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Hydroxycinnamic acids are antioxidant phenolic compounds which are widespread in plant foods,
contribute significantly to total polyphenol intakes, and are absorbed by humans. The extent of their
putative health benefit in vivo depends largely on their bioavailability. However, the mechanisms of
absorption and metabolism of these phenolic compounds have not been described. In this study, we
used the in vitro Caco-2 model of human small intestinal epithelium to investigate the metabolism of
the major dietary hydroxycinnamates (ferulate, sinapate, p-coumarate, and caffeate) and of diferulates.
The appearance of metabolites in the medium versus time was monitored, and the various conjugates
and derivatives produced were identified by HPLC-DAD, LC/MS, and enzyme treatment with
â-glucuronidase or sulfatase. Enterocyte-like differentiated Caco-2 cells have extra- and intracellular
esterases able to de-esterify hydroxycinnamate and diferulate esters. In addition, intracellular UDP-
glucuronosyltransferases and sulfotransferases existing in Caco-2 cells are able to form the sulfate
and the glucuronide conjugates of methyl ferulate, methyl sinapate, methyl caffeate, and methyl
p-coumarate. However, only the sulfate conjugates of the free acids, ferulic acid, sinapic acid, and
p-coumaric acid, were detected after 24 h. The O-methylated derivatives, ferulic and isoferulic acid,
were the only metabolites detected following incubation of Caco-2 cells with caffeic acid. These results
show that the in vitro model system differentiated Caco-2 cells have the capacity to metabolize dietary
hydroxycinnamates, including various phase I (de-esterification) and phase II (glucuronidation,
sulfation, and O-methylation) reactions, and suggests that the human small intestinal epithelium plays
a role in the metabolism and bioavailability of these phenolic compounds.
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INTRODUCTION

Hydroxycinnamic acids and diferulic acids are a group of
polyphenols that are widely distributed in the diet, mostly in
whole grains, fruits, vegetables, and beverages (1-3). These
phenolic compounds exhibit good in vitro antioxidant (4-7)
and chemoprotective properties (8-10) which may have some
beneficial effects in vivo. The extent of their protective effect
in vivo depends on their bioavailability. Hydroxycinnamates and
diferulates are present in plant-derived food predominantly in
esterified forms, linked to polymers (11,12) or small molecules,

e.g., caffeoyl-quinic derivatives or ‘chlorogenic acids’ (13).
Various studies have now shown that a proportion of these
hydroxycinnamates and diferulates can be cleaved by esterases
and released into the gut as free acids (14, 15). In humans, some
hydroxycinnamic acids, mostly ferulic acid and caffeic acid,
can be absorbed from a range of dietary sources into the
circulatory system, conjugated by phase II reactions glucu-
ronidation and/or sulfation and excreted in the urine (16-24).
Diferulic acids are absorbed in the rat (15), but the absorption
of diferulic acids in humans and the existence and nature of
their putative conjugates has not yet been established.

As for any other dietary compound, the systemic bioavail-
ability of dietary hydroxycinnamates and diferulates depends
on absorption in the intestine and first-past metabolism by the
intestine and/or liver. The extent and role of hepatic and
intestinal metabolism on these dietary phenolic compounds has
not been established. Although the liver is the major organ for
metabolism of many drugs and xenobiotics, the small intestine
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also contributes substantially to it by several pathways involving
phase I and phase II reactions. Glucuronidation and sulfation
are major pathways of phase II xenobiotic metabolism in the
human intestine (25). Two main multigenic families of enzymes
are responsible, namely, UDP-glucuronosyltransferases (UGTs)
(26) and sulfotransferases (STs) (27).

Enterocyte-like differentiated Caco-2 cells are one of the most
utilized in vitro models for investigating the molecular events
associated with the small intestinal epithelium metabolism and
uptake of numerous xenobiotics including pharmaceuticals (28).
These cells exhibit many morphological and biochemical
features of adult human enterocytes including the expression
of phase II enzymes such as phenol STs (29, 30) and UGTs
(31, 32). Caco-2 cells have been used in many studies looking
at absorption and metabolism of flavonoids (33), isoflavones
(34), and other dietary phenolic antioxidants (35). In the present
study, we investigated the possible role of the small intestinal
epithelium in the metabolism of hydroxycinnamates and diferu-
lates, prevalent dietary antioxidants, using a well-established
in vitro model differentiated Caco-2 cells. For this purpose, we
monitored the formation versus time of some of the conjugates
and metabolites formed from hydroxycinnamates and diferulates
by these cells and characterized these derivatives using HPLC-
DAD, LC/MS, and enzyme treatment with glucuronidase or
sulfatase.

