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Abstract

Purpose Yerba maté is widely consumed in South America
as different beverages, such as maté tea (roasted leaves) and
chimarrdo (green dried leaves), and linked to health ben-
efits, mainly attributed to chlorogenic acids (CGAs). Health
effects of CGAs depend on their bioavailability, but such
data are scarce. The aim of this study was to investigate the
distribution of CGAs and metabolites in tissues, hepatic
and plasmatic kinetic profile and urinary excretion after
ingestion of maté tea or 5-caffeoylquinic acid (5-CQA).
Methods Wistar rats ingested maté tea (MT) or 5-CQA
(ST) and were killed after 1.5 h for tissue distribution
analysis (pilot study) or at 0.5, 1, 2, 4 and 8 h for liver and
plasma kinetics (main experiment). Urine was collected
in metabolic cages. Biological samples were analyzed
by UPLC-DAD-MS with and without incubation with
B-glucuronidase and sulfatase.
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Results CGAs and metabolites were detected in all tis-
sues. Caffeic acid was the main compound in plasma up
to 2 h after ingestion of maté tea, while 5-CQA predomi-
nated in ST group. Concentration of microbial metabolites
increased 4 h after gavage and reached higher amounts
in MT plasma and liver, when compared to ST group.
Approximately 4.0 % of compounds ingested by MT and
3.3 % by ST were recovered in urine up to 8 h after the
gavage.

Conclusion The study confirms that not only absorption,
but also metabolization of CGAs begins in stomach. There
were differences in compounds formed from maté tea or
isolated 5-CQA, showing that CGAs profile in food may
influence qualitatively and quantitatively the metabolites
formed in the body.

Keywords Phenolic compounds - Chlorogenic acids -
llex paraguariensis - Bioavailability - Biotransformation -
UPLC-DAD-MS

Introduction

Yerba maté (Illex paraguariensis) is a plant from the sub-
tropical region of South America, widely consumed in
Brazil, Argentina, Paraguay and Uruguay as different bev-
erages, such as maté tea (roasted leaves) and chimarrdo
(dried green leaves). This plant has been reported to have
various biological activities, mostly attributed to the high
content of chlorogenic acids, such as antioxidant, anti-
inflammatory and chemopreventive properties, inhibition of
glycation and atherosclerosis, improvement in glucose tol-
erance and anti-obesity effects, reviewed elsewhere [1, 2].
Chlorogenic acids (CGAs) are a family of non-flavonoid
phenolic compounds, comprising esters of quinic acid with
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one or more molecules of hydroxycinnamic acids such as
caffeic, ferulic and p-coumaric acids [3]. CGAs occur in a
diversity of plant-derived foods and are the main phenolic
compounds in coffee, contributing significantly to daily
dietary intake of phenolics [4, 5].

Although beneficial properties of CGAs and other plant
phenolics are often attributed to antioxidant activities,
emerging findings suggest a variety of potential mecha-
nisms of action in vivo, beyond antioxidant functions [3,
6, 7]. As they pass along the gastrointestinal tract, phenolic
compounds are extensively metabolized and it is their
metabolites that probably reach the physiological targets,
and may have different chemical, biological and functional
properties from the compounds present in the food matrix
[7-9]. Therefore, a deeper understanding of the bioavaila-
bility of phenolics is essential to link yerba maté and other
foods containing these compounds to specific activities
and mechanisms by which they may contribute to health
[10, 11].

A limited number of studies have investigated the bio-
availability of CGAs after ingestion of coffee or pure
5-caffeoylquinic acid (5-CQA). Following ingestion, a
small part of CGAs may be absorbed intact or after cleav-
age of ester bonds by membrane [12, 13] or microbial
esterases [14], appearing in plasma and urine mainly as
phase II conjugates (methyl, glucuronide and sulfate deriv-
atives) of CGAs, caffeic and ferulic acids [11, 15-19].
Late-appearing metabolites like hydroxyphenylpropionic,
dihydrocaffeic, hippuric and hydroxybenzoic acids have
been assumed to be absorbed and produced in the large
intestine, after metabolization by the microbiota [5, 11, 20,
21]. In comparison with other phenolic compounds such
as catechins and isoflavones, data on the biotransformation
and extent of metabolism for the CGAs are still consid-
ered scarce and, in many cases, contradictory [22]. To our
knowledge, there are no published papers describing the
bioavailability of CGAs from yerba maté.

The purpose of this investigation was to explore the
distribution of CGAs and their metabolites in Wistar rats
tissues, kinetic profile in plasma and liver and urinary
excretion after ingestion of maté tea, in comparison with
the ingestion of isolated 5-caffeoylquinic acid. The pres-
ence of CGAs and several metabolites was investigated
in plasma and tissues (liver, kidneys, skeletal muscle,
stomach, small and large intestine) by ultra-performance
liquid chromatography coupled to diode array detector
and mass spectrometry (UPLC-DAD-MS). On a second
experiment, concentration versus time profile in plasma
and liver and urinary excretion of the compounds were
evaluated.
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Materials and methods
Chemicals and reagents

Standards of the phenolic acids 5-caffeoylquinic (5-CQA),
caffeic, ferulic, isoferulic, hippuric, p-coumaric, m-cou-
maric, 3-hydroxybenzoic, dihydrocaffeic, vanillic and
3-hydroxyphenylpropionic acids, enzymes p-glucuronidase
(Type IX from E. coli) and sulfatase (Type VIII from aba-
lone entrails), MOPS, Na2EDTA, sodium dithionite and
ascorbic acid were purchased from Sigma-Aldrich (Buchs,
Switzerland). Solid phase extraction cartridges (Oasis
HLB, 1 cc 30 mg) were provided by Waters (Milford, Mas-
sachusetts, USA). Formic acid (98 %) and phosphoric acid
(85 %) were obtained from Merck (Darmstadt, Germany)
and HPLC grade organic solvents (acetonitrile and metha-
nol) from Carlo Erba (Rodano, Italy). Deionized water was
obtained from a Milli-Q water purification system (Milli-
pore, Bedford, MA, USA).

Maté tea characterization

Instant maté tea (roasted 1. paraguariensis aqueous spray-
dried extract) produced by Ledo Jr. (Curitiba-PR, Brazil)
was purchased directly from the market. The phenolic
compounds in maté tea were determined using ultra-perfor-
mance liquid chromatography (1200SL, Agilent Technolo-
gies, Palo Alto, California, USA) coupled to a diode array
detector (DAD) and a single-quadrupole mass spectrometer
(6150B) (UPLC-DAD-MS). Instant maté tea was diluted
with deionized water and injected into an Agilent Zorbax
SB-C18 column (50 x 2.1 mm, 1.8 wm). The mobile phase
consisted of solvent A (100 % water + 0.1 % formic acid)
and solvent B (methanol). Injections volume was 5 pl. Gra-
dient program was 15 % B from 0 to 1.8 min; 15-30 % B
from 1.8 to 5 min; 30-35 % B from 5 to 6 min; held at
35 % B from 6 to 12 min; and back from 35 to 15 % from
12 to 13 min, at a flow rate of 320 ul/min. MS parameters
for the analysis were as follows: capillary voltage, —4 kV;
nitrogen as nebulizer, 30 psi; drying, 12 L/min; and des-
olvation temperature, 350 °C. At first, a scan analysis was
performed, so the deprotonated molecule and the most
intense fragment ion of each compound were chosen for
selected ion monitoring (SIM).

Identification of 5-CQA and rutin was based on retention
time, UV absorption and mass spectra compared to standards.
Other phenolic compounds were tentatively identified based
on UV spectrum (similarity with 5-CQA spectrum >95 %),
MS spectrum and elution order, comparing with data previ-
ously published in the literature [15, 23-25]. Quantification
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was performed with DAD data (wavelength 324 nm), using
a five-point analytical curve with 5-CQA standard. Limit of
detection (LOD) for 5-CQA was 1.74 nmol/ml and limit of
quantification (LOQ) 5.33 nmol/ml.

