,
secoisolariciresinol (Zanella et al., 2017; Pihlava et al., 2018). Be-
sides rye and wheat, other cereals present smaller amounts of lig-
nan, namely barley (whole grain flour), buckwheat (whole grain
flour), maize (whole grain), and oat (whole grain flour) at average
concentrations of 0.28, 0.76, 0.33, and 0.65 mg/100 g, respectively
(Rodriguez-Garcia et al., 2019).

Besides their well-documented antioxidant properties, some
lignans can also act as regulators of the activity of specific nuclear
receptors (e.g., estrogen receptors, peroxisome proliferator acti-
vate receptor gamma, liver X receptor alpha) that are involved in
glucose and fatty acid metabolism, as well as insulin action. This
suggests that they could efficiently be used for selected physiologi-
cal functions (Zanella et al., 2017).

In the food matrix, lignans occur as esters, glycosides, and poly-
mers. Upon consumption, lignan glycosides undergo deglycosyla-
tion, being further converted to glucuronidated, methylated, and
sulfated derivatives in the liver. These metabolites can be detected
in the urine. However, the non-metabolized fraction of glycosylat-
ed lignans is directed to the colon, where they are converted into
enterolignans, enterolactone, and enterodiol by the gut microbiota.
Evidence suggests that the presence of such metabolites in the gut
stimulates the colonization of probiotic microorganisms, decreas-
ing the risk of colorectal cancer. However, the exact mechanism
for this effect has yet to be clarified (Zanella et al., 2017; Fu et
al., 2020).

Among cereal grains, alkylresorcinols (AR) are abundantly
present in wheat (489—642 mg/g) and rye (720-761 mg/g). To a
lesser extent, they can also be found in barley, millet, and maize
(Ross et al., 2003a). In this raw material, common AR homologues
include 5-n-pentadecylresorcinol (C15:0), 5-n-heptadecylresorciol
(C17:0), 5-n-nonadecylresorcinol (C19:0), 5-n-heneicosylresor-
cinol (C21:0), 5-n-tricosylresorcinol (C23:0), and 5-n-pentaco-
sylresorcinol (C25:0). Rye is predominantly composed of C17:0
(23-25%), C19:0 (31-32%), and C21:0 (22-25%) homologues,
whereas C19:0 (29-35%) and C21:0 (46—51%) represent the ma-
jor AR contribution to wheat (Ross et al., 2003a). According to
Landberg et al. (2008), ARs are mainly located in the intermediate

layers (inner pericarp, hyaline layer, and testa) of the wheat ker-
nel (16.2-16.4 mg/g), followed by the peripheral layers (3.9-4.0
mg/g).

Similar to other phenolic compounds, ARs have also been re-
ported to possess antioxidant and antimicrobial activities. Besides,
observational and in vitro evidence suggests the anticarcinogenic
potential of this group. Reports have pointed out a risk reduction
of around 52-66% of distal colon cancer when nanomolar concen-
trations of ARs are present in the plasma. In addition, ARs have
demonstrated high cytotoxicity toward cancerous cell lines (Kruk
etal., 2017; Fu et al., 2018).

ARs have been indicated as possible biomarkers to correlate
whole-grain cereals consumption with health benefits due to their
high absorption rate in humans. Ross et al. (2003b) administered a
high-AR diet based on the consumption of rye bran-enriched bread
to ten ileostomy-operated subjects and verified that around 40%
of the AR present in the diet were recovered in effluent from the
small intestine, while 60% had been absorbed in the small intestine
and further metabolized. The authors also suggested that medium-
chain AR homologues (C17:0, C19:0) are taken up at a higher fre-
quency than their long-chain counterparts (C23:0, C25:0).

4. Effect of processing on cereal phenolics

After harvest and before reaching the consumer’s table, cereals
undergo a series of post-harvest processes that can vary according
to the type of grain and specific destination. Firstly, the harvested
grains are prepared for storage, being subsequently subjected to
cleaning, husk removal, and size reduction (in some cases) in the
stage known as primary processing. Then, cereals can be commer-
cialized as such, or they can be transformed into value-added prod-
ucts. This stage is known as secondary processing and is character-
ized by the use of primary products (whole grains, flakes, or flour)
as ingredients for breakfast cereals, snacks, cereal bars, doughs,
batters, and noodles, among others. In secondary processing, vari-
ous unit operations (e.g., puffing, flaking, fermentation, baking,
extrusion) can be used alone or in combination (Food and Agricul-
ture Organization, 2021).

