
Phenolic Acids Are Absorbed from the Rat Stomach with
Different Absorption Rates

YUTAKA KONISHI,* ,† ZHAOHUI ZHAO,‡ AND MAKOTO SHIMIZU ‡

Central Laboratories for Frontier Technology, Kirin Brewery Co., Ltd., 1-13-5 Fukuura,
Kanazawa-ku, Yokohama-shi, Kanagawa 236-0004, Japan, and Department of Applied Biological

Chemistry, Graduate School of Agricultural and Life Sciences, The University of Tokyo, 1-1-1 Yayoi,
Bunkyo-ku, Tokyo 113-8657, Japan

The intestinal absorption characteristics of phenolic acids (PAs) have been elucidated in terms of
their affinity for the monocarboxylic acid transporter (MCT). Recently, the involvement of the stomach
has been implicated in the absorption of polyphenols. The present work demonstrates that the gastric
absorption efficiency of each PA is apparently different between various PAs. Various PAs with different
affinities for MCT were administered (2.25 µmol) to rat stomach, and then the plasma concentration
of the PA was measured. The plasma concentration of ferulic acid (FA) peaked 5 min after
administration in the stomach. At 5 min after administration, the plasma concentration of each PA
increased in the order: gallic acid ) chlorogenic acid < caffeic acid < p-coumaric acid ) FA. This
order matches their respective affinity for MCT in Caco-2 cells, which we have demonstrated in
previous studies. These results indicated that MCT might be involved in the gastric absorption of
PAs, similar to the intestinal absorption.
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INTRODUCTION

The physiological effects of dietary polyphenols on human
health have recently received a great deal of attention. Polyphe-
nols in fruit and vegetables are natural antioxidants that are
assumed to contribute to the prevention of cardiovascular
diseases (1). The most abundant types of polyphenol in the
human diet are the flavonoids and phenolic acids (PAs).
Although many studies have been carried out to investigate the
physiological role of flavonoids, much less attention has been
focused on PAs. Nevertheless, many common foodstuffs,
including fruits, cereals, vegetables, and beverages such as
coffee have a high PA content (2). Caffeic acid (CA) is the
major representative PA and occurs in foods mainly as chlo-
rogenic acid (CLA), an ester of quinic acid. Daily intake of
CA or CLA by coffee drinkers is typically∼1 g (2). PAs such
as CA or CLA exhibit antioxidant activities and anti-mutagenic
and anti-carcinogenic effects in vitro (3, 4). Indeed this is
consistent with the reported inverse correlation between coffee
intake and colon cancer in some epidemiologic studies (5-7).
Therefore, the physiological importance and health effects of
PAs on humans should be investigated in detail.

We have recently elucidated the intestinal absorption char-
acteristics of PAs and related compounds (i.e., ferulic acid (FA),
p-coumaric acid (PCA), gallic acid (GA), CA, CLA, and

rosmarinic acid) in terms of their affinity for monocarboxylic
acid transporter (MCT). Our studies have demonstrated the
diverse nature of intestinal absorption in Caco-2 cells (i.e., MCT-
mediated absorption, partial MCT-mediated absorption, para-
cellular diffusion) (8-11). The absorption characteristics of
these compounds in Caco-2 cells display a good correlation with
their absorption efficiency and bioavailability in vivo (12, 13).
These findings highlight the unique physiological significance
of the MCT-mediated transport system. We have focused on
the physiological impact of MCT-mediated absorption and
distribution in humans, which involves specific transport systems
that act not only for phenolic acids but also for microbial
metabolites of poorly absorbed polyphenols or dietary fibers
with biological activities, (i.e., “metabo-nutrients”) (14,15).