Experimental design and sample collection

All animal procedures were in agreement with the Ethi-
cal Principles in Animal Research, adopted by the Brazil-
ian College for Animal Experimentation, according to the
American Psychological Association Guidelines for Ethical
Conduct in the Care and Use of Animals. Study protocols
were approved by the Ethical Committee of the Tropical
Medicine Institute, University of Sdo Paulo.

A total of 74 male Wistar rats were used. All animals
were obtained at 5 weeks of age and housed in groups of
four per cage in a controlled temperature (22 °C) room with
a 12-/12-h light/dark cycle (lights on at 7:00 a.m.) with free
access to water and a commercial feed for laboratory rats
(Nuvilab CR1, Nuvital, Curitiba-PR, Brazil).

Pilot experiment

Pilot experiment was performed to evaluate whether the
maté tea administered to the animals (same dose used in a
previous study [26]) would be sufficient for the detection of
phenolic acids in plasma and tissues and determine which
compounds could be found. At nine weeks of age, six ani-
mals (280 £ 20 g body weight) were kept in fasting condi-
tions for 16 h with access to water, weighed and randomly
divided into 3 groups (n = 2 per group): MT—received
instant maté tea (2 g/kg of body weight) diluted in water;
ST—received 5-CQA standard (240 mg/kg of body weight)
diluted in water; and control—received the correspondent
amount of water. Beverages were administered by gav-
age. The amount of 5-CQA administered is equivalent to
the total phenolic content of 2 g/kg of maté tea, determined
by UPLC-DAD. After 1.5 h, rats were anesthetized with an
association of ketamine and xylazine intraperitoneally and
killed by exsanguination (cardiac puncture). Liver and kid-
ney were excised after being perfused with saline solution.
Stomach, small intestine, large intestine and biceps femoris
(right paw) were removed and washed with saline solution.
All samples were immediately frozen in liquid nitrogen and
stored at —80 °C, and tissues were also freeze-dried for
12 h before analysis.

Main experiment

Animals (299 £ 33 g body weight) were treated as
described for the pilot study: After 16-h fasting, these were
randomly divided into MT group (30 rats), ST group (30
rats) or control (6 rats), receiving the same dosages of maté

tea and 5-CQA tested on the pilot study. After anesthesia,
animals were euthanized at 0.5, 1, 2, 4 or 8 h after receiv-
ing maté tea or 5-CQA (6 rats/group/time) or 2 h after
receiving water (control group, n = 6). Blood and liver
were collected.

Animals killed at 2, 4 and 8 h were placed in metabolic
cages for urine collection right after the gavage, with access
to water. Urine volumes were measured and divided in
1-ml aliquots. Blood was centrifuged for 10 min at 3000x g
(4 °C), and 40 pl of an antioxidant solution (sodium ace-
tate buffer 250 mM pH 5.0, 20 mg/mL ascorbic acid and
I mg/mL Na,EDTA) was added to each 1 ml of plasma
and urine. All samples from pilot and main experiments
were immediately frozen in liquid nitrogen and stored at
—80 °C. Liver samples were freeze-dried for 12 h, with
individual weights recorded before and after the freeze-
drying process, so the results could be expressed per gram
of fresh tissue.

Extraction of phenolic acids from fluids and tissues
and liquid chromatography-mass spectrometry
analyses

Sample preparation and liquid chromatography—mass spec-
trometry analyses were performed according to a validated
method [27]. Briefly, triplicate samples of plasma, urine
(200 pl) or freeze-dried liver (30 mg) from each animal
of the main experiment were incubated with or without
B-glucuronidase and sulfatase, to estimate total (conju-
gated 4 not conjugated) and free (not conjugated) phenolic
acids, and applied to solid-phase cartridges (Oasis HLB).
Extraction solutions and procedures for all tissues from the
pilot experiment were the same described before for liver
[27]. However, blood and tissue samples from the pilot
experiment were not subjected to enzymatic hydrolysis
with B-glucuronidase and sulfatase, were evaluated quali-
tatively and screened for many compounds, including glu-
curonated and/or sulfated metabolites for which standards
were not available. Compounds were tentatively identified
based on m/z (SIM mode) selected from previously pub-
lished literature that evaluated bioavailability of chloro-
genic acids [15, 25, 28].

Samples were analyzed on an UPLC-DAD-MS sys-
tem (Agilent Technologies, Palo Alto, California, USA).
Separation was achieved on a Zorbax SB-C18 column
(50 x 2.1 mm, 1.8 um) with a Zorbax SB-C8 guard col-
umn (12.5 x 2.1 mm, 5 um) (Agilent Technologies), oper-
ating at 45 °C. Mobile phases were constituted with water
(solvent A) and acetonitrile (solvent B), both acidified with
0.1 % formic acid. The best separation was achieved with
the gradient program: 6 % B from 0 to 0.5 min; 6-20 % B
from 0.5 to 8.5 min; 20-90 % B from 8.5 to 9.5 min; 90 %
B held from 9 to 12; back to 6 % B from 12 to 12.5 min;
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and a 10-min post-run re-equilibration at 6 % B. Mass
spectrometric data were collected between 0.5 and 8.5 min.
The flow rate was 330 wL/min and injection volume 5 pL.
Data were acquired in SIM mode, and the deprotonated
molecule and most intense fragment ion of each compound
of interest were monitored. When possible, UV spectra
were used for comparison with those of standards.

Quantification was performed for samples from the
main experiment (plasma, urine and liver), using MS data.
External calibration curves (minimum 5 points) for quan-
tification of phenolic acids in plasma and liver were built
by spiking control samples with standard solutions. There-
fore, data are corrected for endogenous levels of hippuric
and 3-hydroxyphenylpropionic acids, detected in very low
levels in these control samples. Calibration curves for urine
were built with standards diluted in mobile phase in order
to quantify the studied compounds also in control group,
as some of the phenolics (hippuric, ferulic and 3-hydroxy-
phenylpropionic acids) were present in control urine in
relatively high concentrations. Isomers of 5-CQA (3- and
4-CQA) and feruloylquinic acids (FQA) were tentatively
quantified using the calibration curves of 5-CQA. Concen-
trations of other compounds were estimated, respectively,
to their own calibration curves (standards). All calibration
curves presented R? > 0.98. Linearity range varied between
0.15 and 12 nmol/ml for curves used for plasma samples
and from 0.10 to 5 nmol/g of fresh tissue in curves used for
liver samples, for all compounds. Linearity range of curves
used for urine samples varied from 0.15 to 150 nmol/ml for
all compounds, except for hippuric acid (2-200 nmol/ml).
Urine samples with hippuric acid concentrations higher
than the highest concentration in the calibration curve were
diluted accordingly, in order to fit the linearity range.

Limits of detection ranged from 0.05 (5-CQA) to
0.36 nmol/ml (hippuric acid) in plasma, 0.08 (5-CQA,
caffeic and dihydrocaffeic acids) to 0.12 nmol/g of fresh
tissue (isoferulic acid) in liver and from 0.04 (5-CQA) to
0.34 nmol/ml (isoferulic acid) in urine. Limits of quantifi-
cation ranged from 0.15 (5-CQA) to 1.12 nmol/ml (hippu-
ric acid) in plasma, 0.14 (5-CQA) to 0.30 nmol/g of fresh
tissue (isoferulic acid) in liver and from 0.14 (5-CQA) to
1.04 nmol/ml (isoferulic acid) in urine [27].

Data analysis

Body weight and total amount of phenolics ingested were
analyzed by one-way ANOVA followed by Tukey’s test.
Group differences for other variables were assessed using
nonparametric statistical tests (Mann—Whitney or Kruskal—
Wallis followed by post hoc Dunn’s test) since data did
not show normal distribution or homoscedasticity. All
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statistical analysis was carried out using Statistica software
(version 11.0, Stat Soft Inc., Tulsa, OK, USA). Values for
p < 0.05 were considered significant.