Due to the drastic transformation that cereal grains undergo dur-
ing this step, secondary processing is generally the focus of studies
interested in the effect of processing on cereals’ bioactive com-
pounds. However, evidence points out that even primary process-
ing and post-harvest handling of cereals may affect their bioactive
content and composition. Table 3 summarizes the possible effects
of several cereal processing techniques on their phenolic composi-
tion and bioactivities.

4.1. Post-harvest treatment and storage

Cereal harvesting usually begins before the grain is fully ripe and
continues until mold and insect damage becomes extensive. The
harvest is subsequently subjected to threshing, which is character-
ized by removing the grains from the rest of the plant. Winnow-
ing follows next, separating the grains from the chaff or straw. A
crucial stage in cereal post-harvest treatment is the drying stage,
responsible for reducing moisture content to 10-15%. This can
happen through sun-drying, a cost-effective technique, or artifi-
cial drying in humid locations. Finally, the dried grains are ready
to be stored in bulk until further processing. During storage, they
should be constantly inspected for spoilage and moisture content.
Re-drying may be necessary in some cases (Schmidt et al., 2018).
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Table 3. Effect of common cereal processing techniques on their phenolic composition

Cereal Process Effect Reference
Barley Infrared and hot Infrared drying released bound phenolics, increasing the phenolic Geetal, 2021
air drying (60 °C) content in regards to the hot air drying and original samples
Millet Dehulling Reduction of total phenolic content. Reduction of oxygen radical Chandrasekara and
absorbance capacity and hydroxyl-radical scavenging capacity. Shahidi, 20113, b
Reduction of the concentration of p-coumaric and ferulic acids
Rice Parboiling Release of bound phenolics, increasing the contents of p-coumaric, Thammapat
syringic, protocatechuic, and ferulic acids compared to raw sample etal., 2016
Wheat Steam explosion Increased concentration of soluble phenolic acids Liu et al., 2016
(215 °C for 120 s)
Brown rice, Extrusion cooking Enhanced content of insoluble-bound phenolics. Zeng et al., 2016

wheat, and oat

Maize Roasting (17 min)

Decreased total phenolic and flavonoid contents. Diminished

Increased bioaccessibility of wheat phenolics

Oboh et al., 2010

free radical scavenging activity and iron chelating ability

4.1.1. Cultivation and harvesting

Variations regarding the phenolic profile of cereals may take place
even before harvesting begins. Climate conditions, agricultural
practices, and soil quality play a role in the bioactive composition
of such feedstock. This becomes particularly evident when study-
ing the phenolic composition of a specific cereal grown in different
locations. Emmons and Peterson (2001) reported that oats culti-
vated at several locations in Wisconsin presented significant dif-
ferences in their phenolic content and profile. Horvat et al. (2020)
analyzed the phenolic acid content of wheat, corn, and barley over
two crop years. Insoluble-bound phenolic acids (p-hydroxybenzo-
ic, vanillic, caffeic, ferulic, syringic, p-coumaric, o-coumaric ac-
ids) showed higher contents in the crop year where precipitation
and temperature conditions were more extreme, due to a response
to abiotic stress toward drastic environmental conditions. A similar
outcome was observed for barley and corn, which biosynthesized
more insoluble-bound phenolic acids during intense precipitation
periods, a response to high water stress.

Additionally, the agronomic management of crops can also af-
fect phenolics. According to Rempelos et al. (2018), using mineral
NPK fertilizers causes the reduction of phenolic acid and flavonoid
contents in wheat. Meanwhile, herbicides, fungicides, and growth
regulators do not cause significant variations in the same param-
eters. On the other hand, Stumpf et al. (2015) observed that enrich-
ing the soil with nitrogen supply in wheat crops positively affects
the concentration of free phenolics while reducing the amount of
conjugated soluble phenolics and maintaining insoluble-bound
phenolics within the same range.

Cultivation system has been found to influence phenolic yield.
Fares et al. (2019) cultivated wheat genotypes under organic and
traditional systems. Total phenolic content was 10% higher in the
wheat grown under the organic system. However, when analyzing
the individual contents of free vanillin and ferulic acid, as well as
insoluble-bound vanillic, caffeic, syringic, p-coumaric, and ferulic
acids, as well as vanillin, the authors did not find significant differ-
ences between the organic and the conventional systems.

