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Despite extensive literature describing the biological effects of polyphenols, little is known about their
absorption from diet, one major unresolved point consisting of the absorption of the bound forms of
polyphenols. In this view, in the present work we studied the absorption in humans of phenolic acids
from coffee, a common beverage particularly rich in bound phenolic acids, such as caffeic acid, ferulic
acid, and p-coumaric acid. Coffee brew was analyzed for free and total (free + bound) phenolic
acids. Chlorogenic acid (5′-caffeoylquinic acid), a bound form of caffeic acid, was present in coffee
at high levels, while free phenolic acids were undetectable. After alkaline hydrolysis, which released
bound phenolic acids, ferulic acid, p-coumaric acid, and high levels of caffeic acid were detected.
Plasma samples were collected before and 1 and 2 h after coffee administration and analyzed for
free and total phenolic acid content. Two different procedures were applied to release bound phenolic
acids in plasma: â-glucuronidase treatment and alkaline hydrolysis. Coffee administration resulted
in increased total plasma caffeic acid concentration, with an absorption peak at 1 h. Caffeic acid was
the only phenolic acid found in plasma samples after coffee administration, while chlorogenic acid
was undetectable. Most of caffeic acid was present in plasma in bound form, mainly in the glucuronate/
sulfate forms. Due to the absence of free caffeic acid in coffee, plasma caffeic acid is likely to be
derived from hydrolysis of chlorogenic acid in the gastrointestinal tract.
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INTRODUCTION

Polyphenols have been reported to exert a variety of biological
actions, such as free radical scavenging, metal chelation, and
modulation of enzymatic activity (1-4), and, more recently, to
affect signal transduction, activation of transcription factors, and
gene expression (5-9). Epidemiological studies have suggested
associations between the consumption of polyphenol-rich food
and beverages and the prevention of many human diseases (10-
14).

The total polyphenol intake has been reported to be in the
order of 1 g/d, although large uncertainties remain due to the
lack of comprehensive data on the content of some of the major
polyphenol classes in food (10). For individuals regularly
consuming wine, coffee, beer, and tea, these beverages will
likely be the major sources of polyphenols. Despite extensive
literature describing the effects of polyphenols, our knowledge
about their absorption from diet is scarce, one major question
arising on the absorption of bound forms of phenolic compounds
(10).

A major class of phenolic compounds are hydroxycinnamic
acids, which are widely present in fruits, vegetables, coffee,
wine, and olive oil (15-20), mainly in esterified form with
organic acids, sugars, and lipids (1, 20). Caffeic acid is the major

representative of hydroxycinnamic acids and occurs in foods
mainly as chlorogenic acid (5-caffeoylquinic acid, an ester of
caffeic acid with quinic acid). Fruits and coffee are the major
sources of chlorogenic acid in human diet (15-20).

To fully understand the implications of dietary phenolic acids
in human health, it is essential to determine their bioavailability
in humans. In particular, due to the fact that phenolic acids are
rarely present in foods in free forms, knowledge concerning
the absorption of phenolic acids from their conjugated forms
in humans is essential to evaluate possible in vivo effects.
Therefore, in the present work we studied the absorption in
humans of phenolic acids from coffee, a common beverage rich
in bound hydroxycinnamic acid derivatives, particularly chlo-
rogenic acid.

MATERIALS AND METHODS

Chemicals.â-Glucuronidase (EC 3.2.1.31, type HP-2, fromHelix
pomatia, 105000 units/mL, containing sulfatase activity, 4300 units/
mL), ascorbic acid, caffeic acid, ethylenediaminetetraacetic acid
(EDTA), 5′-caffeoylquinic acid (chlorogenic acid), ferulic acid, dihy-
droferulic acid,p-coumaric acid, syringic acid, and 3-(p-hydroxyphen-
yl)propionic acid were from Sigma (St. Louis, MO).o-Coumaric acid,
m-coumaric acid, and isoferulic acid were from Extrasynthese (Genay
Cedex, France). Dihydrocaffeic acid was from Avocado (Heysham,
Lancashire, England). Stock solutions were prepared in methanol (1
mg/mL), stored at-80 °C, and used within 2 weeks. Working standard

* Corresponding author. Phone:+39 06 50 32 412. Fax:+39 06 50
31 592/5032522. E-mail: nardini@inran.it.

J. Agric. Food Chem. 2002, 50, 5735−5741 5735

10.1021/jf0257547 CCC: $22.00 © 2002 American Chemical Society
Published on Web 08/31/2002



solutions were prepared daily by dilution in sample buffer (1.25%
glacial acetic acid, 7% methanol in water).

All organic solvents were obtained from Carlo Erba (Milano, Italy).
For HPLC analysis, ultrapure water from a Milli-Q system (Millipore,
Bedford, MA) was used.