Results
Phenolic compounds in maté tea

DAD (A = 324 nm) and MS chromatograms of maté tea are
shown in Fig. la, b, respectively. Retention times, deproto-
nated molecule [M—H] ™, most intense fragment ions (m/z)
and estimated concentration (expressed as 5-CQA equiva-
lents) of phenolic compounds are given in Table 1.

Besides 5-CQA, identified based on its own commercial
standard, two isomers of monocaffeoylquinic acids (CQAs)
were tentatively identified as 3-CQA and 4-CQA (peaks
1 and 4), respectively, based on similarity of UV and MS
spectra with those of 5-CQA standard and elution order of
CQAs compared to previously published literature [24, 25],
taking in consideration that Jaiswal et al. [24] reported 3-,
4- and 5-CQA as the most intense CQAs found in yerba
maté, after performing LC-MS" analysis. Tentative identi-
fication of other chlorogenic acids which have been previ-
ously reported in yerba maté beverages [23, 24] was based
on similarity to 5-CQA UV spectrum (>95 %), MS spec-
trum and elution order from previous reports [15, 23-25].

A total of 11 phenolic compounds were identified/ten-
tatively identified and quantified: 4 monocaffeoylquinic
acids (CQAs), 2 caffeoylshikimic acids or caffeoylquinic
acid lactones, 1 feruloylquinic acid, 3 di-caffeoylquinic
acids (DiCQAs) and 1 rutin. Caffeoylquinic acids (CQAs)
represented 64 % of the total phenolics. Three isomers of
di-caffeoylquinic acids (DiCQAs) represented 34 % of the
total phenolics, and the sum of the other compounds repre-
sented 2 % of the total phenolics in maté tea.

Regarding the amount of phenolic compounds ingested
by the animals, MT group received an absolute amount
of 613 £ 62 mg of maté tea, corresponding to 75 + 8 mg
(210 £ 21 pmol) of chlorogenic acids (as 5-CQA equiva-
lents), and ST group received 72 + 8 mg (203 % 22 umol)
of 5-CQA standard. Body weights and total amount of phe-
nolic compounds ingested did not differ statistically among
groups (ANOVA and Tukey’s post hoc).

One cup (200 ml) of maté tea, prepared as recommended
on the label (1 g in 200 ml), contains approximately
120 mg (343 pmol) of phenolic compounds (Table 1).
For comparison, one cup of coffee (200 ml) may contain
70-350 mg of chlorogenic acids [4, 11, 15-19, 29], and the
daily ingestion of phenolic compounds in human diet may
vary between 100 mg and 2 g [30].
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Fig. 1 Phenolic compounds in maté tea. a UPLC-DAD chromatogram (A = 324 nm) b UPLC-MS chromatogram (selected ion monitoring)

Table 1 Identification and concentration of phenolic compounds (mean + SD) in instant maté tea

Compound Peak® RT®(min) [M-H]® (m/) Fragment ion(s) (m/z)° Concentration? (nmol/g)
3-Caffeoylquinic acid (3-CQA) 1 1.1 353 191, 179 65.28 £0.21
Caffeoylquinic acid 2 1.7 353 191, 179 2.83£0.15
5-Caffeoylquinic acid (5-CQA) 3 2.2 353 191 80.42 +£0.34
4-Caffeoylquinic acid (4-CQA) 4 2.4 353 179, 191 68.68 £ 0.29
Caffeoylshikimic acid or caffeoylquinic acid lactone 5 4.5 335 161 1.96 £+ 0.03
Feruloylquinic acid 6 6.2 367 173 3.10 £ 0.01
Caffeoylshikimic acid or caffeoylquinic acid lactone 7 6.4 335 161 1.47 £ 0.03
Di-caffeoylquinic acid 8 9.4 515 353 28.97 £+ 0.60
Di-caffeoylquinic acid 9 9.6 515 353 33.44 +£0.16
Rutin 10 9.8 609 301 3.60 £ 0.05
Di-caffeoylquinic acid 11 10.8 515 353 53.41+£0.27
Total phenolic compounds 343.17 £ 0.64

& Refer to Fig. 1
® Retention time of UPLC-DAD
¢ Mass spectrometer data used for identification

4 Values are mean =+ SD (n = 3) expressed as 5-CQA equivalents by UPLC-DAD (A = 324 nm)
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Table 2 UPLC-MS detection of phenolic acids® in Wistar rats tissues and plasma 1.5 h after ingestion of aqueous solutions of maté tea (MT)
(2 g/kg of body weight), 5-CQA (ST) (240 mg/kg of body weight) or water (CT)

Compound m/z RT (min) Liver Kidney Stomach Small intestine

CT MT ST CT MT ST CT MT ST CT MT ST

Chlorogenic acids (present in maté tea)

5-Cafteoylquinic acid (5-CQA) 353; 191 3.4 — + + - + + — + + - + +
3-Cafteoylquinic acid (3-CQA)® 353;191 1.8 — + — - + - — + - - + -
4-Caffeoylquinic acid (4-CQA)® 353;191 3.7 — + - = + - = + - - + -
Di-caffeoylquinic acid (Di-CQA1)® 515;353 8.7 — - - - - - - + - - + -
Di-caffeoylquinic acid (Di-CQA2)" 515;353 9.0 — - - - - - - + - - + -
Di-caffeoylquinic acid (Di-CQA3)° 515;353 99 - - — — — — + - — + —
Free phenolic acids

Caffeic acid 179; 135 3.7 — + + - + + - + + - + +
Hippuric acid 178; 134 3.3 + + +  + + +  + + +  + + +
Ferulic acid 193;178 6.7 — + + — + + + + + — + +
Isoferulic acid 193; 134 7.2 — — — — — — — + — — — —
m-Coumaric acid 163; 119 6.8 — — — — — — — — — — — —
p-Coumaric acid 163; 119 5.6 — — — — — — — + — - + —
Dihydrocaffeic acid 181;137 3.2 — — — + + + + + + — + +
3-Hydroxybenzoic acid 137,93 3.6 - - - — — — - - - - — —
3-Hydroxyphenylpropionic acid 165; 121 5.9 - - - - + - - + - - - -
Vanillic acid 167; 152 3.7 — — — — — — — — — — — —
Feruloylquinic acid (FQA1)® 367,353 5.7 — - - - + — — + — - + -
Feruloylquinic acid (FQA2)® 367;353 5.9 — — + - + + — + + - + +
Feruloylquinic acid (FQA3)® 367,353 6.3 - - + - + + = + + - + +
Conjugated phenolic acids”

CQA glucuronide 529;353 3.0 — + + — + + — + - — + +
CQA sulfate 433;353 33 — + + - - - - — — — — -
CQA glucuronide-sulfate 609;529 7.6 — + — — — — — + + — + —
Ferulic/isoferulic acid glucuronide 369; 193 4.6/6.1 - + - - - - - - - - - -
Ferulic/isoferulic acid sulfate 273;193  3.7/4.5 — + + — + + — + + — + +
Ferulic/isoferulic acid glucuronide-sulfate ~ 449; 369 6.1 — + - + + - + + - + +
Caffeic acid glucuronide 355;179 3.2/3.4 — + + — + + — + + — + +
Caffeic acid sulfate 259; 179 2.2/3.6 — + + - + + - + — - + +
Compound m/z RT (min) Large intestine Muscle (biceps femoris) Plasma

CT MT ST CT MT ST CT MT ST

Chlorogenic acids (present in maté tea)

5-Caffeoylquinic acid (5-CQA) 353; 191 34 - + + - + + - + +
3-Caffeoylquinic acid (3-CQA)® 353; 191 1.8 - + — - + - - + -
4-Caffeoylquinic acid (4-CQA)P 353; 191 3.7 - + — - + - - + -
Di-caffeoylquinic acid (Di-CQA1)® 515; 353 8.7 - + — — - - - - —
Di-caffeoylquinic acid (Di-CQA2)" 515; 353 9.0 - + - - - - - - -
Di-caffeoylquinic acid (Di-CQA3)° 515;353 9.9 - + - - - - - - -
Free phenolic acids