4.1.2. Drying

Setyaningsih et al. (2016) investigated how sun-drying affects phe-
nolics in rice during the post-harvest stage. No major differences

were observed in the content of protocatechuic, vanillic, proto-
catechuicaldehyde, p-hydroxybenzoic, p-hydroxybenzaldehyde,
ferulic, sinapic, syringic, and p-coumaric acids, and vanillin be-
tween the wet and the dried paddy. Ge et al. (2021) studied un-
conventional drying techniques (infrared and hot air drying at 60
°C) on the post-harvest processing of naked barley. Samples were
dried to 10% moisture. Infrared drying was found to preserve the
phenolic compounds better, even leading to higher yields when
compared to the original sample. This effect was due to the fact
that kinetic energy is converted to thermal energy during infrared
drying, releasing bound compounds. Although hot air drying also
presented higher phenolic yields than the original sample, infrared
drying was deemed more efficient in releasing bound phenolics
while avoiding losses.

Wanyo et al. (2014) studied the impact of hot air drying (120
°C/30 min), far-infrared (FIR) radiation, and cellulase treatment on
the phenolic content and antioxidant activity of rice bran and husk.
Generally, cellulase-aided process and hot-air drying were able
to preserve phenolics and their antioxidant activity, measured by
2,2-diphenyl-1-picrylhydrazyl (DPPH) and ferric reducing ability
of plasma (FRAP) assays, with little or no significant difference in
such parameters in regard to the raw materials. However, FIR man-
aged to increase total phenolic and flavonoid contents as well as
antioxidant capacity, which is similar to the outcome observed by
Ge et al. (2021). Some interesting observations include the effect
of cellulase, which significantly increased the content of vanillic
acid while drastically reducing ferulic acid concentration.

4.1.3. Storage

Once post-harvest treatment has taken place, cereals can be stored.
The storage period and conditions are also crucial for the overall
quality of the grains and, especially, their bioactive compounds.
Extreme pH, time, temperature, and UV exposure conditions
should be avoided, as they may degrade the bioactive content and
antioxidant power. Sripum et al. (2016) stored Thai Jasmine par-
boiled germinated brown rice for six months under 30 and 40 °C.
Neither temperature affected the total phenolic content and antiox-
idant activity (measured by DPPH, oxygen free radical scavenging
activity, and FRAP), as such parameters kept stable and without
major variances during the six-month storage. The rice samples
were maintained vacuum-sealed for the whole period, which could
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have contributed to this outcome. The lack of oxygen avoided the
formation of oxidation products, leading to the preservation of
phenolics and their antioxidant capacity.

De Oliveira et al. (2017) evaluated three storage temperatures
(4, 25, and 40 °C) for sorghum grain and flour; they did not de-
tect changes in the contents of 3-deoxyanthocyanins (luteolinidin,
5-methoxyluteolinidin, apigeninidin, and 7-methoxyapigeninidin)
and total proanthocyanidins. On the other hand, storage time con-
siderably affected sorghum’s phenolics. Up to 60 days of storage,
most phenolics in sorghum showed a reduction in their content,
stabilizing after this period. After 180 days, 86.7-86.8% of all phe-
nolics were retained. The proanthocyanidins were the most affect-
ed group, retaining only about 56.6-85.3% after the same period.

4.2. Primary processing

Prior to advanced processing, cereals grains are cleaned and grad-
ed based on their size. Depending on the type of cereal, dehulling,
which consists of the removal of unpalatable hulls or shells, can be
necessary. If grains are used as primary material for flour produc-
tion, a milling step will be conducted. This can generally happen
in a plate, hammer, or roller mill, according to grain type and pro-
duction scale. A common process for rice, parboiling is an optional
step, and it involves pre-cooking the grain by soaking and heating
it, loosening the hulls, and aiding in grain preservation and cook-
ing efficiency. In addition, for white rice production, a polishing
stage is required. Although popular in some cultures, nutritionally
speaking, white rice is less appealing than its brown counterpart
due to the removal of the bran and the germ. These fractions con-
centrate the highest proportion of bioactive compounds, including
phenolics, while the endosperm is mainly constituted by carbohy-
drates (Schmidt et al., 2018; Food and Agriculture Organization,
2021).

