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Ferulic acid (FA) and p-coumaric acid (CA) are absorbed by the monocarboxylic acid transporter
(MCT) in Caco-2 cells, although gallic acid (GA) is not. Therefore, the MCT is selective for certain
phenolic acids. Absorption of orally administered CA and GA in rats was studied to obtain serum
pharmacokinetic profiles and to investigate their intestinal absorption characteristics in vivo. Rats
were administered 100 µmol/kg body weight of CA and GA, and blood was collected from the portal
vein and abdominal artery after administration. CA, GA, and their metabolites were quantified with a
highly selective and sensitive coulometric detection method using high-performance liquid chroma-
tography-electrochemical detection. Ingested CA was rapidly absorbed in the gastrointestinal tract
in an intact form. The serum concentration of intact CA in the portal vein peaked 10 min after dosing
(Cmax was 165.7 µmol/L). In contrast, GA was slowly absorbed, with a tmax for intact GA of 60 min
and a Cmax of 0.71 µmol/L. The area under the curve for intact CA and GA was calculated from the
serum concentration profile in the portal vein to be 2991.3 and 42.6 µmol min L-1, respectively. The
relative bioavailability of CA against GA was about 70. This is the first demonstration that absorption
efficiency of CA is much higher than that of GA in vivo. The absorption characteristics of CA are
clearly different from those of GA. These findings are in good agreement with the results obtained in
vitro using a Caco-2 cell system.
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INTRODUCTION

Polyphenols are widely distributed in edible plants and are
classified into phenolic acids, flavonoids, and the less common
stilbenes and lignans. The bioavailability of these compounds
depends on the rate and extent of intestinal absorption and the
characteristics of the metabolites in the plasma (1). The total
polyphenol intake has been reported to be in the order of 1 g/day
(1). However, considerable uncertainty remains due to the lack
of comprehensive data concerning some of the major polyphenol
classes in food. Dietary polyphenols are widely considered to
contribute to health benefits in humans; however, little is known
concerning their bioactive forms in vivo and the mechanisms
by which they may prevent disease. Many studies have focused
on the absorption and metabolism of flavonoids. The absorptions
of catechins (2-4), anthocyanins (5,6), flavones (7-9),
flavonols (8), and their glycosylated forms have been examined.
Ingested flavonoids were present in rat or human systemic blood
circulation either in an intact form or as various metabolites. In
contrast, few studies have investigated phenolic acids such as

FA and caffeic acid (10-12), despite their high content in fruits,
cereals, and some vegetables (13).

The partition coefficient (log octanol/water) is thought to
govern the intestinal absorption of dietary polyphenols, because
only passive diffusion seems to be involved (1). We have
reported that both FA and CA are transported across human
intestinal Caco-2 cells by the MCT (14, 15), as is the case for
fluorescein (16). In contrast, GA is not transported by MCT
but permeated via a paracellular route in Caco-2 cells; the
permeation rate is about 100 times lower than that of CA (15).
Phenolic acids such as CA and GA (Figure 1) are antioxidants
(17) exhibiting antimutagenic and anticarcinogenic activities
(18-24). Until recently, only a few studies have described the
absorption and metabolism of these two compounds (25, 26).
This study was designed to investigate the intestinal absorption
characteristics of CA and GA in vivo and to compare their
bioavailabilities with some pharmacokinetic profiles.

MATERIALS AND METHODS

Materials. CA, GA, benzoic acid (BA), mannitol, and sulfatase type
H-5 were purchased from Sigma-Aldrich, Inc. (St. Louis, MO), and
other chemicals used in this study were of analytical grade.

Animals and Diets.Male Sprague-Dawley rats (6 weeks old, SLC,
Hamamatsu, Japan) weighing 170-205 g were housed in an air-
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conditioned room (22( 4 °C) under 12 h dark/12 h light cycles, with
free access to tap water and CE-2 diet (CLEA Japan, Inc., Tokyo,
Japan). Three rats were assigned to each experimental group.

Sample Preparation. Rats were fasted for 20 h and then were
administered CA or GA (100µmol/kg in 10% propyleneglycol) by
gastric intubation. Blood was withdrawn from the portal vein and
abdominal artery at each time point after dosing. Serum was obtained
by centrifugation and was stored at-80 °C until use.