Caffeic acid 179; 135 3.7 — + + — + — — + +
Hippuric acid 178; 134 33 - - — + + + + + +
Ferulic acid 193; 178 6.7 — + — — — — — + —
Isoferulic acid 193; 134 7.2 — — — — — — — — —
m-Coumaric acid 163; 119 6.8 — — - - — — — — -
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Table 2 continued
Compound m/z RT (min) Large intestine Muscle (biceps femoris) Plasma
CT MT ST CT MT ST CT MT ST

p-Coumaric acid 163; 119 5.6 — — — — — — — + —
Dihydrocaffeic acid 181; 137 3.2 — — — — — — — + —
3-Hydroxybenzoic acid 137,93 3.6 - - — - - - - - -
3-Hydroxyphenylpropionic acid 165; 121 5.9 - - + — — - - - —
Vanillic acid 167; 152 3.7 — — — — — — — — —
Feruloylquinic acid (FQA1)® 367; 353 5.7 — + — — — — — + —
Feruloylquinic acid (FQA2)® 367; 353 5.9 — + + — — + - + +
Feruloylquinic acid (FQA3)® 367; 353 6.3 - + + - - + - + +
Conjugated phenolic acids®
CQA glucuronide 529; 353 3.0 — + + — + + — + +
CQA sulfate 433; 353 3.3 — — — — — — — — —
CQA glucuronide-sulfate 609; 529 7.6 — + - — — — — — —
Ferulic/isoferulic acid glucuronide 369; 193 4.6/6.1 — — — — + + — — —
Ferulic/isoferulic acid sulfate 273,193 3.7/4.5 — + — — + + — + +
Ferulic/isoferulic acid glucuronide- 449; 369 6.1 - - — — — - - - —

sulfate
Caffeic acid glucuronide 355; 179 3.2/3.4 — + + — + + — + +
Caffeic acid sulfate 259; 179 2.2/3.6 — — — — + + — — —

* (4) Presence of compound detected (—) compound not detected
b Tentatively identified based on elution order, MS and DAD spectra

Presence of phenolic compounds in tissues and plasma
(Pilot experiment)

Table 2 shows the compounds detected in plasma and tis-
sues of Wistar rats after ingestion of maté tea (MT), 5-CQA
standard (ST) or water (CT). Due to differences in mobile
phase composition and gradient program with those used
for analysis of maté tea, retention times of compounds dif-
fered between maté tea and biological samples.

Among the phenolic compounds that were present in the
ingested beverages, mono-CQAs were detected in the free
form (not metabolized) in all analyzed tissues and plasma
of animals from group MT (3-, 4- and 5-CQA) and ST
(5-CQA). Three compounds with m/z 515 and 353 were
tentatively identified as isomers of DiCQAs (here denom-
inated DiCQA1, DiCQA2 and DiCQA3), and three other
compounds with m/z 367 and 193 were tentatively identi-
fied as isomers of feruloylquinic acid (here denominated
FQA1, FQA2 and FQA3), based on UV (>95 % similar
to 5-CQA) and MS spectra, as detailed before for maté
tea analysis, and on previously published literature that
reported FQAs in human plasma and urine after inges-
tion of coffee [15]. DiCQAs were detected only in stom-
ach, small and large intestine samples from MT group. The
three FQAs were found in digestive tissues and kidney of
MT group, while only FQA2 and FQA3 were detected in
all tissues and plasma of ST group. Small quantities of a

single FQA isomer were found in maté tea, and none was
present in the beverage administered to ST group. There-
fore, the presence of three FQA isomers in MT samples
and 2 isomers in ST samples indicates that FQAs were
formed by methylation of CQAs.

Other metabolites found in plasma and/or tissues include
the hydroxycinnamates caffeic, ferulic and isoferulic acid
in free form or as phase II metabolites (glucuronated and/or
sulfated). Caffeic acid glucuronide-sulfate (m/z 435; 179)
was not found in any of the samples. Some compounds
formed after metabolization of chlorogenic acids by intes-
tinal microbiota were also found (hippuric, dihydrocaffeic
and 3-hydroxyphenylpropionic acids), while others were
searched but not detected in any of the samples (m-cou-
maric, vanillic and hydroxybenzoic acids).

Plasma and liver Kinetics of phenolic compounds

Concentration—time profile of phenolic compounds in
rat plasma after oral administration of maté tea (MT) or
5-CQA solution (ST) is illustrated in Figs. 2 and 3, respec-
tively. Compounds can be divided in two groups, accord-
ing to their time of appearance in plasma and liver: intact
CQAs and its primary metabolites or microbial metabo-
lites, which appeared at later time points.

The most abundant CQA isomers found in maté tea (3-,
4- and 5-CQA) were present in MT group plasma in higher
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Fig. 2 Plasmatic concentration—time curves of phenolic acids in
rats after oral administration of maté tea (2 g/kg of body weight).
Free (samples not treated with P-glucuronidase and sulfatase)

concentrations 0.5 and 1 h after ingestion (~0.4 nmol/ml),
with lower amounts in samples from animals killed in sub-
sequent periods. Kinetics of caffeic, ferulic and isoferulic
acids followed a similar trend. The main compound present
in plasma in the first 4 h after ingestion of maté tea was caf-
feic acid, with C_,, ;, 3.45 nmol/ml (Total). As expected,
concentration of microbial metabolites dihydrocaffeic,
hippuric and 3-hydroxyphenylpropionic acids began to
increase after 4 h, with the higher concentrations observed
8 h after gavage. DiCQAs were not detected in any sample.

For ST group, the main compound found in plasma
was 5-CQA, reaching a C_,, o5, 5.24 nmol/ml, followed
by FQA2 (C,. 1n 146 nmol/ml) and FQA3 (C, . 1n
1.31 nmol/ml). FQAs were found in amounts <LOQ (limit
of quantitation) in plasma from MT group. Caffeic acid
was present in amounts lower than in MT group, reaching
the maximum concentration (1.21 nmol/ml) 2 h after gav-
age. Kinetics of microbial metabolites dihydrocaffeic and
3-hydroxyphenylpropionic acids followed the same pattern

@ Springer

and total (free + conjugated phenolic acids, samples treated
with B-glucuronidase and sulfatase) phenolic acids, expressed as
mean + SE (n = 6 rats per time point, each analyzed in triplicate)

observed in MT group. Hippuric, ferulic and isoferulic
acids were detected below the limit of quantification.

In both groups, approximately 50 % of the CQAs were
present in plasma in free form, while more than 90 % of
caffeic acid was present as glucuronated and/or sulfate con-
jugates. Ferulic and isoferulic acids could only be quanti-
fied in samples subjected to enzymatic treatment. The two
FQA isomers quantified in ST group were also mostly in
conjugated form, with only 31 % of FQA2 and 24 % of
FQA3 in free form. However, compounds that appeared
later in plasma were present mainly in the free form: dihy-
drocaffeic (72 % free), 3-hydroxyphenylpropionic (91 %
free) and hippuric acid (97 % free, only in MT group),
as observed in Figs. 2 and 3. The relative amount of each
compound in the free form (%) did not differ between MT
and ST groups (Mann—Whitney test).

Concentration—time curves of phenolic acids in liver
are shown in Fig. 4 (a) for MT group and (b) for ST
group, only for samples treated with B-glucuronidase and
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Fig. 3 Plasmatic concentration—time curves of phenolic acids in
rats after oral administration of 5-CQA (240 mg/kg of body weight).
Free (samples not treated with P-glucuronidase and sulfatase)

sulfatase, as quantities of phenolic compounds in free form
were below the LOQ. This is consistent with the major role
liver plays in phase II metabolism. Kinetics of phenolic
compounds were very similar to plasma, in both groups:
compounds present in beverages administered to animals
(CQAs) and products of direct cleavage (Caffeic acid) or
phase II metabolism of CQAs (FQAs) were found in higher
concentrations 0.5-2 h after gavage, while compounds
that depend on microbiota to be formed (hippuric and
3-hydroxyphenylpropionic acids) were present in higher
concentrations after 4 h. Appearance of some compounds
was different from plasma: FQAs, below LOQ in MT
plasma, showed clear peaks of concentration in MT liver,
with FQA2 achieving C_,, o5, of 0.27 nmol/g tissue and
FQA3 0.71 nmol/g tissue. Ferulic, isoferulic and dihydro-
caffeic acids were <LOQ in MT and ST groups.

