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ABSTRACT 

The diversity of phenolic compounds found in rye grain makes this cereal the valuable 
source of these substances in everyday food. Simple phenolic compounds, as well as 
their metabolites, show a pro-health effect. Phenolic acids and ferulic acid dehydrodi-
mers are included in the group of cereal antioxidants. The antioxidant activity of phe-
nolic compounds is an essential factor in the prevention of cancer and cardiovascular 
diseases. 
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INTRODUCTION 

Rye (Secale cereale L.) is the second most crucial bread cereal in Europe 
successively after wheat. Lower soil and climatic requirements compared to 
wheat make the rye grown on lands of a lower bonitation class, as well as in 
countries with a more severe climate. It is a principal reason to cultivate this 
cereal in Eastern and Northern Europe and Canada. The leading producer in 
Europe is Germany (3.8 mln tons × year-1; 662 thousand ha) and Poland (2.6 
mln tons × year-1; 28.7 kg × ha-1, avg 915 thousand ha) next to Russia as 
a country with the largest cultivation area of this cereal (1.77 tons × ha-1) but 
with a low yield of its production (avg 1.5 million ha). Since 2013, a slight de-
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crease in the area of rye cultivation of leading producers has been noticed; nev-
ertheless, they constitute about 3.78 million ha (FAOSTAT, 2018). 

In Poland, rye is used mainly for consumption (40% of national resources) 
and industrial purposes for the spirit and feed production (44%) with only 10% 
for sowing (Statistical Yearbook, 2017; Cacak-Pietrzak, 2016). Nowadays, rye 
varieties not suitable for consumption and feed industries can be successfully 
used for the silage productions to be a substrate in the biogas production as an 
alternative source of energy because of the excellent content and composition 
of saccharides. 

A significant contribution of rye intended for consumption was historically 
associated with low soil and agrotechnical requirements and relatively high re-
sistance to biotic and abiotic stresses. Currently, it is due to the high concentra-
tion of dietary fiber in the grain (15-21% of dry matter) (Ragaee et al. 2001; 
Hansen et al. 2003), as well as the increase in nutritional awareness of consum-
ers. Over the last 50 years, there has been a significant decrease in the con-
sumption of dark rye bread, from about 50% to 2% of the total consumption of 
bread. The reason can be seen in the technology of preparing rye dough, more 
complicated than in the case of selecting wheat as the primary raw material, but 
also organoleptic features seemingly inferior to the consumer, for example, 
smaller volume, darker crumb color, more acidic taste, and sharper aroma. 

Rye bread is a valuable source of phenolic compounds. Their health-
promoting properties are based on antioxidant activity. Increased consumption 
of rye products reduces the risk of developing civilization diseases, primarily 
cardiovascular diseases, as well as the incidence of certain types of cancer, e.g., 
colorectal or prostate cancer. Using rye flour as a component of flour mixtures 
for baking mixed-wheat-rye bread causes the increasing availability of phenolic 
compounds in the daily diet in comparison with the bread produced only from 
wheat flour. 

The aim of this review is presenting rye phenolic compounds, their structure, 
properties and positive effects on human health. 

PHENOLIC COMPOUNDS IN RYE GRAIN 

Phenolic substances are a group of aromatic compounds with significant 
structural heterogeneity resulting from the number of benzene rings as well as 
the quality and quantity of groups attached to the aromatic ring. Phenolic acids 
are synthesized in shikimic acid pathway occurring in plastids (Maeda and 
Dudareva, 2012; Tzin and Galili, 2010; Weaver and Herrmann, 1997), where 
phenylalanine, tyrosine i tryptophan are the substrates in phenolic compounds 
synthesis, whereas flavonoids are produced in polyketide pathway (Cheynier et 
al. 2013; Quideau et al. 2011). Phenolic compounds are divided into several 
groups. Their heterogeneity is a result of the amount and distribution of aro-
matic rings and the amount, quality, and location of substitution of functional 
groups such as hydroxyl, methyl, or methoxy group. 

The distribution of phenolic compounds in rye grain is not regular. These 
substances are main components of the cell-walls. The most abundant phenolic 
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compounds occur in the outer layers of rye kernel (Glitsø and Bach Knudsen, 
1999) and with the increasing both thickness of the cell-walls and degree of 
lignification, the content of phenolics in grain increases (Bunzel et al. 2001; 
Izydorczyk and Biliaderis, 1995; Kroon and Williamson, 1999; Saulnier and 
Thibault, 1999). 