High-Performance Liquid Chromatography (HPLC)-ECD Analy-
sis. HPLC-ECD fitted with an coulometric detection system was
performed according to the method described previously (14). To 25
µL of serum were added 25µL of 0.1 mol/L sodium acetate buffer
(pH 5.0) and 450µL of 0.83 mol/L acetic acid in methanol. The mixture
was vortexed for 30 s, sonicated for 30 s, and finally centrifuged at
8500gfor 5 min at 4°C. The supernatant was diluted with solvent A,
and 25µL was injected onto an HPLC C18 column (ODS150, MC
Medical, Inc., Tokyo, Japan). The mobile phase A (solvent A) was 50
mmol/L sodium acetate containing 5% methanol (pH 3.0 adjusted with
phosphoric acid), while mobile phase B (solvent B) was 50 mmol/L
sodium acetate containing 40% acetonitrile and 20% methanol (pH 3.5
adjusted with phosphoric acid). To measure the amount of CA, the
elution profile (0.6 mL/min) was as follows: 0-28.5 min, linear
gradient from 85% solvent A/15% solvent B to 20% solvent A/80%
solvent B; 28.5-31 min, isocratic elution 0% solvent A/100% solvent
B; 31-35 min, isocratic elution 85% solvent A/15% solvent B. The
eight electrode detector potentials were from 0 to 700 mV in increments
of 100 mV. To measure the amount of GA, the elution profile (0.6
mL/min) was as follows: 0-5 min, isocratic elution 100% solvent
A/0% solvent B; 5-28.5 min, linear gradient from 100% solvent A/0%
solvent B to 20% solvent A/80% solvent B; 28.5-31 min, isocratic
elution 0% solvent A/100% solvent B; 31-35 min, isocratic elution
100% solvent A/0% solvent B. The eight electrode detector potentials
were from 0 to 700 mV in increments of 100 mV.

Enzymatic Hydrolysis and Determination of CA or GA Conju-
gates.Serum (25µL) was mixed with 25µL of sulfatase type H-5
solution in 0.1 mol/L acetate buffer (pH 5.0) containing both 12.5 units
of sulfatase andâ-glucuronidase activity (about 270 units). The mixture
was incubated at 37°C for 45 min. The difference of CA or GA content
before and after sulfatase treatment was assumed to be the amount of
respective sulfate and glucuronide conjugates in the sample (4).

Data Analysis.Noncompartmental pharmacokinetic parameters were
calculated by the common method using serum concentration-time
data with WinNonlin. The measured values were used for the maximum
serum concentration,Cmax. The area under the serum concentration-
time curve (AUC0-1.5h) in the portal vein from zero to the final sampling
time (1.5 h) was calculated using the linear/log trapezoidal rule. The
half-life (t1/2) was calculated from log linear regression of the terminal
phase of the serum concentration-time profile. Results are expressed
as means( standard errors of the mean (SEM). Statistical analysis
was performed with one way analysis of variance followed by Fischer’s
test of least significant difference. Significance was set atP < 0.05.

RESULTS

Determination of CA and GA in Serum Samples. Figure
2 shows representative HPLC profiles of extract of serum from
a control rat (A) and extracts of serum administered CA (B)
and GA (C). On the basis of the comparison in two dimensions
(i.e., chromatographic and voltammetric), the peak identity of
CA or GA was determined by evaluating the peak area ratio
for the adjacent oxidation channels (lower or upper) to the

dominant oxidation channel. The voltammetric response of the
analyte across these channels was unique for each compound,
and more than 70% ratio accuracy was considered to support
the peak purity (27). The retention time and dominant oxidation
potential for CA and GA are 16.1 min and 600 mV and 7.4
min and 100 mV, respectively. Experiments with CA- or GA-
spiked serum showed that this procedure gave>97% recovery
in both cases. Quantitative determination of CA and GA was
performed with an external standard method. It was verified
that detector response was linear with standards up to 600
µmol/L for CA and 400µmol/L for GA.

Quantitave Changes of CA, GA, and Their Metabolites
in Rat Serum. The mean serum concentration-time profiles
of CA, GA, and their metabolites in the portal vein after
administration are shown inFigure 3. Total and intact concen-
trations of CA and GA were measured after and before
deconjugation with sulfatase treatment, and the results of the
noncompartmental pharmacokinetics analysis are listed inTable
1. The intestinal absorption of intact CA was extremely fast
(tmax, 10 min;Cmax, 165.7( 31.0µmol/L), whereas intact GA
was slowly absorbed (tmax, 60 min;Cmax, 0.71( 0.28µmol/L).

Figure 1. Chemical structures of CA and GA.

Figure 2. Chromatograms obtained by HPLC-ECD analysis in rat serum
before (A) and after the administration of CA (B) and GA (C). The
chromatogram from a control rat (A) was performed by the HPLC-ECD
analysis according to the measurement for CA.