Urinary excretion

Quantitative data of phenolic acids in total volume of urine
collected are given in Table 3. Excretion of CQAs, in free
or conjugated form—including their methylated forms,
FQAs—was observed early in urine collected 0-2 h after
ingestion of maté tea or 5-CQA. In MT group, apparently
all CQAs and FQAs circulating in the body were excreted
within 4 h, as there were no statistical differences in the
amounts of these compounds excreted between 0 and 4 or 0
and 8 h. For ST group, however, quantities excreted 0-8 h

---@--- Free

3
Time (h)

---@--- Free

4 &5 6 7 8 0o 1 2 3 4 5 6 7 8

and total (free + conjugated phenolic acids, samples treated with
B-glucuronidase and sulfatase) phenolic acids. Values are mean + SE
(n = 6 rats per point, each analyzed in triplicate)

were significantly higher than those excreted during O- to
4-h interval. The same behavior and time-related difference
between MT and ST groups were observed for total caffeic
acid and its methylated derivatives, ferulic and isoferulic
acids.

Regarding microbial metabolites, hippuric and
3-hydroxyphenylpropionic acids were present in small
amounts in control urine and 0-2 h samples from MT and
ST groups, while m-coumaric and dihydrocaffeic acids
were not detected in CT or 0-2 h samples in both MT and
ST groups. Concentration of microbial metabolites was sig-
nificantly higher in MT and ST urine collected up to 4 h
compared to O- to 2-h interval and significantly higher in
samples collected 0-8 h than both previous intervals.

Comparing compounds found in both MT and ST
groups within the same collection period, amounts of
5-CQA, FQA2 and FQA3 were higher in ST group in all
intervals, while amounts of caffeic, ferulic, isoferulic acids
and microbial metabolites were higher in MT samples,
which is consistent with plasma results. Hippuric acid was
the most abundant phenolic acid excreted at the end of 8-h
period, representing 69 % of all compounds quantified in
MT group and 42 % in ST group, followed by 3-hydroxy-
phenylpropionic (16 %) and caffeic acids (4 %) in MT
group and by FQA2 (21 %), FQA3 (18 %), 3-hydroxyphe-
nylpropionic (8 %) and 5-CQA (6 %) in ST group.

Considering the total phenolic acids excreted in
urine up to 8 h after oral administration of maté tea
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Fig. 4 Concentration—time curves of phenolic acids in rat liver after
oral administration of a maté tea (2 g/kg of body weight) or b 5-CQA
(240 mg/kg of body weight). Samples treated with B-glucuronidase
and sulfatase. Data expressed as means (n = 6 rats per time point).
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(8701 £ 261 nmol) or 5-CQA (6798 + 812 nmol) and the
amount of chlorogenic acids ingested by each animal (MT
group 210 £ 21 pumol; ST group 203 + 22 pmol), the uri-
nary recovery was 4.0 % of the total phenolics ingested
(mol/mol) by MT group and 3.3 % for ST group, with
no statistical difference between groups. Approximately
0.04 % of the 5-CQA ingested by MT group was recov-
ered in urine (0.02 % in free form), while the recovery of
5-CQA in ST group was 0.21 % (0.07 % in free form). Sum
of all phenolic acids excreted did not differ between CT
and O- to 2-h collection period of MT and ST groups, nei-
ther between MT and ST in each time interval, but was sig-
nificantly higher in larger intervals within the same group
(0-8 >0—4>0-2hand CT).
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Discussion

The present study aimed to evaluate the absorption and
metabolic fate of chlorogenic acids from maté tea (I. par-
aguariensis). Wistar rats received oral maté tea, 5-CQA
standard or water, and the presence of several phenolic
acids, which had been described in the metabolic pathway
of chlorogenic acids in the literature [14-16, 20, 28, 31],
was investigated in plasma and tissues. On a second experi-
ment, plasma and liver concentration—time profiles and
urinary excretion of phenolic acids were assessed. Typi-
cal UPLC-MS (SIM mode) chromatograms obtained with
the urine samples from MT group are illustrated in Fig. 5.
Figure 6 illustrates the suggested metabolic route of chloro-
genic acids, based on our results.

CQAs were detected in all tissues, plasma and urine
of MT group (3-, 4- and 5-CQA) and ST group (5-CQA).
Their presence in gastric tissue (Table 2) and in plasma and
liver 0.5 min after ingestion of maté tea or 5-CQA standard
(Figs. 2, 3, 4) indicates that absorption begins in stomach,
as demonstrated before [28, 32].

Caffeic acid was detected in all tissues from MT and
ST groups (Table 2) and was the most abundant compound
found early in MT plasma (0.5, 1 and 2 h after maté tea
ingestion) and liver and also present, in smaller quantities,
in ST plasma and liver (Figs. 2, 3, 4). This compound is
the product of CQAs and DiCQAs cleavage by esterases.
Ferulic and isoferulic acids methylated derivatives of
caffeic acid and were also found in MT tissues and flu-
ids, while FQAs are methylated forms of CQAs [15] and
were among the compounds found in higher concentra-
tions in ST plasma and in liver of both groups, and were
also detected in all analyzed tissues and in urine. The pres-
ence of 3-, 4- and 5-FQA in human plasma and urine after
coffee ingestion had been reported previously [11, 15, 16,
19]. In these two studies, concentrations of FQAs in bio-
logical fluids were higher or similar to the concentration of
CQAs, although CQAs were present in higher quantities
in the ingested coffee, and it was hypothesized [15] that
the rate of FQAs absorption should be much higher than
CQAs. However, the results of the present experiment indi-
cate that the FQAs found in fluids and tissues after maté tea
ingestion are probably formed mostly by the methylation
of CQAs, reaction carried out by catechol-O-methyltrans-
ferase enzymes (COMT), because only small quantities of
a single FQA isomer were present in maté tea (Table 1) and
no FQA was administered to the ST group, although three
FQA isomers were found in MT and two isomers in ST tis-
sues and fluids.

Therefore, the appearance of caffeic, ferulic, isoferu-
lic and/or FQAs early in plasma (both in free form or
conjugated with glucuronic acid/sulfates) and stomach
(Table 2) indicates that not only the absorption, but also the
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Table 3 Urinary excretion of phenolic acids (nmol) by Wistar rats in different time intervals following ingestion of maté tea (2 g/kg of body

weight—MT), 5-CQA (240 mg/kg body weight—ST) or water (CT)

