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Purpose. To establish how closely intestinal transport activity for
beta-lactam antibiotics is correlated with PepT1 expression, absolute
expression level of PepT1 mRNA and transport activity were deter-
mined longitudinally in the small intestine of fed and starved rats.
Methods. For evaluation of absolute expression levels of PepT1
mRNA, quantitative RT-PCR by LightCycler® was used. The trans-
port function was determined by quantifying the absorptive transport
of cefadroxil across intestinal tissue sheets in a Ussing chamber.
Results. PepT1 mRNA expression was highest at the lower region
and lowest at the upper region in the fed rats. The value of PepT1 was
about 1/5∼1/6 of that of GAPDH. The expression level in the starved
rats was increased in all segments, but more profoundly in the upper
region. Cefadroxil transport across intestinal tissue was higher in the
lower region and lower in the upper region in fed rats, and increased
in the upper region in starved rats. An excellent correlation was
observed between expression levels and the permeability coefficients
(r2 � 0.859, p < 0.05).
Conclusions. The intestinal transport of cefadroxil is directly propor-
tional to PepT1 expression, suggesting that the PepT1 expression
level in the rat small intestine is the major determinant of the ab-
sorption of peptide-like compounds.
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INTRODUCTION

The existence of a peptide transport system in the small
intestine has been well established, and this system plays a
major role in the absorption of nitrogen (1). It is also well
known that certain hydrophilic beta-lactam antibiotics are
transported via this peptide transport system (1). PepT1, an
oligopeptide transporter, has been isolated from the rabbit
(2), human (3), rat (4,5), and mouse (6) small intestines. In-
jection of PepT1 cRNA into Xenopus laevis oocytes induces
electrogenic transport activity, which results as a consequence
of peptide/H+ cotransport. The substrate specificity of PepT1
is relatively broad: the transporter recognizes not only di/

tripeptides and peptide mimetics (7,8) but also some drugs
that do not have peptide structure, such as valacyclovir (8,9).
The kinetic properties of this transporter have been studied
thoroughly, and the transport activity of PepT1 for di/
tripeptides and beta-lactam antibiotics was found to be
closely related to the intestinal transport and in vivo absorp-
tion (10). In addition, uptake of glycylsarcosine is negligible in
oocytes injected with rat intestinal mRNA with antisense
PepT1 cRNA (10). Thus, it is accepted that PepT1 contributes
predominantly to intestinal absorption of oligopeptides and
beta-lactam antibiotics in the small intestine. Recently, Chu et
al. (11) documented a correlation between the expression
level of PepT1 protein and absorptive function in human
PepT1-transduced Caco-2 cells and rats.

It is well known that the functions of the intestine vary
longitudinally. In relation to this, the expression patterns of
some enzymes and transporters have been reported to be
heterogeneous. In addition, the absorptive function of the
intestine is altered under various conditions, such as dietary
regulation (12,13), starvation (14), anticancer drug-induced
intestinal injury (15,16), sigma-ligand (17), insulin (18), etc.
Intestinal expression patterns of PepT1 have also been re-
ported in terms of mRNA and protein (19,20). However, be-
cause of methodological reasons, these reports only provide
information concerning relative levels of PepT1. Recently, a
versatile approach to quantifying absolute level of mRNA
expression by means of PCR (LightCycler®) was developed
by Roche Diagnostics GmbH (Manheim, Germany), which
has surmounted some of the methodological considerations
that limit the usefulness of quantifying mRNA.

The purpose of this study was to examine the pattern of
distribution of absolute expression level of PepT1 mRNA
longitudinally in the small intestine of freely fed rats and
starved rats. We also investigated whether the absorptive
functional activity correlates with PepT1 expression level. In-
testinal regional dependence of absorption is usually studied
by the closed intestinal loop method or by using isolated in-
testinal tissue in the unit of length or apparent surface area.
Therefore, it was thought preferable in the present study to
quantify the expression level of transporters in a unit of
length, but not tissue weight or protein amount, to evaluate
the relationship between the absorptive functional ability and
expression of transporters. Accordingly, to quantify the ex-
pression level of PepT1, the small intestine was divided into
eight segments, and the absolute level of PepT1 mRNA ex-
pression in each segment was measured by a real-time PCR
method using LightCycler®, which makes it possible to quan-
tify sensitively, precisely, and reproducibly the target mRNA
(21). Then, to confirm that peptide transport in rats can be
largely ascribed to the intestinal PepT1, the functional activity in
corresponding segments of the small intestine was estimated by
measuring cefadroxil transport across rat small intestinal tissue
mounted in a Ussing chamber, in addition to measuring the
disappearance of cefadroxil from intestinal closed loops.