HPLC Instrumentation. The HPLC consists of a Perkin-Elmer
Series 4 liquid chromatograph (Perkin-Elmer, Norwalk, CT) with a
gradient pump, column thermoregulator, and autosampling injector
(Gilson, Beltline, Middleton, WI) equipped with an electrochemical
coulometric detector (Coulochem II, ESA, Bedford, MA). Turbochrom
chromatography work station software was used for data processing.
Operating conditions were as follows: column temperature, 30°C; flow
rate, 1 mL/min; injection volume, 50µL; electrochemical detection at
+600 mV; sensitivity range, 200 nA; filter, 2 s.

Chromatographic separations were performed on a Supelcosil LC-
18 C18 column (5.0µm particle size, 250× 4.6 mm i.d.) including a
guard column (C18, 5.0 µm particle size, 20× 4.0 mm i.d.; both
Supelco, Bellefonte, PA). For gradient elution mobile phases A and B
were employed. Solution A contained 1.25% glacial acetic acid in water;
solution B was absolute methanol. The following gradient was used:
0-25 min, from 93% A and 7% B to 76% A and 24% B, linear
gradient; 26-45 min, 76% A and 24% B; 46-53 min, from 76% A
and 24% B to 55% A and 45% B, linear gradient; 54-55 min, 55% A
and 45% B; 56-86 min, 93% A and 7% B. Prior to HPLC analysis,
all samples were filtered using Millex-HV filters (Millipore, Bedford,
MA) with 0.45 µm pore size.

Study Design and Sample Collection.The study was approved by
the Ethical Committee of the National Institute for Food and Nutrition
Research. Ten healthy male nonsmoker moderate-coffee drinkers (2-4
cups per day) were asked to avoid coffee, wine, beer, tea, and fruit
juices the day preceding the experiments. A standard amount (200 mL)
of brewed coffee was administered, within 10 min from brewing, in
fasting conditions. In another set of experiments, 200 mL of water was
administered as the control drink, in fasting conditions. Blood was
withdrawn into EDTA-containing vacutainers (1 mg/mL) just before
coffee administration (t ) 0) and 1 and 2 h after coffee administration.
Plasma was immediately prepared by centrifugation at 1000g for 20
min at 4°C. Plasma aliquots (0.5 mL) were acidified at pH 3.0 with
18 µL of 4 N HCl and stored at-80 °C.

Coffee Brew Preparation and Treatment of Coffee Brew Samples.
Coffee brew was prepared by using a commercial automatic brewing
machine (60 g of roasted and ground coffee from an Italian brand per
liter of water). Coffee brew samples were treated and analyzed for free
and bound phenolic acid content according to the following procedures
(21).

Nonhydrolyzed Coffee Brew Samples. Coffee brew (0.5 mL) was
added with 0.1 mg of isoferulic acid as the internal standard and
acidified with 1 N HCl to pH 3.0. After addition of 300 mg of NaCl,
samples were extracted three times with ethyl acetate (×4 volumes)
by vortexing for 5 min. After each extraction, samples were centrifuged
(3000g, 10 min) and supernatants collected. The organic phase was
dried under nitrogen flow. The residue was dissolved in a final volume
of 5 mL of methanol, vortexed for 5 min, and then diluted 1 to 100
with sample buffer (1.25% glacial acetic acid, 7% methanol in water)
prior to HPLC-ECD analysis. Extraction yields were calculated using
isoferulic acid as the internal standard. Recovery experiments were
performed by adding known amounts of pure chlorogenic acid and
caffeic acid, as representative of coffee phenolic acids, to coffee brew.
Recovery was found to be 97.2( 3.1% and 98.5( 4.4% for
chlorogenic and caffeic acid, respectively.

Hydrolyzed Coffee Brew Samples. Coffee brew (0.5 mL) was
subjected to alkaline hydrolysis in 1.8 N NaOH containing 10 mM
EDTA and 1% ascorbic acid in 5 mL final volume at 30°C for 30
min, in the presence of 0.1 mg of isoferulic acid as the internal standard.
At the end of incubation, 0.5 mL samples were acidified to pH 3.0
with 4 N HCl, added with 300 mg of NaCl, and treated for extraction
as reported above. The final residue was dissolved in 0.5 mL of
methanol, vortexed for 5 min, and then diluted 1 to 100 or 1 to 1500
as specified with sample buffer prior to HPLC-ECD analysis. In these
conditions, alkaline hydrolysis of known amounts of pure chlorogenic
acid resulted in complete recovery of liberated caffeic acid (97.0(

2.8% of expected value). Moreover, addition of known amounts of pure
chlorogenic acid to coffee brew resulted in total recovery of caffeic
acid released upon hydrolysis (95.8( 3.5% of expected value). The
hydrolytic procedure above-reported allows complete recovery of
phenolic acids released upon hydrolysis. In fact, the recovery of standard
phenolic acids (caffeic,m-coumaric,o-coumaric,p-coumaric, dihydro-
caffeic, dihydroferulic, ferulic, homogentisic, homovanillic, isoferulic,
sinapic, syringic, and vanillic acids) separately submitted to the above-
reported hydrolytic procedure ranged from 94.3( 10.2% to 110.7(
12.2% (21).