Recent studies have demonstrated that gastric absorption
occurs for some flavonoids such as quercetin, daizein, or
anthocyanins (16-18). Thus, the significance of gastric absorp-
tion in terms of the health effects of dietary phytochemicals is
becoming an increasingly important issue. This study was
designed to clarify the gastric absorption characteristics of
various PAs with different affinity for MCT (Figure 1) (8-
10) by measuring plasma concentration of PAs dosed in a rat
stomach with the use of HPLC-electrochemical detector (ECD)
fitted with a Coulometric detection. This report demonstrates
an increasing order in the gastric absorption efficiency of various
PAs, which matches their respective affinity for MCT in Caco-2
cells previously demonstrated (8-10). This also suggests that
the MCT-mediated absorption system might be involved in the
gastric absorption of PAs in rat stomach.
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MATERIALS AND METHODS

Animals. Male Wistar rats (8 weeks old) were housed in an air-
conditioned room (22( 1 °C) under 12 h dark/12 light cycles with
free access to tap water and a standard rat diet. The rats were
acclimatized to the environment for 4 days before commencement of
experiments. The care and treatment of the rats was in accordance with
the guidelines prescribed by the Committee for Care of Laboratory
Animals in the Graduate School of Agricultural and Life Sciences at
the University of Tokyo.

Materials. FA, PCA, GA, CA, CLA, and sulfatase type H-5 were
purchased from Sigma-Aldrich, Inc. (St. Louis, MO). The other
chemicals used in this study were of analytical grade.

In Situ Gastric Absorption. The protocol for measuring in situ
gastric absorption was a modified version of the method described in
our previous study (19). Briefly, the rats were starved for 5-8 h (to
eliminate the influence from the chyme residue in the stomach) and
then anesthetized with sodium pentobarbital. The rats were kept alive
under anesthesia throughout the experiments. The pylorus was ligated
before injecting 2.25µmol of PAs (FA, PCA, GA, CA or CLA) in 0.5
mL of physiological saline into the stomach at 37°C, in the same
manner as our previous study (19). For CA, 1% EtOH was included in
the saline to increase solubility. The portal vein and abdominal aorta
were then cannulated, and about 0.5 mL of blood was withdrawn from
each cannula at 5, 15, and 25 min. Heparin-treated blood was
centrifuged at 2000g for 15 min at 4°C to obtain the plasma. The
plasma was stored frozen at-30 °C until required for analysis.

Chromatographic Conditions. HPLC-ECD fitted with a coulom-
etric detection system was used for analysis as previously reported (12,
13). In brief, to 25µL of plasma were added 25µL of 0.1 mol/L sodium
acetate buffer (pH 5.0) and 100µL of 0.83 mol/L acetic acid in
methanol. The mixture was vortexed, sonicated, and centrifuged (at
8500g for 5 min at 4°C), and the supernatant was injected onto an
HPLC C18 column (ODS150, MC Medical, Inc., Tokyo, Japan). For
FA and PCA, mobile phase A (solvent A) was 50 mM sodium acetate
containing 5% methanol (pH 3.0), and mobile phase B (solvent B) was
50 mM sodium acetate containing 40% acetonitrile and 20% methanol
(pH 3.5). 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. For CA, CLA, and 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. Eight electrode detector potentials (0-700 mV in
increments of 100 mV) were used to measure all of PAs. Conjugated
CA in the portal vein and conjugate CLA both in the portal vein and
abdominal artery were not detected in this experiment.

Enzymatic Hydrolysis and Determination of Each PA Conjugate.
Plasma (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 and about 270 units ofâ-glucuronidase activity. The mixture
was incubated at 37°C for 45 min. The difference in each PA content
before and after sulfatase treatment was assumed to be due the amount
of the respective sulfate and glucuronide conjugates in the sample
(conjugated PA), as shown previously (12, 13). Each PA detected with
and without the sulfatase treatment are presumed to be total and intact
PA, respectively.

Statistical Analysis. Data are shown as mean( SEM (n ) 3 or
more). Tukey’s multiple-range test was used when significant differ-
ences were obtained by one-way ANOVA. Significance was set atP
< 0.05.