Phenolic acids 

Phenolic acids are the most abundant form of phenolic compounds found in 
rye kernels (Fig.1). The structure of molecules of phenolic acids allows to di-
vide them into two basic groups. The first group includes p-hydroxybenzoic 
acid and its derivatives, such as vanillic and syringic acid. The second group is 
p-coumaric acid and its derivatives, mainly ferulic and caffeic acid. 

Fig. 1. The structure of phenolic acid in rye grain: a) p-hydroxybenzoic acid, b) vanillic acid,  
c) syringic acid, d) p-coumaric acid, e) caffeic acid, f) ferulic acid, g) sinapic acid. 

Ferulic acid is the dominant compound of this group (980 µg × g-1 dm of rye 
grain). Sinapic acid and p-coumaric acid constitute 0.02 % and 0.005 % dm of 
rye grain, respectively, while the level of other acids (caffeic, vanillic, syringic, 
and p-hydroxybenzoic) is negligible (Dynkowska et al. 2015; Rothwell et al. 
2016). 

All p-hydroxycinnamic acids occur in two isomeric forms, the predominating 
trans- form (85-90 % of all acids) and cis-. The conversion of the trans- form 
to the cis- form in vivo conditions takes place with the presence of the specific 
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cis-trans isomerases. In contrast, in vitro this process is caused by ultraviolet 
radiation (Geissman and Neukom, 1973). 

In rye grain, phenolic acids occur mainly in bound form, being as cell-wall 
components. About 85 % of these compounds, in particular, ferulic acid, are 
covalently linked with arabinoxylans and lignin (Acosta-Estrada et al., 2014; 
Shahidi and Yeo, 2016). About 12 % of the total content of phenolic acids usu-
ally are conjugated with both sugars as glycosides or with sterols as their esters 
(Bondia-Pons et al., 2009). Free phenolic acids represent less than 3% of the 
total phenol content. 

Ferulic acid dehydrodimers 

Fig. 2 The structure of ferulic acid dehydrodimers: a) 8-O-4’, b) 8-5’ linear form, c) 8-5’ benzofuran  
form, d) 5-5’, e) 8-8’ linear form, f) 8-8’ aryltetraline form. 
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Ferulic acid dehydrodimers (DiFA) are formed as a result of the arabinoxylan 
cross-linking process (Fig.2). The oxidative mechanism of cross-linking is based on 
catalytic dehydrogenation of a hydroxyl group at the C-4 position of the aromatic 
ring; thus, highly reactive isomeric phenoxyl radicals are formed. The activity center 
with the unpaired electron is located at the C-5 location in the aromatic ring or C-8 
position of the side propenoic chain. Generated radicals can combine each other to 
form C-C bonds resulted in the isomeric structures of ferulic acid dehydrodimers. 
Steric hindrances cause the formation of only a few dehydrodimeric isomers (Ralph 
et al. 1994). A more significant role of the aromatic ring than the propenoid group 
has been proved as a factor influenced by the cross-linking process (Vinkx et al. 
1991). The catalyst agent is the oxidation-reduction system, consisting of hydrogen 
peroxide and peroxidase (Ralph et al. 1994) or fungal laccase with the cell-wall 
peroxidase (Figueroa-Espinoza and Rouau, 1998). In contrast, the factor limiting 
cross-linking of arabinoxylans is the concentration of hydrogen peroxide, while 
ferulic and vanillic acids are cross-linking inhibitors (Moore et al. 1990) similarly 
as ascorbic acid and cysteine, which reduce the amount of hydrogen peroxide 
through competitive reactions (Vinkx et al. 1991). 

Among the dimers, 8-O-4’-DiFA dehydrodimer occurs in the highest 
concentration, and its content in rye grain is 125-150 μg × g-1 dm, which is 
0.012-0.015 % dm. The 8,5’-DiFA occurs in two spatial configurations, as 
linear and benzofuran form and their content in rye grain is estimated on 30
-40 μg × g-1 dm and 70-90 μg·× g-1 dm, respectively. The 5,5’-DiFA, for-
merly considered as the main arabinoxylan cross-linking factor, is present 
in similar concentration (40-60 μg × g-1 dm). In contrast, two spatial config-
urations of 8,8’-DiFA: linear and aryltetralin, are found in trace amounts 
compared to the main representatives of this group of compounds 
(Andreasen et al. 2000). 