Treatment of Plasma Samples.Aliquots of plasma samples (0.5
mL) from each subject were thawed and treated according to one of
the three following procedures: no treatment, to detect free caffeic acid,
â-glucuronidase treatment, and alkaline hydrolysis treatment to detect
total (free+ bound) caffeic acid.o-Coumaric acid was selected as the
internal standard due to the absence of detectable amounts of this
compound in human plasma samples before and after coffee admin-
istration, with or without â-glucuronidase or alkaline hydrolysis
treatments.

No Treatment. The plasma sample was added witho-coumaric acid
(100 ng) as the internal standard and deproteinized by addition of 3
volumes of ethanol. After vortexing, the sample was centrifuged at
17500g for 5 min at 4°C. The protein pellet was resuspended twice in
1 volume of ethanol and centrifuged at 17500g for 5 min at 4°C. The
pooled ethanol phases were dried under nitrogen flow. The dried residue
obtained was dissolved in 0.5 mL of distilled water and vortexed for
5 min. The pH was brought to 3.0 with 10µL of 1 N HCl. After addition
of 300 mg of NaCl, the sample was extracted three times with ethyl
acetate (×4 volumes) by vortexing for 5 min. After each extraction,
the sample was centrifuged (3000g, 5 min), and supernatants were
collected. The organic phase was dried under nitrogen flow. The residue
was dissolved in a final volume of 0.1 mL of methanol and vortexed
for 5 min; then 0.4 mL of sample buffer was added, followed by 5
min of vortexing. The sample was centrifuged for 5 min at 17500g
and filtered prior to HPLC-ECD analysis. Fifty microliters of the
sample, corresponding to 0.05 mL of original plasma, was analyzed.
Recovery experiments were performed by adding known amounts of
pure chlorogenic acid and caffeic acid to the plasma samples. Recovery
was found to be 100.7( 1.8% and 93.6( 5.6% for chlorogenic acid
and caffeic acid, respectively.

â-Glucuronidase Treatment. The plasma sample was added with
o-coumaric acid (100 ng) as the internal standard and deproteinized
with ethanol as above reported. The dried residue obtained after
deproteinization was dissolved in 0.5 mL of 0.1 M sodium acetate
buffer, pH 5.0, and vortexed for 5 min. The sample was added with
â-glucuronidase (4000 units) (containing sulfatase activity, 163 units)
and incubated in a water bath at 37°C for 2 h. At the end of incubation,
the pH was brought to 3.0 with 52µL of 1 N HCl. After addition of
300 mg of NaCl, the sample was extracted three times with ethyl acetate
as above reported. The final residue was dissolved in a final volume
of 0.1 mL of methanol and vortexed for 5 min; then 0.4 mL of sample
buffer was added, followed by 5 min of vortexing. The sample was
centrifuged for 5 min at 17500g and filtered prior to HPLC-ECD
analysis. Fifty microliters of the sample, corresponding to 0.05 mL of
the original plasma, was analyzed.

Alkaline Hydrolysis Treatment. The plasma sample was added with
o-coumaric acid (500 ng) as the internal standard and deproteinized
with ethanol as above reported. The dried residue obtained after
deproteinization was dissolved in 0.5 mL of distilled water and vortexed
for 5 min. The sample was then submitted to alkaline hydrolysis in the
same experimental conditions above reported for coffee samples, 1.8
N NaOH, 10 mM EDTA, and 1% ascorbic acid in 1 mL final volume,
and incubated in a water bath at 30°C for 30 min. At the end of the
incubation, the pH was brought at 3.0 with 0.44 mL of 4 N HCl. After
addition of 600 mg of NaCl, the sample was extracted three times with
ethyl acetate as above reported. The final residue was dissolved in a
final volume of 0.5 mL of methanol and vortexed for 5 min; then 2.0
mL of sample buffer was added, followed by 5 min of vortexing. The
sample was centrifuged for 5 min at 17500g and filtered prior to
HPLC-ECD analysis. Fifty microliters of the sample, corresponding
to 0.01 mL of the original plasma, was analyzed. Recovery experiments

5736 J. Agric. Food Chem., Vol. 50, No. 20, 2002 Nardini et al.



were performed by adding known amounts of pure chlorogenic acid to
the plasma samples. In these conditions, alkaline hydrolysis of
chlorogenic acid resulted in complete recovery of released caffeic acid
(101.0( 1.8% of expected value).

Quantitation and Statistical Analysis. For the calibration curve,
appropriate volumes of the stock standard solutions were diluted with
sample buffer. Three replicates of standards at four concentration levels
(20, 100, 200, and 500 ng/mL) were analyzed. The calibration curve
was determined on each day of analysis. For quantitative determination,
peak areas in the sample chromatograms were correlated with the
concentrations according to the calibration curve.

Data presented are means( standard deviation. Statistical analysis
was performed using a one-factor analysis of variance (ANOVA,
Scheffe’s method) for multiple comparison or pairedt-test as specified.
A probability of p < 0.05 was considered statistically significant.