MATERIALS AND METHODS

Chemicals. For structures of all the hydroxycinnamates used in this
study as well as their conjugates and derivatives, seeFigure 1. Methyl
ferulate (17), methyl sinapate (18), methylp-coumarate (19), and methyl
caffeate (20) were obtained from Apin Chemicals Ltd. (Abingdon,
Oxon, U.K.). Ferulic acid (12), sinapic acid (14),p-coumaric acid (15),
caffeic acid (16), â-glucuronidase fromE. coli (3.2.1.31, type IX-A),
and sulfatase fromHelix pomatia(EC 3.1.6.1, type H-1) were purchased
from Sigma Chemical Co. (Poole, Dorset, U.K.).trans-Isoferulic acid
(13) was purchased from Extrasynthese (Genay, France). Diethyl 5,5-
diferulate, diethyl 8-O-4-diferulate, diethyl 8,5-benzofuran diferulate,
and their monoester and free acid products were prepared as previously
described (36). Ferulic and sinapic acid sulfates (1, 2) were synthesized

as described elsewhere (37). All other chemicals were analytical or
HPLC grade where applicable. Ultrapure water (18Ω) was used
throughout the study.

Cell Culture. Human colon adenocarcinoma cells (Caco-2 cells)
were obtained from the European Collection of Cell Culture and were
maintained in Eagle’s Minimal Essential Medium (EMEM) supple-
mented with 1% (v/v) nonessential amino acids, 10% fetal calf serum,
and 2 mM l-glutamine, penicillin (100 U/mL), and streptomycin (100
µg/mL). Cells were grown in a humidified incubator of 5% CO2 at 37
°C and were subcultured at 80% confluence every week.

Metabolic Studies.Cells (passages 30-45) were seeded at a density
of approximately 2× 104 cells/cm2 in 55 cm2 dishes and allowed to
adhere overnight. The medium was changed every second day, and
cells were allowed to grow and differentiate up to 10 days after reaching
confluence. At this stage, the cells are heterogeneously polarized and
differentiated and they have not started detaching from the edges (38,
39). On the day of the experiment, fresh medium was added and cells
were incubated with either methyl ferulate, methyl sinapate, methyl
caffeate, methylp-coumarate, or each of the corresponding hydroxy-
cinnamic acids (50µM; 0.1% methanol) for 0, 0.5, 1, 2, 4, 6, and 24
h. Caco-2 cells were also incubated with either 5,5-diethyl diferulate
(60 µM), 8-O-4-diethyl diferulate (35µM), 8,5-benzofuran diethyl
diferulate (60µM) in DMSO (0.1%), or 5,5-diferulic acid (15µM) in
methanol (0.1%) for 16 h. All metabolic experiments were carried out
in duplicate. The stability of the test compounds throughout the
treatment was checked by incubating fresh medium (+ fetal calf serum)
with each individual compound for 24 h. A set of cultures was exposed
to the equivalent concentration of vehicle solvent to search for
background peaks which could interfere with the analysis. Also, each
individual parent compound was incubated with medium that had been
preincubated with cells for 22 h and subsequently removed to determine
the extra- or intracellular origin of the detected metabolic activities.
At the end of the incubation period, the medium was processed for
HPLC-DAD and LC/MS analysis as follows: methanol was added to
the collected medium (1:1) and the mixture was kept at 4°C for 16 h
to allow protein precipitation. Samples were then centrifuged at 13 000
rpm for 15 min at 4°C and filtered (0.22µm) prior to analysis.