MATERIALS AND METHODS

Materials

Cefadroxil was purchased from Sigma Chemical Co. (St.
Louis, MO, USA). All other reagents used were obtained
commercially and were of reagent grade.
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Animals

Six- to 7-week-old male Sprague-Dawley rats were pur-
chased from Japan SLC (Hamamatsu, Japan). Control (fed)
rats were given free access to normal chow and water until
used for experiments. Starved rats received no food but had
free access to water for 48 h before experiments. To avoid the
effect of circadian rhythm, all animals were killed at 10 a.m. of
the day of experiments. Animal studies were performed in
accordance with the Guidelines for the Care and Use of
Laboratory Animals in Takara-machi Campus of Kanazawa
University.

RNA Preparation

Rats were anesthetized with intraperitoneal administra-
tion of pentobarbital (50 mg/kg), and then the whole small
intestine was immediately excised and divided into eight seg-
ments of the same length, numbered as 1 (upper) to 8 (lower).
The length of each segment was 14.7 ± 0.3 and 13.2 ± 0.4 cm
in fed and starved rats, respectively. Each segment was
opened, and the content was washed out with ice-cold saline
solution. Excess liquid was removed with filter paper. Each
segment was frozen in nitrogen liquid and crushed. The
crushed tissue was mixed with buffer RLT/beta-mercapto-
ethanol (100:1) and homogenized by using a syringe equipped
with a 20-gauge needle. Total RNA was extracted with RNe-
asy Mini Kits (Qiagen, Venlo, The Netherlands) according to
the manufacturer’s protocol.

RNA purity was evaluated spectrophotometrically by us-
ing the O.D.260/O.D.280 ratio, and samples having a value of
>1.7 were used. The concentration of total RNA was calcu-
lated from the O.D. 260 value.

Total RNA was subjected to RT reaction by using M-
MLV Reverse Transcriptase (Life Technologies Inc., Gai-
thersburg, MD, USA).

Standard of PepT1 and Glyceraldehyde-3-Phosphate
Dehydrogenase (GAPDH) for PCR

mRNA extracted from rat intestine was reverse tran-
scribed to cDNA. This cDNA was amplified by heat-block
PCR to the saturation point with specific primers under the
same conditions described below. The amplified product was
purified with a QIAquick purification kit (Qiagen). After
agarose gel electrophoresis, the amount was determined from
the absorbance (A260) measured with a Bio Photometer (Ep-
pendorf), and this material was used as the standard cDNA. It
was serially diluted from 108 to 102 to copies/�L with salmon
sperm DNA so that a standard curve could be obtained for
quantification.

Quantitative RT-PCR Method

Quantification of the mRNA message coding for
GAPDH and PepT1 was performed by using LightCycler®
technology (Roche Diagnostics). Primer sets were as follows:
GAPDH forward primer (5�-GTTACCAGGGCTGCCTT-
CTC-3�) and GAPDH reverse primer (5�-GGGTTTCCCGT-
TGATGACC-3�), which produce a 168-bp amplicon (21); and
PepT1 forward primer (5�-CACAGCGCCAGCAACTATC-
A-3�) and PepT1 reverse primer (5�-GATATTACCGATG-
GCCACGG-3�), which produce a 360-bp amplicon. The

cDNA from 10 ng of RNA was used for GAPDH- or PepT1-
specific PCR. The PCR cycles were as follows: GAPDH: ini-
tial denaturation at 95°C for 10 min, followed by 50 cycles of
denaturation at 95°C for 0 s and combined annealing exten-
sion at 60°C for 10 s and 72°C for 0 s. PepT1: initial denatur-
ation at 95°C for 10 min, followed by 50 cycles of denatur-
ation at 95°C for 0 s and combined annealing-extension at
60°C for 0 s and 72°C for 10 s, followed by fluorescence
emission reading at 78°C for 10 s. Each sample of cDNA was
diluted with salmon sperm DNA to three different concen-
trations and used for PCR. The quantification value was cal-
culated from the average values of three determinations of
the three different dilutions.