Other phenolic compounds 

Flavonoids are a group of plant phenolic compounds with huge structural diver-
sity (Fig.3). There are polycyclic aromatic compounds formed from aromatic amino 
acids: phenylalanine and tyrosine and malonyl anion (Gulçin, 2012). The basic fla-
vonoid structure is flavane (C15H14O), a tricyclic aromatic compound (C6-C3-C6). 
The presence of a double bond and the amount and location of the carbonyl and 
hydroxyl groups in the flavan skeleton is a primary factor to their classification 
(Cheynier et al., 2013; Gulçin, 2012; Heim et al., 2002; Rice-Evans et al., 1997; 
Shahidi and Yeo, 2016). 

So far, there is a little knowledge of rye flavonoids. In 1970s cyanidin and pe-
onidin were found as glycosides and rutosides (Dedio et al. 1972), while the latest 
works indicate the presence of also delphinidin and their content was determined as 
a total of 30 mg × kg-1 dm of rye grain. Difficulties in determining of flavonoids are 
a result not only in a large diversity and complexity of their spatial structures and 
the fact that these substances occur as aglycones (nonsugars parts of glycosides) but 
also from their trace content in the grain. Typically quantitative determination of 
flavonoids was based on a colorimetric analysis. The results were expressed in cate-
chin equivalents (CE) and depended on the method of extraction of flavonoids. The 
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obtained result depended on the method of extraction of flavonoids. It ranged from 
80 μg CE × g-1 d.m. for phosphate-buffered saline (PBS) buffer up to about 400 μg 
CE × g-1 d.m. for methanol solution (Michalska et al., 2007a; Michalska et al., 
2007b; Zieliński et al., 2007). The use ultra-high-pressure liquid chromatography 
equipped with a mass spectrometer allow for more precise determination of the 
structural characteristics and diversity of flavonoids, whereas in the case of colori-
metric determination of flavonoids the presence of other compounds in extraction 
medium cause possible interference so the quantitative data may strongly overesti-
mate their amount (Pihlava et al. 2018; Pihlava et al. 2015). 

Fig. 3. The structure of rye flavonoids: a) cyanidin, b) peonidine, c) luteolin, d) delphinidine. 

5-n-Alkylresorcinols (Fig.4) are a group of nonisoprenoids phenolic lipids, 
alkyl derivatives of resorcinol. Their content in rye grain varies from 268 to 
1444 µg × g-1 d.m. (Poutanen and Åman, 2014). The hydrocarbon side chain 
substituted at the C-5 position of the aromatic ring is characterized by an odd 
number of carbon atoms (13-27 carbon atoms), and mostly no double bonds 
occur in it (Kulawinek et al. 2008). A small amount of 5-n-alkylresorcinols (up 
to 10% of the total contents) with the unsaturated side chain usually contains 
one (5-n-alkenylresorcinols) or two (5-n-alkadieneresorcinols) cis- double 
bonds, located at the center of the chain (Suzuki et al. 1997), as well as side 
substituents like the keto or hydroxyl groups (Nyström et al. 2008; Suzuki et al. 
1999). These compounds are cumulated in the outer layers of rye kernel and 
considered as biomarkers in rye whole-grain products consumption (Chen et al. 
2004). 
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Fig. 4. The structure of rye 5-n-alkyloresorcinols. R – saturated (5-n-alkylresorcinols) or unsaturated  
(5-n-alkenylresorcinols, 5-n-alkadieneresorcinols) hydrocarbon chain. 

Tocopherols and tocotrienols (Fig.5) present in rye grain in the amount 
32-39 µg × g-1 d.m. are the valuable source of the vitamin E (Poutanen and 
Åman, 2014), synthesized only in plants (Kamal-Eldin and Appelqvist, 
1996). These compounds are derivatives of chroman, and their division is 
determined by the saturation of the hydrocarbon chain substituted in the C-2 
position. Four kinds of these components were found in rye grain: α-tocopherols, 
α-tocotrienols, β-tocopherols, and β-tocotrienols (Bushuk, 2001; Piironen et 
al., 1986). 

Fig. 5. The structure of rye grain tocorefols and tocotrienols: a) α-tocoferol,  
b) α-tocotrienol,c) β-tocoferol, d) β-tocotrienol. 