HPLC Analysis. Samples were analyzed by reverse-phase HPLC-
DAD using a slightly modified version of a previously published method
(15). Hydroxycinnamates, their metabolites, and diferulates were
separated using a Luna C18 (2) column (25 cm× 4.60 mm i.d., 5µm;
Phenomenex). Solvents A (10% acetonitrile, 1 mM trifluoroacetic acid
(TFA)) and B (40% acetonitrile, 40% methanol, 1 mM TFA) were run
at a flow rate of 1 mL/min using the following gradient: solvent B
increases from 10% to 38% over a 30 min period followed by an
increase up to 100% over 5 min. These conditions were held
isocratically for 20 min to decrease to 10% B over 5 min and held
isocratically for 10 min (reequilibration). The eluent was monitored at
325 and 280 nm with a diode array detector. Methyl hydroxycinnamates
and hydroxycinnamic acids were quantified by integration of peak areas
at 280 or 325 nm, with reference to calibration made using known
amounts of pure compounds. The concentration of identified conjugates
was estimated using the response factor of the corresponding parent
compound.

Liquid Chromatography-Mass Spectrometry. Metabolites were
identified by positive (ES+) or negative (ES-) ion electrospray LC/
MS measurements using a Micromass Quattro II triple quadrupole mass
spectrometer (Micromass, Manchester, U.K.) coupled to a Jasco PU-
1585 triple-pump HPLC with an AS-1559 cooled autoinjector, CO-
1560 column oven, and UV detector (Jasco Ltd., Great Dunmow, U.K.).
The HPLC column temperature was maintained at 25°C and the
autoinjector at 4°C. The eluent flow of 1 mL/min was split between
the mass spectrometer and the UV detector in a ratio of 1:5 using an
ASI 600 fixed ratio splitter valve (Presearch, Hitchin, U.K.). Approxi-
mately 800µL of the flow split, monitored using a Humonics Optiflow
1000 flow meter (Sigma-Aldrich, Dorset, U.K.), was diverted to the
UV detector for detection at 280 nm. HPLC conditions were as
described above. All mass spectra were performed using a Micromass
Z-spray ion source with the following tuning parameters: electrospray
capillary voltage 3.5 kV, cone voltage 18 V, source block temperature
120°C, and desolvation temperature 350°C. The flow rates of nitrogen

Figure 1. Structures of the main dietary hydroxycinnamates and their
metabolites formed by differentiated Caco-2 cells.

Metabolism of Hydroxycinnamates in Caco-2 Cells J. Agric. Food Chem., Vol. 51, No. 27, 2003 7885



as drying and nebulizing gas were 500 and 15 L/h, respectively. Full
scan spectra were obtained in positive- or negative-ion mode between
m/z 50 and 1000 with a scan duration of 1.5 s and an interchannel
delay of 0.1 s, respectively (detection limit∼50 pmol as injected).
Instrument control, data acquisition, and processing were performed
using Micromass MassLynx version 3.4 data system and software.

Indirect Determination of Hydroxycinnamates Metabolites.
Samples of medium (1 mL) containing hydroxycinnamate conjugates/
metabolites (24 h incubation) were treated withâ-glucuronidase or
sulfatase as follows: after acidification (50% acetic acid; pH∼6.0),
300µL aliquots were incubated with (a) glucuronidase (5µL ) 25 U)
in phosphate-buffered saline (PBS), (b) sulfatase (5µL ) 5 U) in PBS,
and (c) PBS (5µL) at 37°C for 1 h (control). Reactions were stopped
by addition of methanol (300µL), and the mixtures were stored at 4
°C for 16 h. Samples were then centrifuged (13 000 rpm for 15 min at
4 °C) and filtered (0.22µm) prior to HPLC-DAD analysis. The
synthesized sulfate conjugates from ferulic acid and sinapic acid were
also treated with either enzyme as follows: samples containing the
synthetic sulfate were dried under a light stream of N2, redissolved in
PBS, and acidified with 50% acetic acid to pH∼6.0. Aliquots (300
µL) of the acidified solution were treated as described above.

RESULTS

Detection and Identification of Metabolites of Hydroxy-
cinnamates and Diferulates Formed by Differentiated Caco-2
Cells. The formation of metabolites from hydroxycinnamates
and diferulates was investigated using cultured differentiated
Caco-2 cells. Cells were grown on dishes, and the metabolites
were determined only in the medium, i.e., either produced
intracellularly and excreted to the apical side of the monolayer
or produced directly in the medium by secreted enzymes. Methyl
esters of ferulic (17), sinapic acid (18), caffeic (20), and
p-coumaric (19) and ethyl esters of various diferulic acids were
used as model compounds to reflect the prevalence of these
compounds as esters in the diet.