Compound CT 0-2h 0-4h 0-8h
MT ST MT ST MT ST
5-Caffeoylquinic acid Free nd 21+07° 234468 114+13> 739+234° 114+3.1° 146+ 54¢
Total nd 49+12* 439+99° 31.8+57% 203 +34° 20.4 + 4.5 393 4 120°
3-Caffeoylquinic acid’ Free nd 23+1.6* nd 994+ 16" nd 11.7+£4.1°* nd
Total nd 39406 nd 26.6+53% nd 20.6 £4.6° nd
4-Caffeoylquinic acid" Free nd 35409 nd 17.94+25° nd 213+£67° nd
Total nd 5.6 +1.1% nd 376 £7.6° nd 298 +8.0" nd
Caffeic acid Free nd 1394+ 69° 68+48  358+49° 2454158 413+73% 357+142°
Total nd 97.1 £ 17.6* 20.1 £5.6° 587 +£146° 105+ 158" 371 4+87° 194 +38¢
Ferulic acid Free 24+09* 359+ 13.0° 14+04* 328+107° 93+27° 1585+56.4% 31.1 £6.9°
Total 3.5+ 1.4* 795+ 17.1° 6.4+ 1.0° 319 +59¢  26.8+249 288 +£78° 62.8+8.2°
Isoferulic acid Free nd 208+7.9*° 17+03" 569+83 105+13% 81.4+182° 159+ 1.6
Total nd 343 +£75 2940.6° 151 £28° 124 +1.3¢ 156 £39°  26.8 £3.2°
m-Coumaric acid Free nd nd nd 6.7+ 17" nd 50.6 = 18.2° 31.9+9.3°
Total nd nd nd 90426 nd 67.2 £28.7° 46.9 + 12.4°
p-Coumaric acid Free nd 70+£1.9° nd 2434+3.8" nd 27.74+63% 54414°
Total nd 90+29* nd 277+ 46" nd 306 +7.6° 6.6+ 1.6°
Dihydrocaffeic acid Free nd nd nd 485+ 116" 6.1+ 1.7° 85.8 £28° 30.3 +8.6"
Total nd nd nd 66.9 £ 16.9* 81423 92194313 50.2 & 14.4*
Hippuric acid Free 429 +67° 398 +£96° 403 4 106* 1762 + 388" 644 4 108" 5330 £ 1530° 2257 + 447¢
Total 545+ 86° 404495 4094+ 114* 1768 £375° 659 £ 112* 6021 + 1772° 2842 + 554°
3-Hydroxyphenylpropionic acid ~ Free 19.8 +7.8* 2.6+.04® 35+1.1° 155 £42° 426 £ 1429 1311 £548° 396 + 122°
Total 253 4+9.9* 27+05" 39+1.2° 155443 4824 17.7¢ 1358 £562° 549 + 174
Feruloylquinic acid” (FQA1) Free nd 9.4+29 nd 434+6.0° nd 474 +£13.5* nd
Total nd 11.6£3.3" nd 544+89° nd 57.6 £15.7° nd
Feruloylquinic acid’ (FQA2) Free nd 135443 168 +£29° 575455 433 +63¢ 64.6 £ 17.5° 849 + 151¢
Total nd 153 +4.8" 182+30" 782493° 548 + 68¢ 83.5 +£22.2° 1416 + 232°
Feruloylquinic acid” (FQA3) Free nd 115434 117+£19° 514465 305+ 509 48.8 4+ 13.1° 555 4 93¢
Total nd 156+4.1° 134+22° 849+ 16.5% 471 +65¢ 81.0 +21.9¢ 1207 + 197°
Sum of excreted compounds Free 460 +75* 5284 107° 7264 138* 2343 £457° 1550 £ 196° 7308 & 2167¢ 4355 =+ 568°
%erecovery of amount ingested - 0.23 £ 0.04* 0.354£0.06° 1.07£0.21° 0.70 £0.09° 3.39 £ 0.99¢ 2.12 & 0.27"
(mol/mol) Total 585+98% 691+ 89% 804 150° 3447 +653° 2083 £ 193° 8701 +261¢ 6798 + 812¢
- 0.31 £0.04* 0.39 +£0.07* 1.58 £0.30° 0.94 +0.08® 4.03+1.19¢ 3.31 +041¢

Free (not conjugated) and total (free + conjugated) phenolic acids*

Values are mean & SE (n = 6 rats per group in each time interval, each analyzed in triplicate); nd not detected; different superscript letters in the
same row indicate statistical differences (p < 0.05 Kruskal-Wallis and post hoc Dunn)

* Samples incubated with (total) or without (free) B-glucuronidase and sulfatase

T Expressed as 5-CQA equivalents

metabolization of chlorogenic acids by esterases and phase
II enzymes (COMT, sulfotransferases and UDP-glucuron-
osyltransferases) begins in stomach and does not occur
only in liver, kidneys, intestinal mucosa or by activity of
the colonic microbiota, as hypothesized before [14, 21, 33].
In agreement with our results, the appearance of phase II
derivatives of CQAs in vitro has been observed on experi-
ments with gastric mucosa [32]. The presence of COMT

[34, 35] and activity of esterases [12, 13] in gastrointestinal
mucosa have already been demonstrated as well.

Three isomers of DiCQAs were found in maté tea and
detected in stomach, small and large intestine samples
from MT group, but were not present in plasma, urine and
other tissues. Two studies reported the presence of DiICQAs
in human plasma [17] and urine [18] after coffee inges-
tion, while other similar experiments did not detect these
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Fig. 5 UPLC-MS (selected ion ]
monitoring) chromatogram of
urine samples collected from
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compounds [11, 15, 16, 19]. Due to the size of the mol-
ecule, the transport of DiCQAs across the gastrointestinal
membrane to the circulation is less likely than the transport
of CQAs. Part of the DiCQAs present in the gastrointes-
tinal mucosa may suffer the action of esterases and also
phase II enzymes, being transported into the bloodstream
in the form of CQAs, caffeic acid or its phase II metabo-
lites, or even return to the gastrointestinal lumen [36] and
be further metabolized by the colonic microbiota.
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The concentration of intact CGAs and their direct
metabolites, formed by endogenous phase I and II metabo-
lism (total CQAs, FQAs, caffeic, ferulic and isoferulic
acids), decreased in plasma and liver 2 h after ingestion
of maté tea or 5-CQA. These compounds were rapidly
excreted in urine, especially on MT group, while their
amounts in urine from ST group collected from O to 8 h
were significantly higher than the quantities in urine col-
lected from O to 4 h.
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Fig. 6 Schematic representation of the proposed metabolism of chlorogenic acids (CGAs), with 5-caffeoylquinic (5-CQA) and 3, 5-di-
caffeoylquinic acids (3, 5-DiCQA) as representatives of CGAs class

According to previous studies, after cleavage of CQAs On animals euthanized 4 h after administration of bev-
ester bonds, microbial metabolization of free caffeic acid  erages, plasmatic and hepatic concentrations of substances
may originate m-coumaric and dihydrocaffeic acids, and  formed after metabolism of CGAs and free hydroxycinna-
this later can be further dehydroxylated to hydroxyphenyl-  mates by intestinal microbiota were higher than on previ-
propionic acid and then transformed in hydroxybenzoic or ~ ous time points, and these microbial metabolites became
hippuric acid in liver or other tissues, after absorption [7,  the predominant compounds on the last time point evalu-
14, 20, 31]. Hippuric acid may also originate from quinic ~ ated (8 h), as expected, in both groups. For MT group, plas-
acid or from amino acids (L-tryptophan, L-tyrosine and  matic concentrations of dihydrocaffeic, 3-hydroxyphenyl-

L-phenylalanine), which explains the presence of this com-  propionic and hippuric acids and hepatic concentration of
pound on tissues (Table 2) and urine (Table 3) of control the latter two were higher than those reached by CQA or
group. by their phase I and/or II metabolites, and also accounted
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by the majority of metabolites excreted in urine. Hippu-
ric acid represented 69 % of the total metabolites found in
urine collected from 0 to 8 h after maté tea ingestion, fol-
lowed by 3-hydroxyphenylpropionic acid (~16 %). Both
hippuric and 3-hydroxyphenylpropionic acids have been
identified as major urinary metabolites of CGAs following
ingestion of apple juice [37] and coffee [17] by humans or
isolated 5-CQA by humans [38] and rats [20]. In ST group,
however, plasmatic and hepatic concentrations of microbial
metabolites were lower than those found in MT group. The
urinary excretion also differed among the groups, with hip-
puric acid representing ~42 % of the compounds excreted
from O to 8 h, followed by FQA2 (~21 %), FQA3 (~18 %)
and 3-hydroxyphenylpropionic acid (~8 %), but there were
no significant differences between the two groups on the
total amount of metabolites excreted in urine (Table 3).