RESULTS

Determination of Each PA Absorbed in Plasma.Detection
limit for all PAs is <0.5 pmol on the column, and purity of the
peaks was assessed using peak area ratio accuracies for the
adjacent oxidation channels (lower or upper) to the dominant
oxidation channel (>70% ratio accuracy) (20). Figure 2 shows
representative HPLC profiles of plasma dosed each PA. The
retention time (RT) and dominant oxidation potential for PCA,
FA, GA, CA, and CLA were 14.6 min and 600 mV, 16.0 min
and 500 mV, 6.7 min and 100 mV, 18.7 min and 100 mV, and
17.6 min and 200 mV, respectively.

Quantitative Changes in FA and Its Metabolites in Rat
Plasma. Concentration changes of FA and its metabolites in
the portal vein and abdominal artery as a function of time after
administration are shown inFigure 2. The gastric absorption
of intact FA initially peaked at 5 min and decreased rapidly
both in the portal vein and in the abdominal artery (35.1µmol/L
for the portal vein, and 2.4µmol/L for the abdominal artery).
By contrast, no drastic changes in conjugated FA with time were
observed in either the portal vein or the abdominal artery (13.0-
16.8 µmol/L for the portal vein; 11.3-17.0 µmol/L for the
abdominal artery).

Comparison of Each PA Concentration in the Portal Vein
and Abdominal Artery at 5 min after Administration. At 5
min after administration, the concentration of each PA and their
respective conjugates in the portal vein and the abdominal artery
were examined (Figure 3). The concentration of each intact
PA in the portal vein and the abdominal artery, respectively,
were as follows: 23.78 and 8.92µmol/L for PCA, 13.02 and
1.76 µmol/L for FA, 1.88 and 0.36µmol/L for CA, 0.45 and
0.05 µmol/L for GA, and 0.12 and 0.04µmol/L for CLA. In
contrast, the concentration of each conjugated PA in the portal
vein and the abdominal artery, respectively, were as follows;
9.2 and 7.1µmol/L for PCA, 6.9 and 7.6µmol/L for FA, 0.51
µmol/L (abdominal artery) for CA, and 0.09 and 0.16µmol/L
for GA.

DISCUSSION

Previously we administered 2.25µmol of FA into the rat
stomach and examined the recovery of FA and corresponding
metabolites after 25 min incubation in situ in the gastric content,
mucosa, portal vein, celiac arterial plasma, bile, and urine (19).
We anticipated FA to be quickly absorbed intact from the rat
stomach and then metabolized mainly in the liver (19). In this
study, we have improved the sensitivity and accuracy of the
measurement for each PA by employing a Coulometric detection
systems using HPLC-ECD. We investigated changes in the
concentration of FA and the corresponding metabolites over time
in the portal vein and the abdominal artery for up to 25 min
after administration under the same experimental conditions used
in our previous study (19). As shown in Figure 2, the
concentration of intact FA peaked at 5 min and then decreased

Figure 1. Chemical structures of each PA in rat plasma.
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rapidly in both the portal vein and the abdominal artery.
However, there was a slow increase in the level of conjugated
FA in both the portal vein and the abdominal artery (peak level;
15 min). These results suggest that there might be two different
systems for the gastric absorption of FA: a rapid permeation
system for intact FA and a slow permeation system for the
conjugated derivatives. In our previous study, however, conju-
gated FA was not detected in the gastric content or mucosa.
Furthermore, the proportion of free FA to total FA in bile was
as low as that in arterial plasma, although the proportion of
free FA to total FA in the portal vein was very high (49%)
(19). These observations suggest that the conjugated FA detected
in the portal vein and abdominal artery were derived from
metabolism in the liver and/or re-absorption by enterohepatic
circulation.

To examine the efficiency of gastric absorption for each PA,
we determined the plasma concentration of various PAs and
their metabolites at 5 min after administration (Figure 4). The
concentration of each intact PA in both the portal vein and the

abdominal artery increased in the order: CLA) GA < CA <
FA < PCA. These results are in good agreement not only with
the order observed in the absorption efficiency and the bio-
availability in vivo (GA < CA < PCA) (12,13) but also with
the affinity order for MCT in Caco-2 cells (CLA) GA < CA
< FA ) PCA) (8-10). Overall, our results indicate that the
MCT-mediated absorption system is involved in gastric absorp-
tion of PA, as demonstrated previously for intestinal absorption.