Hydroxycinnamates. Analysis by HPLC-DAD of initial
samples (0 h) and samples over the 24 h incubation period with

each of the parent compounds demonstrated the capability of
these cells to metabolize the hydroxycinnamates generating
several products.Figure 2A-D shows the comparison between
the HPLC traces of initial samples and samples after 24 h
incubation. The analysis of control cells incubated only with
vehicle solvent showed the absence of any background signal,
which could interfere with the analysis of the samples. Products
were identified by retention time (RT) and spectroscopic
properties (as compared to synthetic standards where available),
LC/MS analysis, and/or sensitivity to treatment withâ-glucu-
ronidase or sulfatase. Results are summarized inTable 1 and
structures presented inFigure 1. HPLC-DAD analysis of the
metabolites formed from methyl ferulate, methyl sinapate,
methyl caffeate, or methylp-coumarate showed the formation
of the corresponding free hydroxycinnamic acids (products12,
14,16,and15,respectively). The hydroxycinnamate esters were
not hydrolyzed by culture medium alone, indicating that the
esterase activity originated from the cells. In contrast, medium
that had been preincubated with differentiated cells and subse-
quently removed showed esterase activity against methyl
ferulate, methyl caffeate, and methylp-coumarate. However,
methyl sinapate was only hydrolyzed in the presence of Caco-2
cells and not by culture medium subsequently isolated from
cells.

Incubation of each of the methyl substrates with Caco-2 cells
resulted also in the formation of the corresponding methyl
hydroxycinnamate-glucuronides (8-11) and methyl hydroxy-
cinnamate-sulfates (4-7). Caco-2 cells were also capable of
forming a sulfate conjugate from ferulic acid (1), sinapic acid
(2), andp-coumaric acid (3), respectively. The molecular mass
of all the sulfate derivatives detected exhibited a characteristic
single sulfur isotope pattern. Ferulic acid (12) and isoferulic
acid (13) were the only metabolites identified from caffeic acid.
No glucuronides of any of the hydroxycinnamic acids were
detected. Following incubation of the parent compounds with

Figure 2. HPLC chromatograms of cell culture medium from Caco-2 cells at 0 and 24 h: (A) methyl ferulate metabolism, (B) methyl sinapate metabolism,
(C) methyl caffeate metabolism, and (D) methyl p-coumarate metabolism. Differentiated cells (10 days postconfluency) were incubated with 50 µM
substrate over a 24 h period (UV absorption at 325 nm). Numbers in bold correspond to the numbering identification system given to these compounds
in Table 1 and Figure 1.
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culture medium that had been preincubated with cells and
subsequently isolated from the cells, we were not able to detect
any of the glucuronide or sulfate conjugates or other metabolites.
Additional confirmation of the conjugates was obtained by
treatment of the medium samples with glucuronidase or sulfa-
tase. Incubation with buffer alone did not modify the peak area
corresponding to any of the identified conjugates. Treatment
with pure â-glucuronidase (40) resulted in the disappearance
of the glucuronide peak only and an increase of the correspond-
ing methyl hydroxycinnamate peak. The sulfate conjugates of
methyl ferulate, methyl caffeate, and ferulic acid were verified
by treatment with sulfatase type H-1 fromHelix pomatia. This
enzyme has been reported to contain some glucuronidase activity
(40), and thus, we detected some hydrolysis of the glucuronides
present in our samples. The sulfate conjugates of methyl sinapate
and sinapic acid were not cleaved by this sulfatase, and this
was confirmed by incubating the enzyme with the synthetic
conjugate. The enzyme was not capable of hydrolyzing the
synthesized sinapic acid-sulfate, although it did hydrolyze the
synthetic ferulic acid-sulfate. It has been shown that some
phenyl sulfates can be very resistant to hydrolysis by sulfatases
and that the presence of substituents groups ortho to the position
of the sulfate ester group may result in a very low rate of
hydrolysis by some sulfatases (41). This may explain why the
sulfate derivatives of sinapic acid methyl sinapate are not
hydrolyzed by the sulfatase fromHelix pomatia.