4.2.1. Dehulling and parboiling

Dehulling is the process of removing the outer layers of grains, and
this is usually carried out as a part of the milling process (Duodu,
2011). This technique reduces the content of phenolic compounds,
negatively impacting the antioxidant activity of processed grains
(Duodu, 2011). Zivkovié et al. (2021) conducted cold dehulling on
germinated buckwheat seeds and analyzed its effect on phenolic
profile and antioxidant activity. Regardless of germination time,
the dehulled buckwheat showed a sharp decrease in all identified
compounds’ content compared to the hulled sample. Some insolu-
ble-bound phenolics quantified in the hulled samples could not be
detected in their dehulled counterparts, namely orientin, rutin, and
hyperin. As expected, antioxidant capacity measured by DPPH de-
clined considerably once the seeds were dehulled. The same trend
was observed by Dlamini et al. (2007) in sorghum.

Chandrasekara and Shahidi (2011a, b) detected that Pearl millet
significantly reduced its total phenolic content, negatively affect-
ing the phenolics’ bioactivities (e.g., oxygen radical absorbance
capacity (ORAC) and hydroxyl-radical scavenging capacity). Be-
sides, two of the major phenolic acids present in millet, ferulic
and p-coumaric acid, had their concentrations diminished by 39
and 52%, respectively. A similar study by Madhujith et al. (2006)
was carried out in pearled barley fractions. The outermost frac-
tions concentrated most phenolic compounds (TPC of 4.16-6.26
mg FAE/g), dropping considerably as the innermost fractions were
reached (TPC of 0.17-0.51 mg FAE/g). Additionally, free caffeic
and p-coumaric acids were only detected in the outermost fractions

of the grains.

Alkylresorcinols are also affected by the dehulling process. Ac-
cording to Giambanelli et al. (2018), whole wheat kernels showed
a higher alkylresorcinol content than their hulled counterpart. Af-
ter the pearling process, the authors analyzed the waste fractions in
order to determine where the phenolic lipids were mostly concen-
trated and found that the bran was the main location of akylresor-
cinols. This fraction was also the one showing the highest antioxi-
dant capacity. Wheat bran was determined to be rich in unsaturated
alkylresorcinols homologues, mainly C18:1 and C18:2.

In contrast, parboiling has been reported to improve phenolic
concentration considerably. Thammapat et al. (2016) compared
two parboiling methods for glutinous rice. The traditional method
consisted of soaking the rice in water for 24 h at room temperature,
followed by steaming at 100 °C for 1 h and sun-drying for 12-14 h.
In the alternative method, soaking was conducted for only 6 h at 60
°C, instead of room temperature. Also, the steaming temperature
was 120 °C for 15 min, followed by cabinet-drying at 50 °C for
12—-14 h. Both parboiled rice samples exhibited higher content of
phenolic acids (traditional — 52.24 pg/g, alternative — 65.39 pg/g)
than raw rice (45.94 ng/g), with p-coumaric, syringic, protocat-
echuic, and ferulic acids as the compounds showing the sharpest
increase. According to the authors, a possible explanation for this
effect could be the release of bound phenolics due to the thermal
treatment. Similar outcomes have been observed for red rice (Hu
et al., 2017) and millet (Bora et al., 2019).

4.3. Secondary processing

Secondary processing of cereals involves operations responsible
for further transforming the grains into more palatable and digest-
ible forms or using them as ingredients for added-value products.
A vast array of techniques can be employed at this stage, such as
extrusion, fermentation, high-pressure processing, steam explo-
sion, and roasting.

4.3.1. Steam explosion and high-pressure processing

Steam explosion can be used for the pre-treatment of cereals in or-
der to release bound phenolics (Baruah et al., 2018; Gong et al.,
2012). During this treatment, phenolic compounds are exposed to
high-pressure steam (0.69—4.83 MPa) and high temperature rang-
ing from 160 to 260 °C for only a few seconds/minutes (Baruah
et al., 2018; Rabemanolontsoa and Saka, 2016; Gong et al., 2012).
After subjecting the cereal matrix to high pressure, a sudden decline
in pressure results in the explosion and releases water, thus lead-
ing to the disruption of the cell wall structure (Baruah et al., 2018;
Singh et al., 2015). Throughout the process, acetic acid is liber-
ated from xylan hemicelluloses, which catalyzes further reactions,
such as the hydrolysis of hemicellulose. Therefore, this treatment is
called autohydrolysis (Baruah et al., 2018; Rabemanolontsoa and
Saka, 2016). The advantages of steam explosion include low en-
vironmental impact and low cost as it needs limited chemicals in a
simplified process (Baruah et al., 2018; Pielhop et al., 2016).

