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Hydroxycinnamic acids (HCAs) are important natural phenolic compounds present in high concentrations in our
food products. Dietary intake and nutritional importance of HCAs is briefly described along with their
pharmacokinetic properties, which have a high impact on HCAs to reach the target tissue in order to exert their
biological activities. A range of health beneficial effects were observed for HCAs and in recent years, also for their
metabolites formed in gastrointestinal tract, liver and kidneys. Therefore, metabolism is of high importance since
HCAs’ metabolites could retain, enhance or lose the biological activity of corresponding parental HCAs. The

biological activities and health benefits of HCAs' metabolites are also briefly reviewed.

diet natural compounds phenolic acids hydroxycinnamic acids metabolites

pharmacokinetic properties biological activities health effects

| 1. Definition

Our diet rich in plant food contains several health-beneficial ingredients. Among such ingredients, polyphenols
represent one of the most important natural compounds. Phenolic compounds are members of probably the largest
group of plant secondary metabolites and have the main function to protect the plants against ultraviolet radiation
or invasion by pathogensM2. They can be divided into four distinct classes based on the number of phenol rings
and structural fragments connecting them, namely phenolic acids, flavonoids, stilbenes and lignans2. The first
class generally involves the phenolic compounds possessing a carboxylic acid as the main functional groupf!, thus
being named as phenolic acids, which are further split into two groups, namely hydroxybenzoic and
hydroxycinnamic acids (HCAs) (Figure 1).
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Figure 1. Structure of the main hydroxycinnamic acids (HCAs) and their esters as one of the major class of

phenolic acids.

| 2. Introduction

HCAs possess phenylpropanoid C6-C3 structure as the main chemical scaffold and are recognized by the
presence of hydroxyl group(s) on the aromatic ring(s) and a carboxyl group in the lateral chain®2l, The number
and position of hydroxyl groups and other substituents contribute to the diversity of HCAs. The most abundant
HCAs in nature are para-coumaric, caffeic, ferulic, and sinapic acids (Figure 1)BI8 In nature, all four acids are
rarely present in a free form and are usually esterified with quinic and tartaric acids or various derivatives of
carbohydrates!d. Chlorogenic acids are one the most abundant esters including the whole set of HCAs esters with
quinic acid, namely caffeoyl-, feruloyl-, dicaffeoyl- and coumaroylquinic acids®2. The most common representative
is 5-O-caffeoylquinic acid (Figure 1) often referred to as chlorogenic acidl®. An ester of caffeic acid and 3,4-
dihydroxyphenyllactic acid is called rosmarinic acid (Figure 1), which is one of the most abundant caffeic acid ester

in the plant kingdom besides chlorogenic acids1Y,

Caffeic acid presents up to 70% of whole HCAs in fruits, whereas ferulic acid is the prevalent HCA in cereal
grainstZ. The daily consumption of HCAs varies significantly between individuals122l13] which is attributed not
only to different intake but also diverse metabolism and absorption from the gut. The bioavailability and metabolism

of HCAs and their conjugates is thus of high importance for health benefits for particular individual.
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Herein, we will briefly present natural sources and pharmacokinetic properties of HCAs and their esters.
Afterwards, the main focus will be on their metabolism, biological activities and health benefits with emphasis on

specific effects of HCAs mediated by their metabolites.