Benzoxazinoids (Fig.6) are a group of indole derivatives occurring in rye 
grains in trace amounts (64-161 µg × g-1 dm). These groups of bioactive 
compounds present in rye grain has been isolated and described in recent 
year due to availability of advanced research techniques, primarily the liq-
uid chromatography combined with photodiode array detector and mass 
spectrometer (Katina et al., 2007; Pihlava et al., 2018). However the first 
mention of the presence benzoxazinoids in rye grain appeared in the 1950s 
(Virtanen and Hietala, 1955). 
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Fig. 6. The structure of molecules of particular groups of rye benzoxazinoids:  
a) hydroxamic acids, b) laktams, c) benzoxazolinons 

Benzoxazinoids were divided into three classes of compounds: hydroxamic 
acids, lactams, and benzoxazolinones. These compounds predominantly act as 
aglycones, mainly with glucose (Poutanen and Åman, 2014). 

Fig. 7. Rye grain lignans: a) secoisolariciresinol, b) matairesinol, c) pinoresinol, d) lariciresinol,  
e) isolariciresinol, f) medioresinol, g) 7-hydroxymatairesinol, h) syringaresinol 

Lignans (Fig.7) are a group of phenylpropanoid-derived compounds present 
in the outer layers of rye kernels in the amount of 25-67 µg × g-1 dm. The most 
important compounds present in rye grain are secoisolariciresinol, matairesinol, 
pinoresinol, lariciresinol, isolariciresinol, medioresinol, 7-h hydroxymatairesinol, 
and syringaresinol. (Bondia-Pons et al., 2009; Pihlava et al., 2015). Lignans are 
classified as phytoestrogens due to the structural similarity of molecules. In the 
human body under the influence of bacterial microflora, lignans are metabolized 



 Rye (Secale cereal L.) phenolic compounds as  health related factors  17 

to enterolactone and enterodiol, compounds showing pro-healthy activity 
(Bondia-Pons et al. 2009). 

Tannins are a wide range of oligomeric and polymeric compounds, which, due to 
the type of monomer building them, have been divided into two groups: hydrolyza-
ble and condensed. The building block of hydrolyzable tannins is polymerized gal-
lic acid or its dimer, ellagic acid, esterified with glucose, thereby distinguishing 
gallotannins and ellagitannins. In contrast, condensed tannins referred to as pro-
anthocyanidins, are oligomeric and polymeric polycyclic aromatic compounds 
with conjugative rings in which flavonoids, in particular, cyanidin, are building 
units. Molecular masses of hydrolyzable tannins are in the range of 500-2800 g 
× mol-1, whereas molecular masses of proanthocyanidins are much higher (2000
-4000 g × mol-1) (Naczk and Shahidi, 2004). 

Lignin, a hydrophobic cell-wall substituent with an irregular structure, is 
composed of p-hydroxyphenyl, guaiacyl, and syringynyl units (Hatfield et al. 
2017). Its hydrophobicity is a result of the existence of many aromatic groups in 
the structure. The existence of ester bonds linking arabinoxylans and lignin by 
dehydrodiferulic bridges formation and also in minor scale dehydrodimers 
formed by the p-coumaric residues have been demonstrated (Iiyama et al. 1994; 
Lam et al. 2001; Wong et al. 1988). The presence of linkages between the 
arabinoxylans and lignin determines the water's insolubility of arabinoxylan-
lignin complex. The lignification is the last step of secondary cell-wall biosynthesis, 
finally giving the functionally matured cell wall (Meents et al. 2018). 

ANTIOXIDANT POTENTIAL OF PHENOLIC COMPOUNDS 

The antioxidant potential of the sample is defined as its ability to eliminate 
reactive oxygen species (ROS) by antioxidants molecules, whereas the biologi-
cal function of antioxidants is to protect against the destructive effects of ROS 
in the organism. This protection can be based on various mechanisms of action. 
One of the fundamental mechanism is the direct scavenging of free radicals by 
the redox reaction by providing a single electron or an hydrogen atom (Brand-
Williams et al. 1995; Huang et al. 2005; Prior et al. 2005; Re et al. 1999; Sroka 
and Cisowski, 2003) as well as indirect actions preventing their production 
(Slavin, 2000). These compounds include, by chelation, metal ions, such as Fe2+ 
or Cu2+ responsible for the formation of free radicals in a Fenton’s reaction 
(Heim et al. 2002). Furthermore are responsible for blocking the action of en-
zymes catalyzing ROS synthesis (Moon and Shibamoto, 2009; Ou and Kwok, 
2004; Pisoschi and Pop, 2015), and also the support of peroxidases and super-
oxide dismutases (SOD) which are the body’s defenses (Gulçin, 2012; Rice-
Evans et al., 1997). 