Diferulates. Incubation of Caco-2 cells with each of the
diferulate diesters (5-5-, 8-O-4-, or 8-5-benzofuran) also dem-
onstrated the ability of these cells to de-esterify the dimeric
phenolics. The diester 8-O-4-diferulate was almost completely
hydrolyzed to form the free acid after 16 h of incubation. Over
the same period, the 8-5-benzofuran diester diferulate was
hydrolyzed at a much lower rate, forming one 8-5-benzofuran
monoester product and small quantities of the free acid. The
5-5-diester diferulate was also hydrolyzed to form small
quantities of the monoester product, but no free acid was
detected after 16 h. All products were identified from their
retention time and spectroscopic properties, and the correspond-
ing molecular masses were confirmed by LC/MS (monoester,
[M + H]+ at m/z415; free acid, [M+ H]+ at m/z387) (36).

No other metabolite from any of the three diferulates or from
5-5-diferulic acid was found.

Formation of Metabolites versus Time. Differentiated
Caco-2 cells were incubated with each of the methyl hydroxy-
cinnamates or corresponding hydroxycinnamic acid over a
period of 24 h.Figure 3 illustrates the formation of metabolites
versus time. Concentrations of the glucuronide or sulfate
derivatives are estimates only, since pure conjugates were not
available, and calculations were carried out using the response
factors for the corresponding parent compounds. Methyl ferulate
disappeared rapidly from the medium (Figure 3A). Only about
10% of this substrate was remaining in the media after the first
2 h of incubation, and the substrate had disappeared completely
by 4 h. The concentration of ferulic acid in the medium
increased rapidly and reached a maximum (30-35µM) between
2 and 4 h to then decrease slowly until 24 h (∼17 µM at the
end of the incubation period). In addition, small quantities of a
glucuronide and a sulfate conjugate of methyl ferulate were also
formed over the 24 h period. Incubation of Caco-2 cells with
ferulic acid (Figure 3B) showed a slow loss of this hydroxy-
cinnamic acid from the medium; about one-half of the initial
concentration was still left in the media after 24 h. The ferulic
acid-sulfate was only detected after 6 h. The formation of
metabolites from methyl sinapate and sinapic acid by Caco-2
cells versus time is shown inFigure 3C andD. Methyl sinapate
disappeared from the media at a lower rate than methyl ferulate
since approximately 50% of the starting methyl ester substrate
was present in the media after 4 h of incubation and traces of
methyl sinapate were still detected after 24 h. The product of
its de-esterification, sinapic acid, was first detected in the media
after 2 h, but only small amounts were quantified over the
incubation period (<5 µM). Two major conjugates were detected
after 2 h, a methyl sinapate-sulfate and a methyl sinapate-
glucuronide, the levels of which increased rapidly during the
first 6 h and then more slowly up to 24 h. A second compound
with the same molecular mass as the methyl sinapate-
glucuronide appeared in minor quantities approximately 2 h
later, and traces of sinapic acid-sulfate were detected after 6
h. Incubation of Caco-2 cells with sinapic acid (Figure 3D)
showed a slow disappearance of this hydroxycinnamic acid from

Table 1. Summary of Identification Parameters for Main Dietary Hydroxycinnamates Metabolites Formed by Caco-2 Cells

conjugates RTa (min) λmax1
a (nm) λmax2

a (nm) λmin
a (nm)

comparison
to standard LC/MS (ES-) [M - H]- , m/z reaction to (G) or (S)b identification

1 32.0 283 311 252 available 273 (100%)d +(S) ferulic acid−sulfate
2 26.4 300 254 available 303 (100%) −(S)c sinapic acids−sulfate
3 28.0 not available 243 (100%) p-coumaric acid−sulfate
4 47.4 not available 287 (100%) +(S) methyl ferulate−sulfate
5 45.6 303 262 not available 317 (100%) −(S) methyl sinapate−sulfate
6 47.4 - not available 257 (100%) methyl p-coumarate−sulfate
7 48.0 312 262 not available 273 (100%) +(S) methyl caffeate−sulfate
8 22.5 - not available 383 (100%) +(G) methyl ferulate−glucuronide
9 23.2 300 255 not available 413 (100%) +(G) methyl sinapate−glucuronide