| 3. Dietary Intake and Nutritional Importance of HCAs

HCAs are one of the most widely distributed naturally occurring phenolic acids being typically present in the form of
esters with quinic, shikimic or tartaric acid, saccharides, flavonoids or with plant structural elements (i.e., cellulose,
lignin and proteins)14I15] HCAs are considered as important constituents of our diet, contributing to taste, color,
nutritional value and health benefitsll. HCAs are thus present at a wide concentration range in our everyday food
and drinks, including fruits (apples, berries, plums, cherries, peaches and some citrus fruits), vegetables (carrots,
salad, cabbage, eggplant, and artichoke), cereals, beverages (tea, coffee), grapes and winelXHL8II7I18I19]  HCA
derivatives represent about 18% of all phenolic compounds in apples with chlorogenic acid as the most abundant
HCA in the entire apple (up to 87% of the total HCA amount)2%, whereas p-coumaric, caffeic and ferulic acids are
encountered in blueberry fruits29. Indeed, caffeic acid is the most abundant in fruits (between 75 and 100% of the
total HCA content) with the highest quantities in the range of 0.5 to 2 g in blueberries, kiwis, plums, cherries, and
apples, whereas ferulic acid is ubiquitous in cereal grains, which represent its major dietary sourcel2ll. For
example, ferulic acid is the prevalent phenolic acid in barley brans and seeds[2 and is also present in blueberries
and blackberries ranging from 2.99 to 16.97 mg/g fresh weight!22. Similarly, the levels of p-coumaric and caffeic
acids in blueberry fruits varies from 0.40 to 15.78 and 1.38 to 6.32 mg/g fresh weight, respectively22. The most
abundant HCAs in cranberry fruit are p-coumaric and sinapic acids with approximately 0.25 and 0.21 g/kg fresh
weight, respectively23l. All major HCAs are also present in numerous vegetables, with an average amount of total
phenolic acids up to 32.0 mg/100 g fresh weight24. The major soluble HCAs identified in breeding vegetables are
chlorogenic acids (eggplant, carrot, basil, spinach, Chinese cabbage, parsnip, lettuce, pepper, cauliflower, turnip,
green bean, tomato), p-coumaric acid (radish, pepper, cauliflower, white cabbage, onion, zucchini, cucumber),
ferulic acid (red beet, radish, pepper, turnip, cucumber), caffeic acid (carrot, broccoli, zuccini) and sinapic acid
(broccoli, Chinese cabbage, cauliflower, turnip, white cabbage, pea)24. In another study, ferulic acid and caffeic
acid were identified at high concentrations in spinach (18.0—41.4 mg/kg dry weight) and garlic (1.7-28.3 mg/kg dry
weight), respectively, while chlorogenic acid was determined as the most abundant HCAs in artichoke (37.8-734.7
mg/kg dry weight)22]. Chlorogenic acids are also one of the main constituents of green coffee beans28, with daily
intake in the range from 120 to 594 mg for regular coffee drinkersiZl, whereas caffeoyl- and p-coumaroyl-quinic
acids were identified in tea leaves(28l. Indeed, coffee beans are one of the richest sources of chlorogenic acids in
the diet, leading to highly variable levels in coffee brews according to the literature data2d; however, typical values
of chlorogenic acids and their main lactones are in the range from 50 to 200 mg/mL. Ferulic, p-coumaric and
caffeic acid are located in skin’s vacuoles and pulp cells of grapes being esterified with tartaric acid and named as
fertaric, p-coutaric and caftaric acids (Figure 1), respectivelyl2d. Caftaric acid thus presents an important phenolic
compound in white (673 mg/L) or red wine (46—141 mg/L)2L[8I30 HCAs can be also found in mushrooms. Small

amounts of caffeic, ferulic and p-coumaric acids were determined in the extracts from Polish wild growing edible
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mushrooms with the exception of Pholiota mutabilis, which contained 29.10 mg/kg dry weight of p-coumaric
acidi31],