RESULTS

In this study, coffee brew was used as a dietary phenolic acid
source because of its high content of bound phenolic acids,
particularly chlorogenic acids. Chlorogenic acids are a family
of esters formed between certain hydroxycinnamic acids and
quinic acid. The chlorogenic acids found in coffee are deriva-
tives of caffeic acid, ferulic acid, andp-coumaric acid, the caffeic
acid derivatives being the most abundant (22). Since 5′-
caffeoylquinic acid is by far the dominant isomer in coffee and
also the only chlorogenic acid isomer commercially available,
we used the generic name of chlorogenic acid to indicate this
isomer in the following of this study.

Table 1 shows the content of free (nonhydrolyzed coffee)
and total (free+ bound, hydrolyzed coffee) phenolic acids and
their derivatives in coffee brew. Chlorogenic acid was present
in nonhydrolyzed coffee samples at high concentrations, while
free caffeic acid,p-coumaric acid, and ferulic acid were
undetectable. After hydrolysis, ferulic acid,p-coumaric acid,
and high levels of caffeic acid were detected. The amount of
caffeic acid released upon hydrolysis, higher than the amount
expected from hydrolysis of chlorogenic acid on the basis of 1
to 1 stoichiometry, is explained by the fact that coffee also
contains dicaffeoylquinic acid derivatives and different isomers
of caffeoylquinic acids besides 5′-caffeoylquinic acid, the one
detected in our experiments (23). From the data inTable 1, a
cup of coffee (200 mL) contained 95.8( 4.6 mg of chlorogenic
acid (5′-caffeoylquinic acid). This value is in agreement with
data from the literature (24). After hydrolytic treatment, the total
phenolic acid content of a cup of coffee was as follows: caffeic
acid, 166.0( 14.0 mg;p-coumaric acid, 2.8( 0.2 mg; ferulic
acid, 28.6( 2.5 mg.

To study the absorption of coffee phenolic acids, plasma
samples were collected before and after coffee administration
and analyzed for content of both free and total (free+ bound)
phenolic acids. Two different procedures were used to release
phenolic acids from bound forms. In the first procedure,
â-glucuronidase was used to selectively hydrolyze glucu-
ronidated forms of hydroxycinnamic acids. In the second
procedure, an alkaline hydrolytic treatment was used to liberate
phenolic acids from bound complexes.

Figure 1A shows the chromatographic profile obtained in
our experimental conditions of a standard mixture containing
several common phenolic acids and/or their derivatives. Typical
chromatograms obtained from human plasma 1 h after coffee
brew consumption are shown inFigure 1B-D. A peak (peak
3) was identified as caffeic acid by both retention time and
coelution with standard caffeic acid in all plasma samples. The
amount of caffeic acid was significantly higher inâ-glucu-
ronidase-treated (Figure 1C) and alkaline hydrolysis treated
samples (Figure 1D) with respect to nontreated samples (Figure
1B), taking into account the amount of the injected sample,
corresponding to 0.05 mL of the original plasma inFigure 1B,C
and to 0.01 mL of the original plasma inFigure 1D. Despite
the high levels of chlorogenic acid present in coffee brew, we
failed to find a detectable amount of this compound in our
samples, as no peak coeluting with standard chlorogenic acid
was detected. Also, we failed to find a detectable amount of
ferulic acid andp-coumaric acid.

Peaks with retention times of 25.5 and 34.9 min in untreated
plasma samples at 1 h (Figure 1B) were present also at time 0
at the same extent. Peaks at 25.5, 29.6, 33.6, 35.2, and 53.0
min in â-glucuronidase-treated samples at time 1 h (Figure 1C)
were also present at the same level at time 0. Components with
retention times of 25.5, 33.6, and 35.0 min in hydrolyzed plasma
at 1 h (Figure 1D) were similarly present at time 0. None of
these peaks coeluted with known standards of phenolic acids.

Figure 2 shows the plasma levels of caffeic acid measured
before and at 1 and 2 h after coffee brew consumption in 10
volunteers. At 1 h after coffee brew consumption a significant
increase in free caffeic acid plasma levels was found in untreated
plasma samples in respect to time 0 (p < 0.05, pairedt-test)
(Figure 2A, Table 2). For one subject (subject 3) the plasma
caffeic acid level was higher at 2 h than at 1 h, while for three
other subjects (subjects 4, 6, and 10) very similar levels were
detected at 1 and 2 h after coffee consumption (Figure 2A). In
all of the remaining subjects, plasma caffeic acid levels at 2 h
were lower in respect to levels measured at 1 h. After
â-glucuronidase treatment, total caffeic acid levels were found
to be significantly higher at both 1 and 2 h after coffee
administration with respect to time 0 (p < 0.05, pairedt-test,
Table 2), with a maximum absorption peak at 1 h for all subjects
(91.1( 33.2 ng/mL) (Figure 2B). Alkaline hydrolysis treatment
of plasma samples gave similar results, with significantly higher
levels of total caffeic acid at 1 and 2 h with respect to time 0
(p < 0.05, pairedt-test,Table 2) and a maximum absorption
peak at 1 h (Figure 2C). As summarized inTable 2, both
â-glucuronidase and alkaline hydrolysis treatments released a
considerable amount of caffeic acid at 1 and 2 h after coffee
consumption. No significant differences were observed between
caffeic acid values obtained with the two hydrolytic procedures
(ANOVA, Scheffe’s method). Caffeic acid levels at time 0 were
not statistically different in untreated samples and inâ-glucu-
ronidase-treated and alkaline hydrolysis treated samples (ANO-
VA, Scheffe’s method).