The total metabolites recovered in urine (0-8 h) repre-
sented about 4.03 % of the amount of CGAs ingested by
MT group (mol/mol) and about 3.31 % of the total 5-CQA
ingested by ST group. Although similar absorption rates
for CGAs have been found after ingestion of coffee by
humans—5.9 % [39] and 5.5 % [31]—more recent stud-
ies indicate that the absorption rate may be higher, reach-
ing 29.1 % [15] or even 68 % [18], depending on the
amount of CGAs ingested [11]. However, in these studies
urine was collected for 24 h, and the majority of phenolics
recovered were those formed by colonic microbiota, after
8 h of ingestion of coffee. Therefore, probably a larger
amount of metabolites would be absorbed after the last
time point evaluated in the present study. Considering only
the 5-CQA, free and bound to glucuronic acid and/or sul-
fate groups, less than 1 % of the amount administered was
recovered in the urine in free form in both groups, results
similar to those of previous studies in humans after inges-
tion of coffee [17-19] or pure 5-CQA [38, 40] and rats
after oral administration of 5-CQA [20]. FQAs, which are
phase II methylated derivatives of CQAs, represent ~39 %
of the compounds recovered in urine 0-8 h after ingestion
of pure 5-CQA (ST group) and ~25 % of the compounds
recovered in urine of MT group in the same period. These
results indicate that the rate of absorption of intact CQAs
remains very low, although their absorption begins in stom-
ach, and that these compounds suffer extensive metaboliza-
tion, both by endogenous phase I and II enzymes and by
the colonic microbiota, which is in accordance with previ-
ous studies [19].

It is important to highlight that calibration curves for
estimation of phenolic acids concentration in urine were
built with standards diluted in mobile phase, not in urine
from the control group, in order to compare the amounts
of MT and ST groups with control. However, this approach
has limitations, especially when analyses are performed
using MS detectors, since matrices affects ionization (and
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therefore the response) of compounds. In addition, recov-
ery rates of phenolic acids in urine were calculated by
comparing data generated by DAD (concentration ingested
trough yerba maté) and MS detectors (concentration in
urine), and different isomers ionize differently under MS
conditions. These factors may not be an issue when com-
paring concentrations of phenolic acids in urine between
groups, but may lead to inaccuracies on the calculation of
urinary recoveries.

The profile of CGAs and their metabolites differed
between MT and ST groups, in all analyzed fluids and tis-
sues. In MT group, a larger number of phenolic acids were
quantified and/or identified, not only because of the greater
variety of compounds arising from maté tea (3 isomers of
CQAs and 3 DiCQAs), but also a largest number of com-
pounds formed from the metabolization of caffeic acid
(ferulic, isoferulic, m-coumaric, 3-hydroxyphenylpropionic,
dihydrocaffeic and hippuric acids) were observed. Quantita-
tively, caffeic acid and its metabolites were more abundant in
plasma, liver and urine of MT group compared to ST group.
We hypothesized that these differences are due to the pres-
ence of di-caffeoylquinic acids in maté tea, accounting for
about 34 % of the phenolic acids ingested by the animals in
MT group (Table 1). DiICQAs provide two caffeic acid mol-
ecules for each quinic acid, while 5-CQA has one molecule
of each substance. Therefore, animals of MT group ingested
relatively more caffeic acid than ST group, also generating
more compounds derived from this phenolic acid.

To our knowledge, this is the first study that evalu-
ated the bioavailability and biotransformation of phenolic
compounds from yerba maté. Other experiments were
performed with coffee, also rich in chlorogenic acids, in
humans [11, 15-19, 41] or with isolated 5-CQA in humans
[38, 40] and animals [20, 28, 42, 43]. However, it is not
always possible to compare the different studies, mainly
due to the different metabolites evaluated in each. Also, the
profile of chlorogenic acids in coffee differs from maté tea:
While coffee has a higher content of monocaffeoylquinic
acids (65-72 %) and feruloylquinic acids (12—-16 %) and
small amounts of di-caffeoylquinic acids (3-10 %) [11,
15-19, 29, 31, 32, 41], maté tea contains mainly mono-
caffeoylquinic (62 %) and di-caffeoylquinic acids (34 %).
As demonstrated in our results, differences in the profile of
CGA:s ingested may result in qualitative and quantitative
differences in the metabolites formed in the body.

This study confirmed that not only absorption of CGAs
begins in stomach, but also their metabolization by phase
I and 1T enzymes. Monocaffeoylquinic acids, which are
the main CGAs found in maté tea, are absorbed intact and
can be transported to organs, but are rapidly excreted in
urine either in their native form or as phase II metabolites
(glucuronides, sulfates and/or FQAs). Ingestion of maté
tea resulted in a more diverse profile of metabolites than
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ingestion of isolated 5-CQA, especially derivatives of caf-
feic acid. Greater emphasis should be given to metabolites
in studies that assess biological properties and mechanisms
of action of phenolic compounds from yerba maté and other
food sources, but attention can also be drawn to intact CGAs
when assessing properties related to the gastrointestinal
tract, as most of the compounds ingested remain unabsorbed
and may have a local effect on the gastrointestinal mucosa.

Acknowledgments Authors thank Dr Lina Yonekura and Rosana
Manolio Soares, MSc, for their technical assistance. This research
was supported by the Sao Paulo Research Foundation (FAPESP).

Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

References

10.

11.

12.

13.

Bastos DHM, Oliveira DM, Matsumoto RLT, Carvalho PO,
Ribeiro ML (2007) Yerba maté: pharmacological properties,
research and biotechnology. Med Aromat Plant Sci Biotechnol
1:37-46

Gambero A, Ribeiro ML (2015) The positive effects of yerba
maté (Ilex paraguariensis) in obesity. Nutrients 7:730-750
Crozier A, Jaganath IB, Clifford MN (2009) Dietary phenolics:
chemistry, bioavailability and effects on health. Nat Prod Rep
26:1001-1043

Clifford MN (1999) Chlorogenic acids and other cinnamates—
nature, occurrence and dietary burden. J Sci Food Agric
1999(79):362-372

Lafay S, Gil-izquierdo A (2008) Bioavailability of phenolic
acids. Phytochem Rev 7:301-311

Zhao Z, Moghadasian MH (2010) Bioavailability of hydroxycin-
namates: a brief review of in vivo and in vitro studies. Phyto-
chem Rev 9:133-145

Ludwig IA, Pena MP, Cid C, Crozier A (2013) Catabolism of
coffee chlorogenic acids by human colonic microbiota. BioFac-
tors 39:623-632

Crozier A, Del Rio D, Clifford MN (2010) Bioavailability of
dietary flavonoids and phenolic compounds. Mol Asp Med
31:446-467

Serra A, Macia A, Rubio L, Angle’s N, Ortega N, Morello JR,
Romero MP, Motilva MJ (2013) Distribution of procyanidins and
their metabolites in rat plasma and tissues in relation to ingestion
of procyanidin-enriched or procyanidin-rich cocoa cream. Eur J
Nutr 52:1029-1038

Porrini M, Riso P (2008) Factors influencing the bioavailability
of antioxidants in foods: a critical appraisal. Nutr Metab Cardio-
vasc Dis 18:647-650

Stalmach A, Williamson G, Crozier A (2014) Impact of dose on
the bioavailability of coffee chlorogenic acids in humans. Food
Funct 5:1727-1737

Andreasen MF, Kroon PA, Williamson G, Garcia-Conesa MT
(2001) Esterase activity able to hydrolyze dietary antioxidant
hydroxycinnamates is distributed along the intestine of mam-
mals. J Agric Food Chem 49:5679-5684

Kern SM, Bennett RN, Needs PW, Mellon FA, Kroon PA,
Garcia-Conesa MT (2003) Characterization of metabolites of
hydroxycinnamates in the in vitro model of human small intesti-
nal epithelium caco-2 cells. J Agric Food Chem 51:7884-7891

14.

15.

16.