HCAs are generally ingested daily in high amounts, which vary significantly between individuals—the estimated
intake of 46.3 to 78.9 mg/day for children and 153.6 to 231.8 for adults was determined in cross-sectional analysis
of UK National Diet and Nutrition Survey Rolling Programmel22l. Another study estimated the average phenolic acid
consumption for men and women of 222 mg per day, dominated by caffeic acid with 206 mg of daily intake3, The
prevailing dietary sources of HCAs are coffee and fruits with 92% of the caffeic acid and 59% of the p-coumaric

acid intake, respectively3],

| 4. Bioavailability of HCAs

From the nutritional point of view, bioavailability is described as the fraction of a given food which our body can
utilize and it is highly affected by various factors, such as bioaccessibility, the food matrix effect, transporters,

molecular structures, metabolizing enzymes and absorption[22.,

4.1. Food Processing and Bioaccessibility

In order to exert a range of health beneficial effects after the consumption of plant-derived food, bioactive
phytochemicals need to withstand food processing and release from the food matrix after ingestion32l33],
Furthermore, after release in the gastrointestinal tract (GIT) (bioaccessibility), the uptake of the active compounds
along with metabolism in the GIT and liver is also highly important to reach the target tissue responsible for their

biological activity.

The bioavailability of phenolic acids rely upon their form (free or conjugated) present in the food matrix; thus, it
could also be affected by food processingll. The main example of high food processing influence is cereals,
where the majority of the edible fiber-bound phenolic acids are esterified to the cell walls and are common
components of complex structures (such as hydrolysable tannins, lignins, organic acids), thus being poorly
bioavailable34l, For example, ferulic acid as a dominant HCA in oats is bound to the cell wall arabinoxylan or
dimerized through oxidative cross-linking24. Many conventional processing techniques (i.e., cleaning and heat
treatment, dehulling and cutting, flaking or milling, germination) remove HCAs or increase the levels of free acids in
oat and cereal food productsi34l. Therefore, an optimized processing has a noteworthy influence on the absorption

of bioactive compounds such as HCAs, being especially important in case of tightly-bound ferulic acid22!.

The second important factor affecting the bioavailability of HCAs after appropriate food processing is the release
from the food matrix after ingestion, which can be defined by the term bioaccessibility. Bioaccessibility is affected
by the composition of the consumed food matrix and physicochemical properties (e.g., pH, temperature and the
texture of the matrix)22. A considerable percentage of HCAs exhibit low bioaccessibility because of the structural
complexity of the plant’s cell walll2€l. The investigation of the effects of boiling and extrusion processes applied in

sorghum bran, a known source of HCAs, showed the improvement of the HCAS' release and rise of the antioxidant
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capacity. In case of ferulic acid from boiled or extruded sorghum bran, higher bioaccessibility in the GIT was
observed. Therefore, it was showed that food matrix and in vitro digestion conditions along with applied
technological processes have an important impact on the release of HCAs[28l. Furthermore, the interaction with

digestive enzymes could also alter the bioaccessibility of HCAs.

4.2. Absorption, Distribution, Metabolism and Excretion of HCAs

The rate and extent of the absorption of HCAs from the GIT to the systemic circulation generally depends on their
structureZ, It is known that the presence of an ester moiety results in lower HCAs absorption[28l. Several studies
demonstrated that bound HCAs (for instance ferulic and caffeic acid esters) have reduced absorption capacity
through enterocytes in the gastrointestinal wall compared to their free forms2823. On the other hand, HCAs in a
free form are rapidly absorbed throughout the GIT, whereas HCA esters or HCAs attached to cell walls are
hydrolyzed by esterases before absorption[28!. According to in situ or ex vivo absorption models, ferulic, caffeic and
p-coumaric acids could be absorbed from the stomach, jejunum, ileum and colon based on the studies in rats,
which were summarized in a brief review by Zhao and Moghadasiand. In case of ferulic acid, the colon
represents the key site of absorption due to the presence of microbial cinnamoyl esterases, which facilitate its
release from the food matrix or parent compounds 242l |n another study using the in vitro model for the colonic
epithelium (Caco-2/HT29-MTX co-culture cell model), it was suggested that ferulic acid is absorbed via two distinct
mechanisms, i.e., passive transcellular diffusion and facilitated transport42. Furthermore, the active absorption via
the monocarboxylic acid transporter was proposed for some HCAs (i.e., ferulic acid3, p-coumaric acid“4) in
Caco-2 cells. On the other hand, caffeic acid has low affinity for this transporter and is generally more efficiently
absorbed via paracellular pathways, i.e., paracellular diffusion[#2. It was shown that the absorption efficiency of
HCAs in vivo is increased in the order from rosmarinic acid, caffeic acid to p-coumaric acid“8. The absorption of
caffeic acid has also been investigated in many other studiesBIA748I49 The in situ vascularly perfused rat
intestinal preparation, which enables precise and indirect assessment of the contribution of intestinal absorption,
was employed to determine the extent of caffeic acid absorption of 12.4% after intraduodenal administration.
Furthermore, poor permeability across the Caco-2 cell monolayer was shown for caffeic acid®d. Thus, it was
proposed that the poor bioavailability of caffeic acid in rats (determined as 14.7% in this study) is connected to low