Administration of the control drink (water) did not result in
any significant increase of caffeic acid levels at both 1 h and 2
h with respect to time 0 in untreated,â-glucuronidase-treated,
and hydrolyzed plasma samples.

DISCUSSION

Phenolic acids are present in all plant-derived foods and in
most diets. The average phenolic acid intake of men and women
has been reported to be in the order of 200 mg/d within a large
range, depending on nutritional habits and preferences (24).

Table 1. Phenolic Acid Content of Coffee Brew before and after
Hydrolysisa

chlorogenic acid
(µg/mL)

caffeic acid
(µg/mL)

p-coumaric acid
(µg/mL)

ferulic acid
(µg/mL)

nonhydrolyzed coffee 478.9 ± 23.2 nd nd nd
hydrolyzed coffee nd 830.0 ± 69.9 14.0 ± 1.1 142.8 ± 12.3

a Values are means ± SD of four independent experiments.
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Most of the phenolic acids present in the diet are ester-linked
to sugars, quinic acid, and other compounds.

In this study, coffee brew was chosen as the dietary phenolic
acid source because of its high content of bound phenolic acids,
particularly chlorogenic acid (5′-caffeoylquinic acid), while free
phenolic acids (caffeic acid, ferulic acid,p-coumaric acid) are
absent. Moreover, a previous study reported the presence of
specific caffeic acid metabolites in human urine after coffee
consumption (26).

In the present study we were able to demonstrate a significant
rise in both free and bound plasma caffeic acid levels, with a
maximum absorption peak at 1 h after coffee brew administra-
tion. Due to the absence of free caffeic acid in coffee brew
(Table 1), it can be argued that coffee chlorogenic acid is the
source of plasma caffeic acid. Moreover, we failed to detect
chlorogenic acid in plasma samples after coffee consumption.
However, we cannot completely exclude that traces of chloro-
genic acid could be present in our samples at concentrations
under the detection limit of our instrument (about 200 pg of
chlorogenic acid injected, corresponding to a theoretical plasma

concentration of about 10 nM). Also, we failed to find detectable
amounts of ferulic andp-coumaric acid in plasma samples,
although they might be present at very low concentration, under
the detection limit of our instrument.

The absence of chlorogenic acid simultaneously with an
increase in caffeic acid levels in human plasma after coffee
consumption can be explained on the basis of two different
possible mechanisms.

First, chlorogenic acid from administered coffee is not
absorbed as such, but it undergoes hydrolysis in the gastrointes-
tinal tract by the action of cytosolic esterases in the gut mucosa
or gut microflora. Released caffeic acid is then absorbed and
enters the vascular system. Acid hydrolysis of chlorogenic acid
in the stomach is unlikely to occur due to the stability of
chlorogenic acid at pH 2, which is the pH found in the stomach.
Further, chlorogenic acid has been reported to be stable in
artificial digestive juice (27). Esterases with the ability to
hydrolyze hydroxycinnamate esters at appreciable rates have
been recently described in humans and rats (28). The cinnamoyl
esterase activity is distributed all along the small and large

Figure 1. High-performance liquid chromatograms of (A) a standard mixture of phenolic acids (range 2.5−10 ng), (B) a nontreated plasma sample, (C)
a â-glucuronidase-treated plasma sample, and (D) a hydrolyzed plasma sample. Chromatograms correspond to 0.05 mL of original plasma in (B) and
(C) and to 0.01 mL of original plasma in (D). The operating conditions are reported in the Materials and Methods section. Peak identification: 1,
dihydrocaffeic acid; 2, chlorogenic acid; 3, caffeic acid; 4, homovanillic acid; 5, syringic acid; 6, 3-(p-hydroxyphenyl)propionic acid; 7, p-coumaric acid;
8, ferulic acid; 9, m-coumaric acid; 10, isoferulic acid; 11, o-coumaric acid.
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intestine and is present both in the mucosa cells and in the
lumen. Moreover, small amounts of caffeic acid, besides
chlorogenic acid, were found in the small intestine after oral
administration of chlorogenic acid in rats, suggesting that
hydrolysis of chlorogenic acid occurs early in the gastrointestinal
tract (29). Bacteria in the gastrointestinal tract of mammals are
also capable of releasing free phenolic acids from bound
complexes into the gastrointestinal tract (30-33). Indeed, an
esterase activity able to hydrolyze chlorogenic acid and release
caffeic acid has been demonstrated in human colonic microflora
(34, 35). However, in our study, plasma concentrations of caffeic
acid peaking at about 1 h after coffee ingestion seem to indicate
that hydrolysis of chlorogenic acid occurs early in the gas-
trointestinal tract.