The ratio of the concentration of intact PCA and FA in the
abdominal artery to that in the portal vein was 0.38 and 0.14,
respectively. These results indicate that FA is likely to be more
susceptible to hepatic elimination than PCA. This is consistent
with our previous study, which established that FA was mainly
metabolized in the liver (19). It is generally thought that the
first hepatic elimination of hydrophobic compounds is quite
efficient. Xenobiotic compounds with an affinity for biomem-
branes are likely to be harmful because they could readily
permeate across the epithelium and enter the enterocytes. It is
possible that an unknown but specific elimination mechanism

Figure 2. Chromatograms obtained by HPLC-ECD analysis of rat plasma administered each PA.

Figure 3. Plasma concentration profiles of FA in the portal vein (A) and the abdominal artery (B). Each point is the mean ± SEM, n ) 3 or more.
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preserves homeostasis. The initial step in the elimination of a
xenobiotic, such as PA, is the conjugation of the intact
compound with sulfate and/or glucuronide in the gastrointestinal
mucosa and/or liver after absorption (21,22). In this study, the
proportion of intact FA to total FA declined rapidly after the
absorbed FA from the stomach passed through the liver (62.8
( 4.9% in the portal vein vs 18.4( 1.5% in the abdominal
artery; Table 1). These results indicate that the intact FA is
efficiently conjugated in the liver (19). Compared with that of
FA, the conjugation of PCA and CA appears to occur more
slowly (Table 1). The 3-methoxy moiety in FA (Figure 1) is
presumably a good target for conjugation enzymes such as UDP-
glucuronosyltransferases and sulfotransferases. The slower
conjugation of PCA and CA as compared to FA may explain
the differences in the rate of elimination (this study and ref 21
vs refs 12 and 22).

To date, 14 isoforms of MCT have been identified (23),
although only MCT1 to MCT4 are characterized in terms of
their substrate and inhibitor kinetics. Each MCT isoform is likely
to have a unique biological role, which is related to the different
tissue distribution. MCT1, the best characterized isoform, is
found in almost all tissues of the human body (24), which would
imply a physiological significance for humans. Furthermore,
MCT1 has been reported to be expressed in the stomach of
mouse, hamster, and calf (25-27). In contrast, it is also possible
that MCT subtypes other than MCT1-MCT4 may participate
in the gastric absorption of each PA, as in the case for the

intestinal absorption. Actually, we have recently demonstrated
that MCT1 has not participated in the transport of PA by the
analysis with MCT1 expressing Caco-2 cells and oocytes (28).
It was reported that various subtypes of MCT, such as MCT1,
MCT3, MCT4, MCT5, and MCT6, are expressed in Caco-2
cells (29). Furthermore, it was recently reported that different
subtypes of MCTs participate in the absorption of PA in Caco-2
cells: MCT on the apical side appears to be different from MCT
on the basolateral side in terms of the affinity for Artepillin C
(30). Further studies are required to establish the MCT subtype
responsible for gastric and intestinal absorption of PA. Further-
more, tissue distribution and subcellular localization of the
relevant MCT subtype will have to be determined to fully assess
the health effects of both PA and the corresponding “metabo-
nutrients” (15).

In conclusion, we have demonstrated that each PA is absorbed
from the rat stomach with different absorption efficiency, which
matches their respective affinity for MCT in Caco-2 cells
previously demonstrated (8-10). Furthermore, this suggests that
the MCT-mediated absorption system might be involved in the
gastric absorption of PAs, as is the case with the intestinal
absorption. Our findings highlight the physiological significance
of MCT-mediated transport system for bioactive components
of the diet.

ABBREVIATIONS USED

PA, phenolic acid; PCA,p-coumaric acid; FA, ferulic acid;
GA, gallic acid; CA, caffeic acid; CLA, chlorogenic acid; MCT,
monocarboxylic acid transporter; ECD, electrochemical detector.