absorption from the GIT along with low permeability across the Caco-2 cell monolayer.

One of the most abundant sources of caffeic acid in nature is 5-O-caffeoylquinic acid, which is most likely
hydrolyzed to caffeic and quinic acids by esterases from colonic microflora®2 and are not degraded and absorbed
in the upper GIT4L. However, the study from Olthof and coauthors showed that about 33% of chlorogenic acid and
95% of caffeic acid is absorbed in the small intestine of humans®Z. The increased hydrophilic characteristics of the
quinic moiety in ester most likely have an impact on the rate and extent of absorption and are responsible for
changing its permeability across the epithelium(28. Thus, part of ingested 5-O-caffeoylquinic acid will reach the
blood circulation, while most of it will proceed to the colon and hydrolyse to caffeic and quinic acids. On the other
hand, p-coumaric acid exhibits higher bioavailability compared to chlorogenic, caffeic and ferulic acids, being

absorbed in rats throughout the whole GIT (including stomach, jejunum, ileum and colon) having the highest
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absorption rate in jejunum2BL. While p-coumaric acid in a free form is easily and quickly absorbed in the upper

GIT, its conjugates exhibit much fewer and slower absorption, with higher proportion reaching the colon®1,

The distribution of HCAs within the body along with high absorption has a really important influence on health-
beneficial effects of HCAs[48l; however, there have not been many studies conducted about the distribution of HCA
to target tissues. In a pharmacokinetic study of caffeic acid from the methanol seed extract of S. cumini in rats, its
disposition from the plasma to more perfused tissues was observed in one hour after absorption2. Even though
caffeic acid was rapidly absorbed from the GIT of rats, only small amounts (19.1%) of ingested dose reached the
circulatory system. According to the data obtained about clearance (21.86h) and volume of distribution (4.378), a
good safety profile for caffeic acid due to a small time of exposure was proposed2. Another study in ddY mice
demonstrated distribution of caffeic acid in the plasma, liver and skin following oral administration, absorption and
metabolism into conjugated and/or methylated derivatives3l. It was showed that caffeic acid is efficiently
transported in the skin, being able to prevent the damage by UVA-induced generation of reactive oxygen species.
The pharmacokinetic study of ferulic acid as the main metabolite of angoroside C in rats showed that ferulic acid is
also distributed in some major organs, namely liver, lung, spleen and kidney, with the highest concentration
detected after 6 hours, especially in kidneys®¥. In order to follow the distribution of polyphenolic compounds
including major HCAs (caffeic, ferulic, sinapic and o-, m- and p-coumaric acids) to target tissues in rats the
intravenous administration of 23 polyphenol microbial metabolites was performed by Gasperotti et al.23. The
kinetics of distribution of the aforementioned HCAs and metabolites in the blood, brain, heart, liver, kidney, and
urine showed their accumulation in the kidneys. Due to their low concentrations in liver, it can be concluded that
absorbed HCAs' metabolites from the colon are subjected to limited first-pass metabolism leading to rapid
distribution to the other organs after absorption¥. The pharmacokinetic study of 5-O-caffeoylquinic acid in rats
demonstrated distribution to the highly perfused tissues (e.g., liver, kidneys), indicating the importance of an
organ’s blood flow and perfusion rate for distribution process of 5-O-caffeoylquinic acid®. It was also found in the
lung, heart, and spleen; however, the highest amounts were present in liver. Following the levels of 5-O-
caffeoylquinic acid in organs indicated its rapid metabolism since it could not be detected there anymore after
4hB8l In another study in rats, 5-O-caffeoylquinic acid was quickly absorbed after its intranasal administration and
high levels in cerebrospinal fluid of rat brain was observed indicating direct nose-to-brain distribution of 5-O-