Second possible mechanism is that chlorogenic acid from
administered coffee is absorbed as such and rapidly hydrolyzed
and metabolized in human plasma. However, data from the
literature do not support this hypothesis. In fact, in an in vitro
model using the small intestine from rats only very little
absorption of chlorogenic acid (0.1%) was found (36). More-
over, a recent study reported no evidence of enzymic hydrolysis
of chlorogenic acid by human plasma (34).

Our results are in agreement with previous studies on rats
demonstrating that, after ingestion of chlorogenic acid, caffeic
acid, but not intact chlorogenic acid, was found in the plasma
(29, 37), and no chlorogenic acid was found in urine (38).
Moreover, caffeic acid was present in urine after consumption
of chlorogenic acid in humans (39). Further, after consumption
of chlorogenic acid containing fruits, caffeic acid metabolites,
but not intact chlorogenic acid, were found in human urine (40).
A recent study (41) reported that chlorogenic acid is absorbed
at some extent in humans after oral supplementation (1 g of
chlorogenic acid ingested). However, in this study the reported
absorption was calculated as the difference between the amount
of chlorogenic acid ingested and the amount excreted in
ileostomy fluid in subjects without a colon, while direct
measurements of chlorogenic acid in blood were not performed.
Therefore, it cannot be excluded that part of the supplemented
chlorogenic acid was lost in the gastrointestinal tract. Moreover,
the amount of chlorogenic acid administered in this study was
10-fold higher than the amount of chlorogenic acid present in
a cup of coffee, as used in our study.

Our results, obtained using two different hydrolytic proce-
dures, indicated that, following coffee brew administration,
caffeic acid is present in plasma mainly in bound forms.
Moreover, the fact that similar values of total plasma caffeic
acid were obtained with the two above-reported procedures
would exclude the presence of bound forms of caffeic acid
different from glucuronate/sulfate conjugates. The glucuronida-
tion is likely to occur in the liver (42) but also possibly in the
small intestine (36) and colon, where UDP-glucuronyltransferase
activity has also been reported (43). A previous study reported
that, following caffeic acid perfusion, the major products
transferred across the rat intestinal epithelium were glucuronides
(36).

On the basis of caffeic acid content of coffee brew measured
after hydrolytic treatment, an intake of about 166 mg of caffeic
acid can be calculated for a cup of coffee. The total plasma
caffeic acid concentration measured 1 h after coffee consumption
ranged from 0.32 to 0.98µM after â-glucuronidase treatment
(from 0.31 to 0.92µM after alkaline hydrolysis). Our data are
consistent with data from the literature concerning the absorption

Figure 2. Plasma caffeic acid levels in 10 different subjects before and
after coffee consumption. Plasma samples separated from blood collected
just before (time 0) or after (1 h and 2 h) coffee administration were
analyzed for free and total caffeic acid as reported in the Materials and
Methods section. (A) untreated samples; (B) â-glucuronidase-treated
samples; (C) alkaline hydrolysis treated samples. Values are means ±
SD of three determinations.

Table 2. Plasma Caffeic Acid Levels (ng/mL) before and after Coffee
Consumptiona

time

treatment 0 1 h 2 h

no treatment 12.6 ± 7.4 20.9 ± 4.4b 18.4 ± 5.3
(0−20.8)c (14.8−26.4) (9.1−30.0)

â-glucuronidase 14.5 ± 8.8 91.1 ± 33.2b 57.0 ± 21.4b

(0−24.7) (58.3−176.3) (30.8−104.7)
alkaline hydrolysis 13.9 ± 8.4 91.3 ± 31.1b 61.2 ± 25.1b

(0−23.3) (56.3−166.7) (30.9−121.5)

a Plasma samples separated from blood collected just before (time 0) and after
(1 and 2 h) coffee administration were analyzed for free and total caffeic acid as
reported in Materials and Methods. Data presented are means ± SD of 10 different
subjects and are expressed as ng/mL of plasma. bp < 0.05 from time 0 level
(paired t-test). cValues in parentheses represent the range.
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of polyphenols. In fact, the plasma concentration of an individual
molecule has been reported rarely to exceed 1µM after the
consumption of 10-100 mg of a single compound (1). However,
it must be taken into account that, due to the absence of free
caffeic acid in coffee brew, the level of plasma caffeic acid
obtained in our study represents the amount of caffeic acid
absorbed following the in vivo release of free caffeic acid from
bound complexes present in coffee.

In conclusion, our study suggests that caffeic acid, even if
present in the diet in bound forms, such as chlorogenic acids,
is still bioavailable to humans. Further studies will be necessary
to investigate the absorption of other phenolic acids, such as
ferulic andp-coumaric acids, from their bound forms.

LITERATURE CITED

(1) Editorial. Dietary flavonoids and risk of coronary heart disease.
Nutr. ReV. 1994, 52, 59-61.

(2) Koshihara, Y.; Neichi, T.; Murota, S.; Lao, A.; Fujimoto, Y.;
Tatsumo, T. Caffeic acid is a selective inhibitor for leukotriene
biosynthesis.Biochim. Biophys. Acta1984, 792, 92-97.