LITERATURE CITED

(1) WHO/FAO. Diet, nutrition and the prevention of chronic
diseases. World Health Organization: Geneva, 2003.

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

(3) Rice-Evans, C. A.; Miller, N. J.; Paganga, G. Structure-
antioxidant activity relationships of flavonoids and phenolic
acids.Free Radical Biol. Med.1996,20, 933-956.

Figure 4. Plasma concentration of each PA in the portal vein (A) and the abdominal artery (B) at 5 min after administration. Each point is the mean ±
SEM, n ) 3 or more.

Table 1. Percentage of Concentration Intact PAs to That of Total PAs
in the Plasma of Portal Vein and Abdominal Artery at 5 min after
Injection of PA (2.25 µmol) into Stomacha

PAs portal vein % abdominal artery %

PCA 73.3 ± 3.6a 57.5 ± 4.4a
FA 62.8 ± 4.9a 18.4 ± 1.5b
CA 89.7 ± 16.9a 39.1 ± 0.5c

a Values are the mean ± SEM of three experiments. Mean in a column without
a common letter differ, P < 0.05.

7542 J. Agric. Food Chem., Vol. 54, No. 20, 2006 Konishi et al.



(4) Scalbert, A.; Morand, C.; Manach, C.; Remesy, C. Absorption
and metabolism of polyphenols in the gut and impact on health.
Biomed. Pharmacother.2002,56, 276-282.

(5) Giovannucci, E. Meta-analysis of coffee consumption and risk
of colorectal cancer.Am. J. Epidemiol.1998,147, 1043-1052.

(6) Favero, A.; Franceschi, S.; La Vecchia, C.; Negri, E.; Conti, E.;
Montella, M. Meal frequency and coffee intake in colon cancer.
Nutr. Cancer.1998,30, 182-185.

(7) Tavani, A.; Pregnolato, A.; La Vecchia, C.; Negri, E.; Talamini,
R.; Franceschi, S. Coffee and tea intake and risk of cancers of
the colon and rectum: a study of 3,530 cases and 7,057 controls.
Int. J. Cancer1997,73, 193-197.

(8) Konishi, Y.; Shimizu, M. Transepithelial transport of ferulic acid
by monocarboxylic acid transporter in Caco-2 cell monolayers.
Biosci. Biotechnol. Biochem.2003,67, 856-862.

(9) Konishi, Y.; Kobayashi, S.; Shimizu, M. Transepithelial transport
of p-coumaric acid and gallic acid by monocarboxylic acid
transporter in Caco-2 cell monolayers.Biosci. Biotechnol.
Biochem.2003,67, 2317-2324.

(10) Konishi, Y.; Kobayashi, S. Transepithelial transport of chloro-
genic acid, caffeic acid, and their colonic metabolites in intestinal
Caco-2 cell monolayers.J. Agric. Food Chem.2004,52, 2518-
2526.

(11) Konishi, Y.; Kobayashi, S. Transepithelial transport of rosmarinic
acid in intestinal Caco-2 cell monolayers.Biosci. Biotechnol.
Biochem.2005,69, 583-591.

(12) Konishi, Y.; Hitomi, Y.; Yoshioka, E. Intestinal absorption of
p-coumaric and gallic acids in rats after oral administration.J.
Agric. Food Chem.2004,52, 2527-2532.

(13) Konishi, Y.; Hitomi, Y.; Yoshida, M.; Yoshioka, E. Pharmaco-
kinetic study of caffeic and rosmarinic acids in rats after oral
administration.J. Agric. Food Chem.2005,53, 4740-4746.

(14) Konishi, Y.; Kobayashi, S. Microbial metabolites of ingested
caffeic acid are absorbed by the monocarboxylic acid transporter
(MCT) in intestinal Caco-2 cell monolayers.J. Agric. Food
Chem.2004,52, 6418-6424.