caffeoylquinic acid, which implies the potential use in the therapy of neurodegenerative disorders®.

The uptake and distribution of HCAs is also highly dependent on their metabolism, which can occur in the GIT, liver
and kidneys (Figure 2)B8IB9 |ndeed, first-pass metabolism has an important impact on the bioavailability, and
consequently also on the bioefficacy of HCAs. Following the ingestion and absorption, HCAs are conjugated by
glucuronidation, methylation, and sulfation reactions, which are catalyzed and regulated by specific enzymes
(Figure 2)B2. The conjugation of the hydroxyl group(s) of phenolic compounds, which is/are present in HCAs, can
occur with glucuronate or sulfatel®?. The glucuronidation and sulfation of HCAs in the GIT and liver are catalyzed
by uridine-5"-diphosphate-glucuronosyltransferases (UGTs) and sulfotransferases (SULTs)EY. Furthermore, O-
methylation also occurs and is catalyzed by catechol-O-methyltransferases (COMTs). HCA esters (e.g.,
chlorogenic acids) are hydrolyzed by esterases!82. According to in vitro studies, chlorogenic acids display different

susceptibility to hydrolysis, which can occur in the stomach or upper GIT, with 5-caffeoylquinic acid being
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hydrolyzed more readily by intestinal chlorogenate esterase compared to 3- and 4-caffeoylquinic acid[3l,
Glucuronidation, sulfation, methylation and also hydrogenation can take place in enterocytes and liver, whereas
conjugation with glycine is acknowledged to only kidneys and liver. In the latter demethylation and dehydrogenation
also occurs®4, The intestinal metabolism is also highly affected by gut microbiota (Figure 2). The human GIT
microbiota transform the ingested HCAs to metabolites that usually show higher activity and better absorption
compared to the parent compounds. Gut microbiota metabolic transformations can be divided into three main
reactions: hydrolysis (O-deglycosylations, hydrolysis of esters), cleavage (C-ring cleavage, demethylation) and

reductions (dehydroxylation and hydrogenation) (Figure 2)[58l,

[ HCAs after ingestion ]

Liver
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SULT —= Sulfation . .
COMT —= Methylation Small infestine
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Figure 2. Major metabolic reactions, enzymes and organs involved in HCAs metabolism; UGT, uridine-5'-

diphosphate-glucuronosyltransferase; COMT, catechol-O-methyltransferase; SULT, sulfotransferase28159],

Enterocyte-like differentiated Caco-2 cells are one of the most utilized in vitro models for examination of small
intestinal epithelium metabolism[®3. The investigation of the metabolism of the main HCAs and their esters in vitro
in the Caco-2 model demonstrated glucuronidation, methylation, and sulfation of free and methyl-HCAs along with
hydrolysis, which occurred extra- and intracellularly. According to the results obtained in this study, sulfation could
be the preferential metabolic reaction for HCAs in the epithelium of small intestinel83. In case of ferulic acid, which
is efficiently transported over the intestinal barrier in a free form, only low amounts of conjugates (feruloyl-
glucuronide or sulfate, as well as some free dihydroferulic acid) with feruloyl-glucuronide as a main metabolite was

observed in the in vitro model for human small intestinal epithelium (Caco-2/HT29-MTX co-culture cell model)“2.,
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The proposed main metabolic pathways and metabolites of 5-O-caffeoylquinic, caffeic and ferulic acids are
presented in Figure 3[48I66I67]