2528 J. Agric. Food Chem., Vol. 52, No. 9, 2004 Konishi et al.



In addition, intact CA was rapidly eliminated witht1/2 of 15.9
min, although intact GA was eliminated more slowly than CA
(t1/2, 24.1 min). There was a significant difference in the AUC
calculated for intact CA and GA. The relative bioavailability
of CA against GA was estimated to be 70-fold greater. This
result shows that the intestinal absorption efficiency of CA is
much higher than that of GA (Table 1). Furthermore, the serum
concentration profiles of CA, GA, and their metabolites in the
abdominal artery were investigated to examine the hepatic

elimination (Figure 4). The concentration of intact CA peaked
at 10 min and decreased rapidly (tmax, 10 min; Cmax, 99.3 (
22.4 µmol/L), whereas intact GA changed gradually (tmax, 60
min; Cmax, 2.21 ( 0.74 µmol/L). The concentrations of
conjugated CA in the portal vein and the abdominal artery after
10 min were 72.6( 9.0 and 39.7( 3.3 µmol/L, whereas
conjugated GA in the portal vein and the abdominal artery after
60 min showed 2.22( 0.47 and 1.30( 0.40µmol/L (Figures
3 and4). The concentration of CA was about 45-fold greater

Figure 3. Serum concentration−time profiles of CA (A) and GA (B) in the portal vein after the administration. Values are means ± SE; n ) 3.

Figure 4. Serum concentration−time profiles of CA (A) and GA (B) in the abdominal artery after the administration. Values are means ± SE; n ) 3.
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than that of GA in the abdominal artery indicating that much
more CA was distributed to the whole body by the systemic
circulation than GA, although a considerable amount of intact
CA was eliminated in the liver.

We also investigated the effect of an excess amount of BA
or mannitol on the absorption of CA. Rats were administered
100 µmol/kg body weight of CA with or without 10 mmol/kg
body weight of BA or mannitol simultaneously (Figure 5). BA,
a substrate of MCT (28,29), seemed to inhibit the absorption
of intact CA. However, mannitol, a compound for paracellular
diffusion, did not. Intriguingly, the amount of conjugated CA
observed in the portal vein was decreased in dosing of both
BA and mannitol; the effect of BA was greater than that of
mannitol.

DISCUSSION

In a previous in vitro study using Caco-2 cells, we demon-
strated that CA was transported by MCT. The absorption rate
of CA was about 100 times greater than that of GA (15). The
affinity of phenolic acids for MCT could depend on their
structure. Hydroxylation of the substrate of MCT such as
benzoic and cinnamic aicds would decrease the affinity for MCT
because hydrogen bonding between the hydroxyl group of the
substrate and MCT might interfere with the molecular recogni-
tion (30). Therefore, the great difference in absorption efficiency
between CA and GA might be ascribed to obvious differences
in their absorption characteristics (i.e., MCT-mediated absorption
for CA and paracellular diffusion for GA) (15).

In this study, we have demonstrated that the absorption
efficiency of CA was much higher than that of GA in vivo,
indicating differences in the absorption characteristics of the
two compounds (Figure 3andTable 1). These results are in
good agreement with the conclusions of the in vitro study
reported previously (15). It might be possible to ascribe the
difference in absorption efficiency to the distinct transport
characteristics in vivo, as was the case in the in vitro study
(15). Solubility of ingested flavonoids was reported to affect
the absorption and excretion significantly. Shimoi and co-
workers reported thatRG-rutin (a water soluble flavonoid) was
absorbed more efficiently than either quercetin or rutin because
the decrease of the precipitation in the alimentary tract raised
the amount available for absorption (8). Solubility in the vehicle
used for the oral administration also enhanced the absorption
of flavonoids (9, 31). On the contrary, CA was absorbed much
more efficiently than GA in this study, although the solubility
of GA was higher than that of CA considering the partition
coefficients of CA or GA were 0.02 or 0.22, respectively (17).
These may also suggest the differences in the absorption
characteristics of CA and GA, and some specific mechanism
would be involved in the absorption of CA in vivo. A
considerable amount of conjugated CA and GA was observed
in the portal vein (Figure 3), although no conjugated CA and
GA was transported in Caco-2 cells (15). Spencer and co-
workers, using the perfusion analysis of isolated intestine,
reported that flavonoids and hydroxycinnamates were glucu-
ronidated during permeation across rat epithelium without the
need for gut (25). The discrepancy between the in vivo, in situ
perfusion analysis and the in vitro Caco-2 cell system might
originate from differences in the evaluation method itself.

Small doses of ingested polyphenols may be metabolized by
intestinal mucosa, with the liver playing a secondary role to
further modify large doses of the polyphenol conjugates from
the small intestine in addition to excretion into bile. For example,
in rats after an oral administration of 10 mg of (-)-epicatechin,
the polyphenol was first glucuronidated during intestinal absorp-
tion, followed by hepatic sulfation and methylation (4). Com-
paring the serum concentration profiles in the abdominal artery
with that in portal vein, the concentration profile of total and
intact CA in the abdominal artery was similar to that in the
portal vein, whereas the profile of conjugated CA seemed to
be a little different from that in the portal vein (Figure 3 and
Figure 4). The conjugated CA peaked 20 min (tmax, 20 min;
Cmax, 43.1( 4.0 µmol/L). Intact CA, which evaded intestinal
metabolism, might be metabolized in the liver. At 10 min after
the administration, however, the ratio of intact CA in the portal
vein to intact CA in the abdominal artery (165.7 vs 99.3µmol/
L) was quite similar to the ratio of conjugated CA (72.6 vs
39.7 µmol/L). These results seem to indicate that intact and
conjugated CA were eliminated similarly in liver. By contrast,