The high antioxidant activity of phenolic compounds is a result of their mo-
lecular structure. The coupling of the free electron pairs of the oxygen atom of 
the hydroxyl group and aromatic ring with strongly negative, delocalized charge, as 
well as the electron pair of the carboxyl group and multiple valence bonds result in 
stabilization of phenoxy radical by resonance. In determining the antioxidant activi-
ty of chemical compounds, the position and degree of hydroxylation is of great 
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importance as well as the arrangement of aromatic rings (Heim et al., 2002; 
Rice-Evans et al., 1997; Rice-Evans et al., 1996; Williams et al., 2004). It was 
also found that the molecules with a higher number of aromatic rings show 
stronger antioxidant properties than monocyclic structures (Gulçin, 2012; Rice-
Evans et al., 1996; Rice-Evans et al., 1997). Hydroxycinnamic acid derivatives 
are stronger antioxidants than hydroxybenzoic acid derivatives (Natella et al., 
1999; Nimse and Pal, 2015; Rice-Evans et al., 1996). The chemical nature of 
the hydroxyl group and its position relative to other substituents present in aro-
matic ring (e.g., additional hydroxyl or methoxyl groups) also affect the antioxi-
dant properties of this group of compounds (Gülçin, 2012; Sroka and Cisowski, 
2003). 

Rye grain as biological material contains a lot of substances being classified 
as antioxidants, and is not possible to give the value of antioxidant potential to 
each of them individually. Due to the different mechanisms of reactions running 
parallel and the dependence of the extraction medium as well as the acidity of 
aqueous solutions, there is no one universal method to measure the antioxidant 
potential of the biological sample. Two main mechanisms of antioxidant reac-
tions consisting of the transfer of a hydrogen atom (HAT) or single electron 
transfer (SET) differ in both kinetic of reaction and the use of appropriate 
substrates depending on the reaction environment and oxidative factor (Prior et 
al., 2005). At least three different tests measuring the antioxidant potential of 
the sample show a more full spectrum of this characteristic. 

The antioxidant potential is expressed using a reference substance, e.g., feru-
lic or gallic acid or catechin and ascorbic acid. This parameter is most often given 
as the Trolox equivalent, a water-soluble synthetic derivative of vitamin E. The 
unit of measurement is μmol TE × 100 g-1 of the probe, for samples with 
a higher potential the μmol TE × g-1 are used. 

HEALTH EFFECTS OF PHENOLIC COMPOUNDS 

Long-term studies in vivo and in vitro in humans and animals provided the 
evidence for health-promoting effects of phenolic compounds in the case of car-
diovascular diseases, type 2 diabetes, and also degenerative and cancer diseases 
(Fazary and Ju, 2007; Mathew and Abraham, 2004; Ou and Kwok, 2004; Shahi-
di and Yeo, 2016). The antioxidative action of steryl ferulate was found in rela-
tion to liposomes (Bondia-Pons et al. 2009) by neutralization of free radicals 
and chelation of metal ion (Fe2+ and Cu2+) which are responsible to their for-
mation (Budryn and Nebesny, 2006). Chelation effect was also observed in the 
case of caffeic acid (Kołodziejczyk-Czepas et al. 2015). Ferulic acid, by inhibit-
ing certain enzymes, e.g., hydroxymethyl glutaryl-coenzyme-A-reductase in the 
liver or thromboxane-A2-synthetase, significantly reduces cholesterol synthesis 
and prevents the occurrence of thrombosis (Ou and Kwok, 2004). The inhibito-
ry effect of ferulic acid is revealed by blocking bacterial enzymes, e.g., the inhi-
bition of the activity of bacterial arylamine-N-acetyltransferase, which results in 
bactericidal and anti-inflammatory properties of ferulic acid (ibid.). Also, the 
catalytic activity of ferulic acid is showed in increasing the activity of detoxifying 
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enzymes: glutathione S-transferase and quinone reductase in the liver and the 
intestine, in turn, the processes of intestinal cell carcinogenesis caused by the 
action of free radicals are inhibited (ibid.). 