B LI AL ACTINITY

. Dby ol i \\.\_\ o
_,_.f Vaderualic: sl Perulis skl - sam b l- ™ Wﬂl
M faltsiin FREEN ET—— A H
|W SUIT i - . :- -
Bwrra b i e b b

"
OO I':""“‘ :j:j"‘}‘ e 10 .
|n-l¢¢u-u;-m o o NG, @
HED "
\""Wcucul TRk & T ] J = o
R o
[ ]}

Bornhm g i
[ Ry e, [ acid-i O ghaceronide vy drosmtorals’ aced- gl o

Figure 3. Proposed metabolic pathways and metabolites of 5-O-caffeoylquinic, caffeic and ferulic acids; EST,
esterase; CAIl, caffeic acid isomerase; RED, reductase; COMT, catechol-O-methyltransferase; SULT,
sulfotransferase; UGT, uridine-5'-diphosphate-glucuronosyltransferase; GLYAT, glycine-N-acyltransferase48I[6867],

The main biological activities of selected metabolites are presented with appropriate symbols.

In a study from Stalmach et al.lfZ the metabolite profiling of HCA's derivatives in human plasma and urine
following the coffee ingestion was performed. Caffeoyl and feruloylquinic acids are one of the most abundant coffee
ingredients; however, only trace levels of 5-caffeoylquinic acid and low levels of three different feruloylquinic acids
appeared in the circulatory system. This is due to the presence of intestinal esterases(®, which hydrolyse 5-
caffeoylquinic acid to caffeic acid that is further metabolized to caffeic acid-3-O-sulfate (Figure 3)8Z. As already
noted, the hydrolysis of the remaining 5-caffeoylquinic acid into caffeic and quinic acids is catalyzed by esterases
provided by the gut microbiota®¥. In addition to caffeic acid-3-O-sulfate, ferulic acid-4-O-sulfate (Figure 3) was also
detected in plasma, probably as a result of a parallel ferulic acid metabolism involving the hydrolysis of
feruloylquinic acids, caffeic acid methylation by COMTs and conversion of caffeoylquinic acids to feruloylquinic
acids, thereby contributing to the ferulic acid pool©Z,

The hepatic uptake and metabolism of HCAs was also studied using human hepatoma HepG2 cells as a hepatic
model system88, Moderate uptake of caffeic and ferulic acids was observed, while chlorogenic acid showed null
metabolism and very limited absorption. In case of caffeic acid, methylation was found to be the preferential
metabolic pathway along with sulfation and glucuronidation, whereas ferulic acid converted to glucuronides as the
only metabolitest®8. Another study in the human liver S9 homogenates showed that sulfation compared to
glucuronidation is more preferred, being the most efficient and high-affinity pathway for HCAs' metabolism in
liver®ll. The highest efficiency of conjugation was demonstrated in caffeic acid, followed by ferulic, dihydrocaffeic,

isoferulic and dihydroferulic acids[28l81l. Similarly, absorbed p-coumaric acid can also undergo the conjugation with
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glucuronide, sulfate and sulfoglucuronide (diconjugation with sulfate and glucuronic acid) in the liver®l: however,
sulfoglucuronide is more typical for ferulic acid and was showed as the leading metabolite (60—-70% of the total)
along with ferulic acid glucuronide and sulfate in the rat's plasma following the administration of free ferulic acid or
its sugar estersl®. The bioavailability study of yerba mate containing phenolic compounds in humans led to the
identification of 34 metabolites in biological fluids with sulfates of caffeic, ferulic and isoferulic acids as the
prevailing metabolites?. The main metabolites determined in plasma as a consequence of delayed colonic
absorption after colonic microbiota metabolism were reduced forms of HCAs (i.e., dihydroferulic, dihydrocaffeic and
dihydroisoferulic acids) and their phase Il conjugates (i.e., dihydrocaffeic acid-4-O-sulfate, dihydroferulic acid-4-O-
glucuronide, dihydroisoferulic acid-3-O-glucuronide, dihydroferulic acid-4-O-sulfate and dihydroisoferulic acid-3-O-