The efficiency of steam explosion can be affected by steam tem-
perature, residence time, sample size, and moisture content (Ba-
ruah et al., 2018; Rabemanolontsoa and Saka, 2016). According to
Rabemanolontsoa and Saka (2016), lower temperatures and longer
residence times are more favorable for extracting bound phenolics.
Under drastic temperature conditions, solubilized carbohydrates
such as hemicellulose undergo further secondary reactions to form
carboxylic acids and soluble polymers (Gong et al., 2012; Sun et
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al., 2005). In addition, reactive precursors cause condensation with
lignin, resulting in a lower phenolic yield (Sun et al., 2005). Gong
etal. (2012) studied the effect of steam explosion at 220 °C for 10—
120 s on phenolic compounds in Tibetan barley bran (dehulled).
This study has shown that the steam explosion pre-treatment ef-
fectively decomposes carbohydrates in this cereal, which results in
a high yield of total free phenolic acids. Total antioxidant capacity
was also increased at 220 °C for 120 s (Gong et al., 2012).

Similarly, the amount of soluble phenolic acids in wheat bran
and their antioxidant properties were significantly increased after
steam explosion at 215 °C for 120 s (Liu et al., 2016). A recent
study has shown that steam pressure may also be an important pa-
rameter, and milder conditions are more effective for increasing
the yield of phenolics, contributing to improved bioactivities. Li et
al. (2020) reported that steam explosion enhanced the anti-prolif-
erative activity of phenolics in Tartary buckwheat bran on human
colon and liver cancer cells. These results highlight the potential of
steam explosion as an effective pre-treatment to promote enhanced
bioaccessibility of bound phenolics from cereals and other plant
foods.

Other technologies have also been investigated for the release
of bound phenolics from cereals. Luo et al. (2020) used high-pres-
sure boiling on sorghum hull. This method was able to increase the
content of free procyanidins and total phenolics by 35.92-58.87
and 6.20-18.70%, respectively, compared to traditional hot water
processing. The disruption of bound phenolics caused by the com-
bination of high temperature and pressure, along with the inactiva-
tion of endogenous polyphenol oxidase, prevented the oxidation
and degradation of phenolics.

4.3.2. Extrusion cooking

Extrusion cooking is largely used in the food industry to manu-
facture pasta, noodles, and cereal-based snacks. This continuous
process uses a combination of high temperature, high pressure, and
high shearing to plasticize the raw material so it can be conveyed
and forced to flow through a die or specific shape. In terms of phe-
nolics, heat-sensitive compounds may be susceptible to degrada-
tion and polymerization, decreasing their concentration in the final
product. On the other hand, extrusion also causes the disruption
of cell walls, breaking the covalent bonds between bound pheno-
lics and macromolecules, which results in an increased bioacces-
sibility of this phenolic fraction (Wang et al., 2014). Zeng et al.
(2016) studied the effect of extrusion on brown rice, wheat, and
oat phenolics and their bioaccessibility. All cereal grains had their
insoluble-bound phenolic content significantly increased after the
extrusion cooking. The bioaccessibility varied according to the
grain type. While 11.60% of phenolics from raw wheat were bioac-
cessible, extrusion marginally improved it to 12.48%. On the other
hand, the bioaccessibility of oat phenolics dropped from 29.83%
(raw) to 21.78% (extruded). Brown rice kept the same bioacces-
sibility levels before and after extrusion (around 20%). According
to the authors, phenolic bioaccessibility was mainly dependent on
the cereal type and the way the compounds occur in the matrix
since higher phenolic content did not translate into higher bioac-
cessibility.

4.3.3. Fermentation, roasting, and popping

Biological treatments, such as fermentation, can also be used to
enhance the bioefficiency of cereal phenolics. During this process,
enzymes are produced and released, promoting the hydrolysis of

phenolic glycosides, liberating them as free compounds (Wang et
al., 2014). Bvochora et al. (2005) reported an increase in the total
phenolic content of sorghum during alcoholic fermentation; this
brought about higher concentrations of p-hydroxybenzoic acid and
p-hydroxybenzyl alcohol. Meanwhile, the levels of p-hydroxyben-
zaldehyde decreased.

Total phenolic content of buckwheat, barley, wheat, and rye
has been shown to increase after fermentation with Lactobacil-
lus rhamnosus (L. rhamnosu) and Saccharomyces cerevisiae (S.
cerevisiae) (Dordevi¢ et al., 2010). A recent study on millet has
also shown that fermentation with Lactobacilli increased the to-
tal phenolic content due to the release of bound polyphenols. The
fermentation treatment also enhanced the in vitro effect of millet
phenolics on type 2 diabetes markers (Balli et al., 2020).