10 22.8 - not available 369 (100%) +(G) methyl caffeate−glucuronide

free acids RTa (min) λmax1
a (nm) λmax2

a (nm) λmin
a (nm)

comparison
to standard LC/MS (ES+) [M + H]-, m/z [M − H2O + H]+, m/z identification

12 18.0 323 299 262 available 195 (46%) 177 (100%) ferulic acid
13 19.5 323 296 262 available 195 (23%) 177 (100%) isoferulic acid
14 17.4 324 264 available 225 (23%) 207 (100%) sinapic acid
15 15.8 310 299 266 available 165 (55%) 147 (100%) p-coumaric acid
16 9.8 323 296 248 available 181 (34%) 163 (100%) caffeic acid

a Retention time (RT) and spectroscopic properties by HPLC-DAD. b (G): â-Glucuronidase, E. coli (3.2.1.31, type IX-A). (S): Sulfatase, Helix pomatia (EC 3.1.6.1, type
H-1). (+): Peak decreased after incubation with enzyme. (−) Peak unchanged after incubation with enzyme. c Absence of activity on sinapic acid−sulfate was confirmed
using the synthetic standard. d Relative abundance of the molecular ions given in brackets.
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the media; approximately 58% of the initial concentration was
present in the media after 24 h. The sinapic acid-sulfate first
appeared after 4 h.

Methyl caffeate was also rapidly metabolized by Caco-2 cells,
and no methyl ester compound was left in the media after 4 h
(Figure 3E). Caffeic acid was detected only after 30 min but
increased only up to a maximum concentration of∼8 µM after

6 h incubation to then decrease slowly by 24 h. A major
metabolite, the sulfate derivative of methyl caffeate, was
however detected only after 1 h incubation. Methyl caffeate-
glucuronide, ferulic acid, and isoferulic acid were also detected
in small quantities. Incubation of Caco-2 cells with caffeic acid
led to the slow formation of ferulic acid and isoferulic acid (<2
µM after 24 h incubation;Figure 3F). It should be noted that
a proportion of caffeic acid or methyl caffeate disappeared from
the media, in the absence of cells, after incubation for 24 h,
probably due to oxidation (42) or adsorption to proteins present
in the serum (1). The rest of the test compounds used in this
study were stable under the incubation conditions. Metabolism
of methylp-coumarate by Caco-2 cells was rapid (concentration
of methyl p-coumarate in the media decreased from 55µM to
less than 1.0µM within 4 h; Figure 3G) and resulted mainly
in the formation of the free acid (∼38 µM by 4 h), the
concentration of which remained stable in the media up to 24
h. Incubation of Caco-2 cells withp-coumaric acid (Figure 3H)
showed a minor decrease in the concentration of this phenolic
over the 24 h incubation period. Traces of methylp-coumarate-
sulfate andp-coumaric acid-sulfate were detected only by LC/
MS. A small peak was tentatively identified as methylp-cou-
marate-glucuronide; this peak was sensitive to treatment with
â-glucuronidase, producingp-coumaric acid as product.