sulfate) in addition to feruloylglycinelZ%,

In addition to glucuronidation and/or sulfation, HCAs can also oxidize into benzoic acid derivatives that are further
converted into hippuric acid derivatives®. For example, the metabolism of chlorogenic acid by GIT microbiota into
diverse aromatic acid metabolites (e.g., m-coumaric acid, benzoic and phenylpropionic acids derivatives) was
observedl, Indeed, the metabolites of microbial origin, such as m-coumaric, 3,4-dihydroxyphenylpropionic, 3-(3-
hydroxyphenyl)propionic acid, 3-hydroxybenzoic, 3-hydroxyhippuric and hippuric acids (Figure 4) were detected in
plasma and urine after chlorogenic acid diet in rats indicating the high importance of gut microflora metabolism to
bioavailability of HCAsZL. It was suggested that the preferred route of caffeic acid metabolism in rats is to 3-(3-
hydroxyfenil)propionic acid, whereas 3-hydroxyhippuric acid is mainly excreted in the urine of humans!?2. Hippuric
acid is mainly produced as a result of quinic acid moiety metabolism; however, it can also originate from other
metabolites in the caffeic acid metabolic pathway. According to the gastrointestinal model studies, the gut
microbiota metabolism of chlorogenic, ferulic and caffeic acids (Figure 4) generates various cinnamic acids (caffeic,
ferulic, coumaric, dihydrocaffeic and cinnamic acids), phenyl substituted propionic acids (3-(3,4-
dihydroxyphenyl)propionic, 3-phenylpropionic, and 3-(4-hydroxy-3-methoxyphenyl)propionic acids), benzoic acids
(vanillic, 3-hydroxybenzoic and benzoic acids) and 3-hydroxyphenylacetic acidl’274. |n case of p-coumaric acid,

the observed plasma metabolites were m-dihydrocoumaric acid and dihydrocoumaric acid-O-sulfatel21l,

Due to the fast and considerable metabolism of HCAs, the majority of their metabolites are quickly excreted in bile
(largely conjugated metabolites) and urine (small conjugates, e.g., sulfates)2873l, There have been many studies
in rats and humans about the HCAS’ excretion via the urinary and biliary pathways and they were described or
reviewed elsewherel18147][481[72][76I[77I[78I[79[801. thys, we will briefly mention only the recent ones. The recent study
of the urinary excretion rates of the main HCAs in non-fasted rats demonstrated the highest excretion rate for
ferulic acid, followed by caffeic and p-coumaric acids, with all being absorbed, metabolyzed, and excreted in the
urine within 6h, while chlorogenic acids showed much smaller and slower urinary excretion (up to 48h)E&Ll,
Relatively fast urinary excretion (up to 8h) of 30 various metabolites was observed following the ingestion of oat
bran in humans. The highest concentrations in the urine were determined for vanillic and hydroxylated hippuric
acids (especially at positions 3 and 4), and ferulic acid-4-O-sulfatel82. Generally, in most studies, up to date HCAs’
derivatives in the form of sulfates, glucuronides and on a smaller scale also glycine conjugates have been usually
excreted in the urinel3. Many other metabolites have also been identified in the urine resulting from metabolism in

liver and kidneys or from biotransformations by gut microbiota and are summoned in a recent book by Farah(83l,
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Figure 4. Main metabolites of rosmarinic, chlorogenic, caffeic and ferulic acids that appeared after

biotransformation by gut microfloral83I[Z1184I85] The main biological activities of selected metabolites are presented

with appropriate symbols.
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