In the large intestine, in the presence of bacterial intracellular O-demethylase, 
the demethylation of ferulic acid occurs, and this process leads to the formation of 
caffeic acid with stronger antioxidant activity than ferulic acid due to presence 
additional hydroxyl group attached to the aromatic ring (Micard et al., 2002). 
The strong antioxidant activity of caffeic acid has been confirmed by the epide-
miological studies showing a relationship between regular coffee consumption 
and a decrease in the incidence of Parkinson's disease, type 2 diabetes, and can-
cers of the excretory system and large intestine (Budryn and Nebesny, 2006). 
The protective effect of caffeic acid has been also found in studies on lipid oxi-
dation (Masuda et al. 2008). In contrast, ferulic acid derivatives are thermally 
unstable, and the products of its decomposition may have a pro-oxidant effect 
(Kołodziejczyk-Czepas et al., 2015). 

Similar pro-healthy effects were found for flavonoids. Epidemiological stud-
ies have shown the correlation between the intake of flavonoids and the reduced 
risk of cardiovascular heart disease, gastrointestinal cancer, and neurodegenera-
tive diseases, and the protective effect can be attributed to the antioxidative ac-
tivity of these compounds (Viskupičová et al. 2008). Moreover, the antimicrobi-
al, antiviral, anti-cancer, anti-inflammatory, anti-allergic, and vasodilatory ac-
tions of flavonoids were found (ibid.). Flavonoids have also been shown to in-
hibit the lipid oxidation and blood cell platelets aggregation, regulate the perme-
ability and sensitivity of blood capillary vessels as well as affect the enzymatic 
systems, including phospholipase A2, cyclooxygenase and lipoxygenase and 
number of ATP-binding proteins (ibid.). 

Lignans, in particular, their metabolites – enterodiol and enterolactone, can 
play a preventive role in the breast, prostate, and liver cancers development. 
Inhibitory effect of lignans and their metabolites is assigned to suppressing pro-
liferation and migration of prostate cancer cells partly by inhibition of insulin-
like growth factor-1 receptor signaling, which is necessary for prostate cancer 
cell growth and progression. (Andersson et al. 2014). The anti-inflammatory 
effect of lignans was also found. Pinoresinol was shown to have the most potent 
force in vitro by blocking the NF-kB signaling pathway, possibly concerning its 
molecular structure and its conjugation efficacy in intestinal cells (During et al., 
2012). 

METABOLISM IN THE HUMAN DIGESTIVE TRACK 

Studies on rats showed that the digestibility of phenolic compounds depends 
on the form in which they are present in food, and thus how they are transferred 
into the organism (Andreasen et al. 2001b). Free ferulic acid can be absorbed 
directly by the small epithelial cell; however, there is only 10 % of the total 
amount of this acid assimilated in food (Shahidi and Yeo, 2016). Absorption 
models in situ or ex vivo indicate that ferulic acid is acquired from the small 
intestine (jejunum and ileum) and stomach (Zhao and Moghadasian, 2008). The 
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researches provided by Williamson revealed that the absorption of flavonoids in 
the small intestine is diverse, which was attributed to the different selectivity of 
enterocytes in various organisms as well as the diversified structure of these 
compounds (Williamson et al. 2000). 

Due to the presence of the bacterial flora, a large intestine is a primary place 
of metabolism of phenolic compounds in the human body. A significant part of 
ferulic acid is present as a cell-wall component; thus, before the absorption, it 
must be enzymatically released from the polysaccharide matrix by specific hy-
droxycinnamic esterases (Andreasen et al. 2001a; Ou and Kwok, 2004) pro-
duced by human bacterial flora. Ferulic acid dehydrodimers are also released. 
(Kroon et al. 1999; Biely et al. 2016). The metabolism of chemically unstable 
flavonoid aglycones, which were not absorbed in the small intestine, is per-
formed in the large intestine (Selma et al. 2009). The enzymatic action of bacte-
rial flora determines a series of biochemical alterations, including the degrada-
tion of aromatic rings of flavones. Resulting metabolites retain their biological 
activity and can be absorbed into the organism (Williamson et al. 2000). 