DISCUSSION

Differentiated Caco-2 cells express phase I and phase II
enzymes and provide a useful model for investigating first-pass
metabolism of many xenobiotic, drugs, and dietary compounds
by the human small intestinal epithelium (26-35). The aim of
this study was to investigate whether the small intestinal
epithelium plays a role in the metabolism of dietary hydroxy-
cinnamates and diferulates using this in vitro model system.
Our data provide first evidence that enterocyte-like Caco-2 cells
are capable of metabolizing hydroxycinnamates by means of
phase I and phase II enzymes. The results show that differenti-
ated Caco-2 cells exhibit hydrolase activity toward esters of
the major dietary hydroxycinnamates and diferulates. This
esterase activity was also detected in medium that had been
preincubated with cells and subsequently separated and incu-
bated with methyl ferulate, methyl caffeate, and methylp-
coumarate, indicating that some of the esterase(s) were secreted
to the medium, but we could not eliminate the possibility that
some of the detected activity originates from floating (dead)
cells. Notably, medium preincubated with cells and subsequently
separated was not active on methyl sinapate, suggesting the
presence also in Caco-2 cells of intracellular esterase(s) active
on cinnamoyl substrates. The data obtained here indicated that
methyl ferulate, methyl caffeate, and methylp-coumarate were
more rapidly metabolized than methyl sinapate. These differ-
ences can be due to a combination of factors, i.e., different rates
of hydrolysis by the esterases and different rates of diffusion
across the membrane of the methyl ester hydroxycinnamates
and of the hydroxycinnamic acids. The presence of esterase(s)
in the human small intestine mucosa with activity against
ferulate and diferulates has been previously reported (14, 15),
and our results confirm that differentiated Caco-2 cells do exhibit
similar enzymatic activity. Various ester-type prodrugs are
known to be metabolized in enterocytes to form the active drugs
(carboxylates) by carboxylesterases (43). These enzymes have
been identified in both the human small intestine and in Caco-2
cells (44) and may be responsible for the activity described here
on methyl hydroxycinnamates.

Our data also provide evidence for sulfation, glucuronidation,
and methylation of various hydroxycinnamates and hydroxy-

Figure 3. Time course of metabolism by Caco-2 cells of (A) methyl
ferulate, (B) ferulic acid, (C) methyl sinapate, and (D) sinapic acid.
Differentiated cells were incubated with each substrate (50 µM) over a
24 h period. Error bars represent mean ± SD of duplicates. Error bars,
where not visible, were smaller than the size of the symbol. Time course
of metabolism by Caco-2 cells of (E) methyl caffeate, (F) caffeic acid,
(G) methyl p-coumarate, and (H) p-coumaric acid. Differentiated cells were
incubated with each substrate (50 µM) over a 24 h period. Error bars
represent mean ± SD of duplicates. Error bars, where not visible, were
smaller than the size of the symbol.
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cinnamic acids by Caco-2 cells. Previous studies in humans have
shown that conjugated metabolites of hydroxycinnamic acids
such as ferulic acid-glucuronide and the glucuronide/sulfate
conjugates of caffeic acid are present in the urine or plasma of
volunteers fed hydroxycinnamate-rich foods, but the only
evidence supporting the identification was the susceptibility to
â-glucuronidases and/or sulfatases (16-24). For sinapic acid
and p-coumaric acid, there is a marked lack of information
concerning their absorption and metabolism in the available
literature; there is some indication that trace quantities of sinapic
acid andp-coumaric acid can be absorbed, but the presence of
conjugates was not determined (19, 20). We identified several
conjugates of hydroxycinnamates and hydroxycinnamic acids
formed by differentiated Caco-2 cells using a combination of
methods including HPLC-DAD, LC/MS, as well as enzyme
treatments. Medium that had been preincubated with cells and
subsequently removed had no detectable phase II metabolic
activity on any substrate, indicating that the responsible enzymes
were not secreted to the medium or that if present in the medium
(e.g., derived from dead cells) the levels were negligible. These
results suggest that all the conjugation reactions must have
occurred intracellularly and that once formed some of the
metabolites and conjugates were excreted to the media. It has
been suggested that excretion of these molecules may occur
via transporters specific for organic anions (45), but we cannot
discard that a proportion of the detected metabolites was
originated from dead cells.