Table 1. Pharmacokinetic Parameters of Intact CA and GA in the
Portal Vein after the Administration of a Single 100 µmol/kg Oral Dose
of CA and GAa

CA GA

Cmax (µmol/L) 165.7 0.71
tmax (min) 10 60
AUC0-1.5h (µmol min L-1) 2991.3 42.6
t1/2 (min) 15.9 24.1
relative bioavailability 70.2

a Values are means. Cmax, maximum serum concentration; tmax, maximum time;
AUC, area under the serum concentration−time curve; t1/2, half-life. Relative
bioavailability was calculated as follows: AUC of CA/AUC of GA.

Figure 5. Serum concentration−time profiles of CA in the portal vein after
the administration of CA alone (O), with BA (b), or with mannitol (0).
Values are means ± SE; n ) 3.
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the concentration profile of intact, conjugated, and total GA in
the abdominal artery was almost the same as that in the portal
vein (Figure 3 andFigure 4), which suggested that GA was
less susceptible to be eliminated in the liver than CA. There
may be the difference in elimination characteristics in the liver,
as was observed in the intestinal absorption. In contrast to GA,
a large amount of intact CA possessing antioxidant activity is
distributed to the whole body by systemic circulation. The
greater absorption/distribution of ingested CA is likely to play
a significant physiological role in preventing oxidative stress
within the body. The biological properties of phenolic acids,
such as CA, which are efficiently absorbed and distributed in
the body, need to be studied in more detail.

The absorption of intact CA seemed to be inhibited by BA
not but mannitol, whereas the conjugated CA was decreased in
dosing of both BA and mannitol (Figure 5). These results,
together with those obtained in the in vitro studies, suggest that
some other absorption process (e.g., passive diffusion) might
operate during the intestinal absorption of CA in vivo. BA might
inhibit both the MCT-mediated and the passive diffusion
transport of CA. However, the mechanism for the apparent
decrease of conjugated CA transport by mannitol is unclear.
Changes in the fluidity of the sample solution, caused by
simultaneous dosing, might interfere with the access of CA to
the cell. Perfusion studies to investigate simultaneous dosing
might be necessary to reveal the absorption mechanism of CA.

Epigallocatechin gallate (EGCg), a major component of tea
polyphenols, is widely assumed to contribute to health benefits;
there is a wealth of information on its absorption, distribution,
and excretion (32,33). The oral bioavailability of EGCg was
found to be low (∼2%) in animal and possibly in human (32,
33). The AUC of EGCg (163µmol/kg administered) was
reported to be 38.0µmol min L-1, which was almost the same
as that of GA observed in this study (Table 1). Furthermore,
the permeability of EGCg (0.22 nmol/min/mg protein) across
the intestinal Caco-2 cells seemed to be quite similar as that of
GA (0.16 nmol/min/mg protein), both of which are permeated
via the paracellular diffusion (15, 34). Assuming that the
absorption efficiency of GA was the same as that of EGCg, it
might be possible that the percentage of CA and GA absorbed
would be estimated to be∼100 and 1.6%, respectively,
multiplying the percentage of EGCg absorbed (F, 1.6%) by
relative bioavailability of CA against GA (32). Thus, we have
speculated that the bioavailability of CA is much higher than
that of GA also in human; however, further experiments are
necessary to examine their bioavailability in humans considering
the effect of food matrix ingested simultaneously.

In conclusion, we have demonstrated for the first time a higher
efficiency of intestinal absorption of CA over GA in vivo. This
finding supports the results obtained by in vitro studies using a
Caco-2 cell system. The physiological effects of polyphenol on
human health have recently received a great deal of attention.
Many studies have been carried out to investigate the physi-
ological role of flavonoid and isoflavonoids following ingestion.
However, the bioavailability of these compounds is thought to
be low (1). Because phenolic acids are ubiquitous in edible
plants and are ingested on a daily basis through regular
consumption of foodstuffs such as cereals and beer, a greater
understanding of their pharmacological activity is highly desir-
able. Further studies on their physiological activity per se and
on the effect of interactions with other polyphenolic compounds
are necessary to clarify the benefits of dietary polyphenols on
human health.

ABBREVIATIONS USED

MCT, monocarboxylic acid transporter; FA, ferulic acid; CA,
p-coumaric acid; GA, gallic acid; BA, benzoic acid; ECD,
electrochemical detector.
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