(15) Konishi, Y. Transepithelial transport of microbial metabolites
of quercetin in intestinal Caco-2 cell monolayers.J. Agric. Food
Chem.2005,53, 601-607.

(16) Crespy, V.; Morand, C.; Besson, C.; Manach, C.; Demigne, C.;
Remesy, C. Quercetin, but not its glycosides, is absorbed from
the rat stomach.J. Agric. Food Chem.2002,50, 618-621.

(17) Piskula, M. K.; Yamakoshi, J.; Iwai, Y. Daidzein and genistein
but not their glucosides are absorbed from the rat stomach.FEBS
Lett. 1999,447, 287-291.

(18) Passamonti, S.; Vrhovsek, U.; Vanzo, A.; Mattivi, F. The stomach
as a site for anthocyanins absorption from food.FEBS Lett.2003,
544, 210-213.

(19) Zhao, Z.; Egashira, Y.; Sanada, H. Ferulic acid is quickly
absorbed from rat stomach as the free form and then conjugated
mainly in liver. J. Nutr. 2004,134, 3083-3088.

(20) Guo, C.; Cao, G.; Sofic, E.; Prior, R. L. High-performance liquid
chromatography coupled with coulometric array detection of
electroactive components in fruits and vegetables: relationship
to oxygen radical absorbance capacity.J. Agric. Food Chem.
1997,45, 1787-1796.

(21) Zhao, Z.; Egashira, Y.; Sanada, H. Ferulic acid sugar esters are
recovered in rat plasma and urine mainly as the sulfoglucuronide
of ferulic acid.J. Nutr. 2003,133, 1355-1361.

(22) 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.

(23) Halestrap, A. P.; Meredith, D. The SLC16 gene familysfrom
monocarboxylate transporters (MCTs) to aromatic amino acid
transporters and beyond.Pflugers Arch.2004,447, 619-628.

(24) Lin, R. Y.; Vera, J. C.; Chaganti, R. S. K.; Golde, D. W. Human
monocarboxylate transporter 2 (MCT2) is a high affinity pyruvate
transporter.J. Biol. Chem.1998,273, 28959-28969.

(25) Koehler-Stec, E. M.; Simpson, I. A.; Vannucci, S. J.; Landschulz,
K. T.; Landschulz, W. H. Monocarboxylate transporter expres-
sion in mouse brain.Am. J. Physiol.1998,275, E516-E524.

(26) Garcia, C. K.; Brown, M. S.; Pathak, R. K.; Goldstein, J. L.
cDNA cloning of MCT2, a second monocarboxylate transporter
expressed in different cells than MCT1.J. Biol. Chem.1995,
270, 1843-1849.

(27) Kirat, D.; Inoue, H.; Iwano, H.; Hirayama, K.; Yokota, H.;
Taniyama, H.; Kato, S. Expression and distribution of mono-
carboxylate transporter 1 (MCT1) in the gastrointestinal tract of
calves.Res. Vet. Sci.2005,79, 45-50.

(28) Watanabe, H.; Yashiro, T.; Tohjo, Y.; Konishi, Y. Non-
involvement of the human monocarboxylic acid transporter 1
(MCT1) in the transport of phenolic acid.Biosci. Biotechnol.
Biochem.2006,70, 1928-1933.

(29) Hadjiagapiou, C.; Schmidt, L.; Dudeja, P. K.; Layden, T. J.;
Ramaswamy, K. Mechanism of butyrate transport in Caco-2
cells: role of monocarboxylate transporter 1.Am. J. Physiol.
Gastrointest. LiVer Physiol.2000,279, G775-G780.

(30) Konishi, Y. Transepithelial transport of artepillin C in intestinal
Caco-2 cell monolayers.Biochim. Biophys. Acta2005, 1713,
138-144.

Received for review June 3, 2006. Revised manuscript received July
31, 2006. Accepted August 2, 2006.

JF061554+

Absorption of Phenolic Acids from Rat Stomach J. Agric. Food Chem., Vol. 54, No. 20, 2006 7543