Our data show that ferulic acid, sinapic acid, andp-coumaric
acid can enter the cells, be conjugated by sulfation, and then
be excreted to the media. If glucuronidation of these hydroxy-
cinnamic acids has occurred and the glucuronidated derivatives
have been excreted to the medium, then their concentration must
have been below the detection limits of our method. In contrast,
when Caco-2 cells were incubated in the presence of the
corresponding methyl esters, both sulfate and glucuronide
conjugates of the methyl hydroxycinnamates were formed and
detected in the medium. The observed differences in the
conjugation pattern between hydroxycinnamic acids and their
methyl derivatives may be due to different affinities of the STs
and UGTs for these substrates. In general, phenols are substrates
for sulfation and for glucuronidation, but the affinity of the STs
for these substrates is much higher than the affinity of the UGTs
for the same substrates. This implies that at low concentrations
sulfation is the preferred route for conjugation, but as the
concentration increases, there is a shift toward glucuronidation
(41). In our experiments the intracellular concentration of
hydroxycinnamic acids may have been quite low over the
incubation period as shown by a slow decrease of the parent
compound in the media (Figure 3B, D, F, andH). This may
be due to transport of the hydroxycinnamates across the
membrane being limited. Passive absorption is unlikely to occur
since at the pH of the media (∼6.5) the hydroxycinnamic acids
will be in a predominantly ionized form (5). Although the
existence of Na+-dependent active transport processes involved
in the intestinal uptake of cinnamic acids has been claimed (46),
this has yet to be confirmed. The presence or otherwise of such
a transporter in Caco-2 cells has not been established. Neverthe-
less, the more lipophilic methyl hydroxycinnamates can enter
the cells by passive diffusion, and so the intracellular concentra-
tion may have been higher than that of the free acids. Further,
glucuronidation may have been required for detoxification. It
is also plausible that the more lipophilic methyl esters are better
able to access the UGTs that are found bound to the membrane
of the endoplasmic reticulum, whereas the more polar hydroxy-

cinnamic acids remain in the cytosol where the STs are located
(41).

Early reports on the metabolism of caffeic acid in humans
identified the formation of several hydroxymethoxy derivatives
(47), and it was indicated that gut microflora and liver (47,48)
were responsible for O-methylation of caffeic acid. More
recently, ferulic acid and isoferulic acid glucuronides were
detected in the urine of volunteers after consumption of coffee
(21). In this study, we show that both methoxylated derivatives
of caffeic acid, namely, ferulic acid and isoferulic acid, are
formed by differentiated Caco-2 cells and excreted to the media.
The ability of Caco-2 cells to O-methylate other dietary phenolic
substrates has been reported previously (35), and our results
indicate that the catechol-O-methyltransferase (COMT) present
in differentiated Caco-2 cells is also active on caffeic acid.

In this work, we identified for the first time some of the
metabolites and conjugates derived from some abundant dietary
phenolic compounds, hydroxycinnamates, using the in vitro
model system differentiated Caco-2 cells.Figure 4 summarizes
the metabolic reactions detected in enterocyte-like Caco-2 cells,
showing routes for phase I de-esterification and phase II
glucuronidation, sulfation, and O-methylation of the various
hydroxycinnamates substrates used in this study. Hydrolysis by
esterases has occurred extra- and intracellularly, whereas the
phase II conjugates and metabolites were formed intracellularly
and excreted to the apical side of the monolayer of cells. With
all the cautions and limitations for the extrapolation of results
from an in vitro model to in vivo human conditions, our results
suggest that these metabolic reactions may occur in the human
enterocyte, and thus, the human small intestinal epithelium may
contribute to the metabolism and bioavailability of hydroxy-
cinnamates. Our results also suggest that sulfation may be the
preferred metabolic pathway for hydroxycinnamic acids in the
small intestinal epithelium and that the sulfated derivatives can
be excreted to the lumen. The glucuronide derivatives of
hydroxycinnamic acids detected in the plasma or urine of
humans (16-24) may be products of liver metabolism.

Figure 4. Summary of the mechanism of hydroxycinnamates metabolism
by enterocyte-like differentiated Caco-2 cells. Methyl hydroxycinnamates
(esters) may go across the apical membrane of the cells by passive
diffusion (T) and hydroxycinnamic acids by unidentified specific transport-
ers (X). Methyl ferulate, methyl caffeate, and methyl p-coumarate can
be de-esterified extra- and/or intracellularly, whereas methyl sinapate is
de-esterified intracellularly. Once in the cytosol, the methyl hydroxycin-
namates can be further metabolized by phase II enzymes, glucuronosyl-
transferases (UGTs) or sulfotransferases (STs). Free hydroxycinnamic
acids are mostly sulfated by STs except for caffeic acid, which is
metabolized to ferulic acid and isoferulic acid by catechol-O-methyltrans-
ferases (COMT). All these conjugates and metabolites are excreted out
to the apical side of the cells by unknown mechanisms (dotted arrows).
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