(3) Sud’ina, G. F.; Mirzoeva, O. K.; Pushkareva, M. A.; Korshunova,
G. A.; Sumbatyan, N. V.; Varfolomeev, S. D. Caffeic acid
phenethyl ester as a lipoxygenase inhibitor with antioxidant
properties.FEBS Lett. 1993, 329, 21-24.

(4) Reddy, S.; Aggarwal, B. B. Curcumin is a noncompetitive and
selective inhibitor of phosphorylase kinase.FEBS Lett. 1994,
341, 19-22.

(5) Natarajan, K.; Singh, S.; Burke, T. R.; Grunberger, D.; Aggarwal,
B. B. Caffeic acid phenethyl ester is a potent and specific
inhibitor of activation of nuclear transcription factor NF-κB.
Proc. Natl. Acad. Sci. U.S.A.1996, 93, 9090-9095.

(6) Yoshioka, K.; Deng, T.; Cavigelli, M.; Karin, M. Antitumor
promotion by phenolic antioxidant: inhibition of AP-1 activity
through induction of Fra expression.Proc. Natl. Acad. Sci. U.S.A.
1995, 92, 4972-4976.

(7) Singh, S.; Aggarwal, B. B. Activation of transcription factor NF-
κB is suppressed by curcumin (diferuloylmethane).J. Biol. Chem.
1995, 270, 24995-25000.

(8) Bito, T.; Roy, S.; Sen, C. K.; Packer, L. Pine bark extract
Pycnogenol downregulates IFN-γ-induced adhesion of T cells
to human keratinocytes by inhibiting inducible ICAM-1 expres-
sion.Free Radical Biol. Med. 2000, 28, 219-227.

(9) Ursini, F.; Maiorino, M.; Morazzoni, P.; Roveri, A.; Pifferi, G.
A novel antioxidant flavonoid (IdB 1031) affecting molecular
mechanisms of cellular activation.Free Radical Biol. Med.1994,
16, 547-553.

(10) Scalbert, A.; Williamson, G. Dietary intake and bioavailability
of polyphenols.J. Nutr. 2000, 130, 2073S-2085S.

(11) Block, G.; Patterson, B.; Subar, A. Fruit, vegetables and cancer
prevention: a review of the epidemiological evidence.Nutr.
Cancer1992, 18, 1-30.

(12) Visioli, F.; Galli, G. The effect of minor constituents of olive
oil on cardiovascular disease: new findings.Nutr. ReV. 1998,
56, 142-147.

(13) Fuhrman, B.; Lavy, M.; Aviram, M. Consumption of red wine
with meals reduces the susceptibility of human plasma and low-
density lipoprotein to lipid peroxidation.Am. J. Clin. Nutr. 1995,
61, 549-554.

(14) Halliwell, B. Oxidative stress, nutrition and health. Experimental
strategies for optimization of nutritional antioxidant intake in
humans.Free Radical Res. 1996, 25, 57-74.

(15) Huang, H. M.; Johanning, G. L.; O’Dell, B. L. Phenolic acid
content of food plants and possible nutritional implications.J.
Agric. Food Chem. 1986, 34, 48-51.

(16) Peleg, H.; Naim, M.; Rouseff, R. L.; Zehavi, U. Distribution of
bound and free phenolic acids in oranges (Citrus senensis) and
grapefruit (Citrus paradisi). J. Sci. Food Agric. 1991, 57, 417-
426.

(17) Salunkhe, D. K.; Chaven, J. K.; Kadam, S. S. Plant phenolics:
structure, classification, and biosynthesis. In:Dietary tannins:
consequences and remedies; Salunkhe, D. K., Chaen, J. K.,
Kadam, S. S., Eds.; CRC Press: Boca Raton, FL, 1990; pp 5-28.

(18) Shahidi, F.; Naczk, M.Food phenolics. Sources, chemistry,
effects, applications; Technomic Publishing Co.: Lancaster, PA,
1995.

(19) Macheix, J. J.; Fleuriet, A.; Billot, J.Fruit phenolics; CRC
Press: Boca Raton, FL, 1990.

(20) Herrmann, K. Occurrence and content of hydroxycinnamic and
hydroxybenzoic acid compounds in foods.Crit. ReV. Food Sci.
Nutr. 1989, 28, 315-347.

(21) Nardini, M., et al. Detection of bound phenolic acids: prevention
by ascorbic acid and ethylenediaminetetraacetic acid of degrada-
tion of phenolic acids during alkaline hydrolysis.Food Chem.,
in press.

(22) Clifford, M. N.; Wight, J. The measurement of feruloylquinic
acids and caffeoylquinic acids in coffee beans. Development of
the technique and its preliminary application to green coffee
beans.J. Sci. Food Agric. 1976, 27, 73-84.

(23) Hughes, W. J.; Thorpe, T. M. Determination of organic acids
and sucrose in roasted coffee by capillary gas chromatography.
J. Food Sci. 1987, 52, 1078-1083.

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

(25) Radtke, J.; Linseisen, J.; Wolfram, G. Phenolic acid intake of
adults in Bavarian subgroup of the national food consumption
survey.Z. Ernaehrungswiss.1998, 37, 190-197.