The studies in rats have proven the presence of many ferulic acid metabolites, 
including its conjugates with the sugars, amino acids, and even with inorganic 
acid ions. The formation of conjugates of ferulic acid with glucuronic acid or 
sulphate (VI) ion appears to be the main metabolical pathway of ferulic acid, 
and this process takes place in the liver. It is catalyzed by the suplhotransferase 
(EC 2.8.2.1) and glucuronosyltransferase UDP (EC 2.4.1.17). Also, ferulic con-
jugates are formed in the membrane mucous intestine and kidneys. This process 
seems to be dependent on the amount of ferulic acid in food (Zhao and 
Moghadasian, 2008; Ou and Kwok, 2004). 

The metabolism of unabsorbed hydroxycinnamic acids (in particular ferulic, 
p-coumaric and caffeic) is carried out by enzymes produced by Lactobacillus 
brevis strains present in human flora. In the large intestine, p-hydroxycinnamic 
acids are decarboxylated, and the final products are p-vinyl guaiacol, p-vinyl 
phenol and p-vinyl catechol, respectively, that diffuse through the wall of the 
large intestine to the plasma (Chesson et al. 1999; Curiel et al. 2010). 

Both ferulic acid and its metabolites are excreted mainly in the urine. The 
rate of excretion is species-dependent; in rats, the plateau is reached 1.5 hours 
after ingestion, whereas in humans, this process is much slower, and the plateau 
is reached between 7 and 9 hours after ingestion (Mancuso and Santangelo, 
2014). 

IMPACT ON THE BREAD QUALITY 

The technological effects of sourdough on the flavor, texture, shelf-life, and 
nutritional quality of bread are dependent on bioconversion of flour components 
at the dough stage (Gänzle, 2014). Bioconversion of phenolic acids is dependent 
on the lactic acid bacteria strain (Rodriguez et al., 2009). So far, phenolic acids 
in plants have been considered as anti-nutritional factors that impart a bitter 
taste although they are exerted beneficial health effects as antioxidants (Ragaee 
et al., 2006; Dykes and Rooney, 2007; Katina et al., 2007; Poutanen et al., 
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2009). In recent years it has been proven that phenolic compounds, along with 
amino acids, are one of the groups of taste and aroma precursors during the 
bread-making (Heiniö et al. 2003; Heiniö et al. 2008; Katina et al. 2006; Ro-
drigues et al. 2009). Dimberg et al. (1996) indicate the role of phenolic acids as 
well as their reduced form, i.e., aldehydes (vanillin and p-hydroxybenzaldehyde) as 
taste and aroma components. Also, phenolic acids as antioxidants can affect the 
rate of lipid oxidation (Moltenberg et al. 1996), followed by a generation of 
their derivatives with unpleasant for consumers taste and aroma, particularly 
rancid and bitter. In addition to phenolic acids and mentioned earlier aldehydes, 
other phenolic derivatives affect the aroma and taste of bread, particularly hy-
droxycinnamic acids vinyl- and ethyl- derivatives. Their presence is depended 
on the interaction of enzymes produced by both yeast and lactic acid bacteria. 
As a result of the action of feruloyl or p-coumaroyl decarboxylase, decarboxyla-
tion of hydroxybenzoic and hydroxycinnamic acids are to the corresponding 
phenol- or vinyl- derivatives (Rodriguez et al., 2009). Furthermore, the action 
of the vinyl phenol/guaiacol reductase on hydroxycinnamic acids vinyl deriva-
tives results in the hydrogenation of the C-C double bond and formation of ethyl
- derivatives (van Beek and Priest, 2000). 

CONCLUSIONS 

Technological progress with the result in negative changes both in personal 
motoric development and daily diet and constantly increasing environmental 
pollution cause a steady rise in the incidence of cancer, cardiovascular diseases, 
type 2 diabetes and obesity. Therefore it is extremely important to propagate the 
information about the health-promoting properties of antioxidant substances 
naturally found in food. The diversity of phenolic compounds present in the rye 
grain in combination with the unique properties of rye arabinoxylans make this 
cereal valuable component of the daily diet. The use of the modern analytical 
techniques allowed for a more accurate description of these substances useful 
for health. However, due to the limited ability to reproduce the conditions pre-
vailing in the human gastrointestinal tract, the knowledge about the action of 
these compounds and their metabolism both individually and in interaction with 
other food components should still be complemented by indirect tests involving 
experimental animals as well as the direct ones using volunteers involvement. 
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