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

Rechner AR, Kuhnle G, Bremner P, Hubbard GP, Moore KP,
Rice-Evans C (2002) The metabolic fate of dietary polyphenols
in humans. Free Radic Biol Med 33:220-235

Stalmach A, Mullen W, Barron D, Uchida K, Yokota T, Cavin C,
Steiling H, Williamson G, Crozier A (2009) Metabolite profiling
of hydroxycinnamate derivatives in plasma and urine after the
ingestion of coffee by humans: identification of biomarkers of
coffee consumption. Drug Metab Dispos 37:1749-1758
Stalmach A, Steiling H, Williamson G, Crozier A (2010) Bio-
availability of chlorogenic acids following acute ingestion of
coffee by humans with an ileostomy. Arch Biochem Biophys
501:98-105

Monteiro M, Farah A, Perrone D, Trugo LC, Donangelo C (2007)
Chlorogenic acid compounds from coffee are differentially
absorbed and metabolized in humans. J Nutr 137:2196-2201
Duarte GS, Farah A (2011) Effect of simultaneous consump-
tion of milk and coffee on chlorogenic acid’s bioavailability in
humans. J Agric Food Chem 59:7925-7931

. Renouf M, Guy PA, Marmet C, Fraering AL, Longet K, Mou-

lin J, Enslen M, Barron D, Dionisi F et al (2010) Measurement
of caffeic and ferulic acid equivalents in plasma after coffee
consumption: small intestine and colon are key sites for coffee
metabolism. Mol Nutr Food Res 54:1-7

Gonthier MP, Verny MA, Besson C, Remesy C, Scalbert
A (2003) Chlorogenic acid bioavailability largely depends
on its metabolism by the gut microflora in rats. J Nutr
133:1853-1859

Rechner AR, Smith MA, Kuhnle G, Gibson GR, Debnam ES,
Srai SK, Moore KP, Rice-Evans CA (2004) Colonic metabolism
of dietary polyphenols: influence of structure on microbial fer-
mentation products Free Radic. Biol Metab 36(2):212-225
Williamson G, Dionisi F, Renouf M (2011) Flavanols from green
tea and phenolic acids from coffee: critical quantitative evalua-
tion of the pharmacokinetic data in humans after consumption of
single doses of beverages. Mol Nutr Food Res 55:864-873
Bastos DHM, Saldanha LA, Catharino RR, Sawaya HF, Cunha
IBS, Carvalho PO, Eberlin MN (2007) Phenolic antioxidants
identified by ESI-MS from yerba maté (Ilex paraguariensis) and
green tea (Camelia sinensis) extracts. Molecules 12:423-432
Jaiswal R, Sovdat T, Vivan F, Kuhnert N (2010) Profiling and
characterization by LC-MSn of the chlorogenic acids and
hydroxycinnamoylshikimate esters in maté (Ilex paraguariensis).
J Agric Food Chem 58:5471-5484

Clifford MN, Johnston KL, Knight S, Kuhnert N (2003) Hierar-
chical Scheme for LC-MSn Identification of Chlorogenic Acids.
J Agric Food Chem 51:2900-2911

Miranda DDC, Arcari DP, Pedrazzoli J Jr, Carvalho PO, Cerutti
SM, Bastos DHM, Ribeiro ML (2008) Protective effects of maté
tea (llex paraguariensis) on H202-induced DNA damage and
DNA repair in mice. Mutagenesis 23:261-265

Oliveira DM, Pinto CB, Sampaio GR, Yonekura L, Catharino RR
(2013) Development and validation of methods for the extraction
of phenolic acids from plasma, urine, and liver and analysis by
UPLC-MS. J Agric Food Chem 61:6113-6121

Lafay S, Gil-Izquierdo A, Manach C, Morand C, Besson C, Scal-
bert A (2006) Chlorogenic acid is absorbed in its intact form in
the stomach of rats. J Nutr 136:1192-1197

Erk T, Renouf M, Williamson G, Melcher R, Steiling H, Rich-
ling E (2014) Absorption and isomerization of caffeoylquinic
acids from different foods using ileostomist volunteers. Eur J
Nutr 53:159-166

Clifford MN (2004) Diet-derived phenols in plasma and tissues
and their implications for health. Planta Med 70:1103-1114
Farah A, Monteiro M, Donangelo CM, Lafay S (2008) Chloro-
genic acids from green coffee extract are highly bioavailable in
humans. J Nutr 138:2309-2315

@ Springer



2556

Eur J Nutr (2017) 56:2541-2556

32.

33.

34.

35.

36.

37.

Farrell TL, Dew TP, Poquet L, Hanson P, Williamson G (2011)
Absorption and metabolism of chlorogenic acids in cultured gas-
tric epithelial monolayers. Drug Metab Dispos 39:2338-2346
Zhao Z, Egashira Y, Sanada H (2004) Ferulic acid is quickly
absorbed from rat stomach as the free form and then conjugated
mainly in liver. J Nutr 134:3083-3088

Karhunen T, Tilgmann C, Ulmanen I, Julkunen I, Panula P
(1994) Distribution of catechol-O-methyltransferase enzyme in
rat tissues. J Histochem Cytochem 42:1079

Tahara T, Shibata T, Arisawa T, Nakamura M, Yamashita H,
Yoshioka D, Okubo M, Maruyama N, Kamano T, Kamiya Y,
Fujita H, Nagasaka M, Iwata M, Takahama K, Watanabe M,
Hirata I (2009) Impact of catechol-O-methyltransferase (COMT)
gene polymorphism on promoter methylation status in gastric
mucosa. Anticancer Res 29:2857-2862

Konishi Y, Kobayashi S (2004) Transepithelial transport of chlo-
rogenic acid, caffeic acid, and their colonic metabolites in intes-
tinal Caco-2 cell monolayers. J Agric Food Chem 52:2518-2526
Kahle K, Kempf M, Schreier P, Scheppach W, Schrenk D, Kaut-
enburger T, Hecker D, Huemmer W, Ackermann M, Richling E
(2011) Intestinal transit and systemic metabolism of apple poly-
phenols. Eur J Nutr 50:507-522

@ Springer

38.

39.

40.

41.

42.

43.

Olthof MR, Hollman PCH, Buijsman MCNP, Amelsvoort JMM,
Katan MB (2003) Chlorogenic acid, quercetin-3-Rutinoside and
black tea phenols are extensively metabolized in humans. J Nutr
133:1806-1814

Rechner AR, Spencer JPE, Kuhnle G, Hahn U, Rice-Evans CA
(2001) Novel biomarkers of the bioavailability and metabolism
of caffeic acid derivatives in humans. Free Radic Biol Med
30:1213-1222

Olthof MR, Hollman PC, Katan MB (2001) Chlorogenic acid
and caffeic acid are absorbed in humans. J Nutr 131:66-71
Renouf M, Marmet C, Giuffrida F, Lepage M, Barron D, Beau-
mont M, Williamson G, Dionisi F (2014) Dose-response plasma
appearance of coffee chlorogenic and phenolic acids in adults.
Mol Nutr Food Res 58:301-309

Azuma K, Ipposushi K, Nakayama M, Ito H, Higashio H, Terao
J (2000) Absorption of chlorogenic acid and caffeic acid in rats
after oral administration. J Agric Food Chem 48:5496-5500
Lafay S, Morand C, Manach C, Besson C, Scalbert A (2006)
Absorption and metabolism of caffeic acid and chlorogenic acid
in the small intestine of rats. Br J Nutr 96(1):39-46



	Bioavailability of chlorogenic acids in rats after acute ingestion of maté tea (Ilex paraguariensis) or 5-caffeoylquinic acid
	Abstract 
	Purpose 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Chemicals and reagents
	Maté tea characterization
	Experimental design and sample collection
	Pilot experiment
	Main experiment

	Extraction of phenolic acids from fluids and tissues and liquid chromatography–mass spectrometry analyses
	Data analysis

	Results
	Phenolic compounds in maté tea
	Presence of phenolic compounds in tissues and plasma (Pilot experiment)
	Plasma and liver kinetics of phenolic compounds
	Urinary excretion

	Discussion
	Acknowledgments 
	References