(26) Rechner, A. R.; Spencer, J. P. E.; Kuhnle, G.; Hahn, U.; Rice-
Evans, C. Novel biomarkers of the metabolism of caffeic acid
derivatives in vivo.Free Radical Biol. Med.2001, 30, 1213-
1222.

(27) Takenaka, M.; Nagata, T.; Yoshida, M. Stability and bioavail-
ability of antioxidants in garland (Chrysanthemum coronarium
L.). Biosci., Biotechnol., Biochem. 2000, 64, 2689-2691.

(28) Andreason, M. F.; Kroon, P.; Williamson, G.; Garcia-Conesa,
M. T. Esterase activity able to hydrolyze dietary antioxidant
hydroxycinnamates is distributed along the intestine of mammals.
J. Agric. Food Chem. 2001, 49, 5679-5684.

(29) Azuma, K.; Ippoushi, K.; Nakayama, M.; Ito, H.; Higashio, H.;
Terao, J. Absorption of chlorogenic acid and caffeic acid in rats
after oral administration.J. Agric. Food Chem.2000, 48, 5496-
5500.

(30) Andreasen, M. F.; Kroon, P. A., Williamson, G., Garcia-Conesa,
M. T. Intestinal release and uptake of phenolic antioxidant
diferulic acids.Free Radical Biol. Med. 2001, 31, 304-314.

(31) Wende, G.; Buchanan, C. J.; Fry, S. C. Hydrolysis and
fermentation by rat gut microorganisms of 2-O-â-D-xylopyra-
nosyl-(5-O-feruloyl)-L-arabinose derived from grass cell wall
arabinoxylan. J. Sci. Food Agric.1997, 73, 296-300.

(32) Kroon, P. A.; Faulds, C. B.; Ryden, P.; Robertson, J. A.;
Williamson, G. Release of covalently bound ferulic acid from
fiber in human colon.J. Agric. Food Chem.1997, 5, 661-667.

(33) Buchanan, C. J.; Wallace, G.; Fry, S. C.In ViVo release of14C-
labeled phenolic groups from intact dietary spinach cell walls
during passage through the rat intestine.J. Sci. Food Agric.1996,
71, 459-469.

(34) Plumb, G.; Garcia-Conesa, M. T.; Kroon, P.; Rhodes, M.; Saxon,
R.; Williamson, G. Metabolism of chlorogenic acid by human
plasma, liver, intestine and gut microflora.J. Sci. Food Agric.
1999, 79, 390-392.

(35) Couteau, D.; McCartney, A. L.; Gibson, G. R.; Williamson, G.;
Faulds, C. B. Isolation and characterization of human colonic
bacteria able to hydrolyse chlorogenic acid.J. Appl. Microbiol.
2001, 90, 873-881.

(36) Spencer, J. P. E.; Chowrimootoo, G.; Choudhury, R.; Debnam,
E. S.; Srai, S. K.; Rice-Evans, C. A. The small intestine can
both absorb and glucuronidate luminal flavonoids.FEBS Lett.
1999, 458, 224-230.

5740 J. Agric. Food Chem., Vol. 50, No. 20, 2002 Nardini et al.



(37) Camarasa, J.; Escubedo, E.; Adzet, T. Pharmacokinetics of caffeic
acid in rats by a high-performance liquid chromatography
method.J. Pharm. Biomed. Anal. 1988, 6, 503-510.

(38) Choudhury, R.; Srai, S. K.; Debnam, E.; Rice-Evans, C. A.
Urinary excretion of hydroxycinnamates and flavonoids after oral
and intravenous administration. Free Radical Biol. Med. 1999,
27, 278-286.

(39) Booth, A. N.; Emerson, O. H.; Jones, F. T.; Deeds, F. Urinary
metabolites of caffeic acid and chlorogenic acid.J. Biol. Chem.
1957, 229, 51-59.

(40) Bourne, L. C.; Rice-Evans, C. A. Urinary detection of hydroxy-
cinnamates and flavonoids in humans after high dietary intake
of fruit. Free Radical Res. 1998, 28, 429-438.

(41) Olthof, M. R.; Hollman, P. C. H.; Katan, M. B. Chlorogenic
acid and caffeic acid are absorbed in humans.J. Nutr. 2001,
131, 66-71.

(42) Scheline, R. R. Metabolism of acids, lactones and esters. In:
Mammalian metabolism of plant kenobiotics; Schline, R. R., Ed.;
Academic Press: New York, 1978; pp 170-228.

(43) Cheng, Z.; Radominska-Pandya, A.; Tephly, T. R. Studies on
the substrate specificity of human intestinal UDP-glucuronosyl-
transferase 1A8 and 1A10.Drug Metab. Dispos. 1999, 27,
1165-1170.

Received for review June 20, 2002. Revised manuscript received August
2, 2002. Accepted August 2, 2002. This research was supported by a
grant from ISIC (Institute for Scientific Information on Coffee), La
Tour-de-Peilz, Switzerland.

JF0257547

Absorption of Coffee Polyphenols in Humans J. Agric. Food Chem., Vol. 50, No. 20, 2002 5741