Roasting is also commonly used in the processing of several
cereals, including maize and sorghum. Oboh et al. (2010) roasted
yellow and white maize for 17 min and observed a significant de-
crease in their total phenolic and flavonoid contents, which was re-
flected in the lower free radical scavenging and iron chelating abil-
ity of the samples compared to the raw cereal. Irondi et al. (2019)
obtained similar results when studying the roasting of red sorghum
at 150 and 180 °C for 20 min. Besides reducing the levels of phe-
nolic compounds, enzyme inhibitory activities (pancreatic lipase,
alpha-amylase, alpha-glucosidase, xanthine oxidase, and angio-
tensin 1-converting enzyme) were slightly reduced in comparison
to the original sample, with the roasting at 180 °C displaying the
most negative effect. These outcomes can be explained by the fact
that the high temperature during the roasting process can lead to
thermal decomposition and heat-induced oxidation of phenolics.

Popping is used to expand cereals and promote starch gelatini-
zation. In this process, grains are subjected to a high-temperature
treatment for a short time, which creates superheated vapor inside
the grains. The internal pressure causes the endosperm to expand,
breaking the outer layer. This process imparts desirable sensory
characteristics to cereal-based snacks, and it is commonly used to
produce popcorn, popped rice, and popped sorghum, among others
(Mishra et al., 2014). Bagchi et al. (2021) analyzed how different
processing techniques, including popping, affect phenolic acids,
flavonoids, and anthocyanins in black rice. Hydroxybenzoic ac-
ids were the predominant phenolic acid class in rice following the
popping process, with 75.78 pg/g. Gallic acid was the major phe-
nolic acid detected in popped rice, followed by protocatechuic and
vanillic acids. Moreover, 83% of all polyphenols quantified in the
product were in the free form. In terms of flavonoids, kaempferol
and catechin showed high concentrations in popped rice, with 9.19
ng/g and 8.38 pg/g, respectively. Anthocyanins were the main phe-
nolic group found in popped rice, with an average of 119.4 ug/g,
higher than the content found in beaten and milled rice but lower
than the anthocyanin levels in boiled and puffed rice. Among all
processes, popping produced the rice product with the highest
antioxidant activity, measured by DPPH and FRAP assays. This
outcome was due to the fact that the thermal treatment in popping
(177 °C for 40-50 s) was not drastic enough to degrade the phe-
nolic compounds.

5. Conclusions and final remarks

The economic and nutritional importance of cereal grains is unde-
niable. They provide a great portion of the carbohydrate, protein,
lipid, vitamins, and minerals consumed in the diet of many popu-
lations, helping to fulfill the global food demand. Nevertheless,
the consumption of cereals is also advantageous from a bioactive
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standpoint, with phenolic compounds assuming the role of provid-
ing benefits due to their antioxidant power and related bioactivi-
ties.

Notwithstanding, cereals undergo post-harvest treatments, pri-
mary, and in some cases, secondary processing before reaching the
consumer’s table. Thus, different processing techniques show dis-
tinct effects on cereal phenolics. Therefore, such factors should be
analyzed in a case-by-case manner. Processes that remove the out-
er layers of cereal grains, such as polishing of rice and dehulling of
wheat and other cereals, significantly reduce the phenolic content
due to the exclusion of fractions that are highly concentrated in
these compounds. On the other hand, mild drying techniques and
technologies involving the use of high-pressure can enhance the
phenolic composition of cereals since they promote the release of
the insoluble-bound phenolic fraction, increasing bioaccessibility
parameters. Finally, drastic processing, such as extrusion cooking
and roasting, may negatively affect cereal phenolics, considerably
reducing their biological activities, but may enhance consumer
acceptability due to generation of desirable aroma compounds as
well as Maillard reaction products that may possess their own ac-
tivities.

Therefore, cereal consumption, especially in their whole-grain
form, should be stimulated given their large variety of polyphenols,
including phenolic acids, flavonoids, tannins, and anthocyanins
(pigmented cereals) that are associated with reduced risk of devel-
oping chronic diseases, such as colorectal cancer, cardiovascular
ailments, and type 2 diabetes. In addition, processing conditions
must be carefully analyzed in order to increase the bioefficiency of
cereal phenolics and avoid their degradation.
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