Intestinal Absorption Study by the Loop Method

The procedure has been described in detail elsewhere
(22). Closed loops (14 cm) of segments 1, 4, and 8 were pre-
pared by ligation at both ends. Seven hundred microliters of
isotonic 2-(N-morpholino)ethanesulfonic acid (MES) buffer
(5 mM KCl, 100 mM NaCl, 10 mM MES, 85 mM mannitol,
polyethylene glycol 0.01%; pH 6.4; the osmolarity was 290
mOsm/kg) containing cefadroxil (1 mM) was administered
into each loop as a bolus. After 15 min, the solution in the
loop was collected. Then, the loop was rinsed and the sample
was collected, giving a total volume of 5 mL with isotonic
MES buffer. The pH of the sample was measured with a pH
meter. The fraction of absorbed cefadroxil was estimated
from the difference between the dose administered and the
remaining amount in the loops.

Transport Experiments by the Ussing-Type
Chamber Method

Rat intestinal tissue sheets were prepared as described
previously (22). The exposed area was 0.5 cm2. The volume of
bathing solution on each side was 5 mL, and the temperature
was maintained at 37°C. The test solution was composed of
128 mM NaCl, 5.1 mM KCl, 1.4 mM CaCl2, 1.3 mM MgSO4,
21 mM NaHCO3, 1.3 mM KH2PO4, 10 mM NaH2PO4, and 5
mM glucose and was gassed with 95% O2/5% CO2 before and
during the transport experiments.

Analytic Method

The amount of cefadroxil was measured by high-
performance liquid chromatography (HPLC). A TSK gel
ODS-80Ts (150 × 4.6 mm I.D., Tosoh, Tokyo, Japan) was
used as the analytic column heated at 35°C. The ultraviolet
detector (UV-875; Japan Spectroscopic Co., Kyoto, Japan)
was set at 240 nm. The mobile phase consisted of 0.1 M
CH3COOH, including 0.01 M sodium 1-pentanesulfonate
(adjusted to pH 3.0 with NaOH)-acetonitrile (93:7, v/v), and
the flow rate was 0.9 mL/min. The assay was linear over the
concentration range of 0.5–50 �M.

The amount of inulin was measured by the method pre-
viously reported (23).

Data Analysis

Expression levels of mRNA are given as the copy num-
bers in each segment (copy/segment) or per unit mRNA
amount (copy/�g RNA). Transport was estimated in terms of
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permeation (�L/cm2) obtained by dividing the amount trans-
ported (�mol/cm2 or �g/cm2) by the initial concentration of
test compound on the donor side (�mol/�L or �g/�L). The
permeability coefficient (cm/s) was obtained from the slope of
the linear portion of the permeation-time curve. All data are
expressed as means ± SEM, and statistical analysis was per-
formed by using Student’s t test. A difference between means
was considered to be significant when p < 0.05.

RESULTS

Quantitative Analysis of RNA Amount along the
Small Intestine

In fed rats, no significant difference in the total RNA
level was observed among the eight segments. Compared with
fed rats, a tendency to decrease was observed in the lower
region of the small intestine in starved rats. By contrast, the
total RNA level showed a tendency to increase in the upper
to middle segments of the small intestine from starved rats.

Expression of GAPDH mRNA along the Small Intestine

First, we quantified the expression level of mRNA of
GAPDH, which is a housekeeping gene and is conventionally
used as an internal standard. The content of GAPDH was
expressed per total RNA and per segment (Fig. 1).

In fed rats, the expression level was 2-fold higher in the
upper region than in the lower region. In starved rats, the
expression level was decreased in the upper region compared
with that in fed rats.

Expression of PepT1 mRNA along the Small Intestine

This study aimed to compare the expression level of
PepT1 mRNA with absorptive function in each segment. Be-
cause there were regional differences of GAPDH mRNA ex-
pression in this study, we evaluated the expression level of
PepT1 per segment. This evaluation reveals the in vivo re-
gional differences in absorptive function. Figure 2 shows the
expression level of PepT1 mRNA in each segment of small
intestine from fed and starved rats. In fed rats, the expression
level in segment 7 was highest, being ∼3.7 times that in seg-
ment 1, which showed the lowest expression. In starved rats,
the expression level was significantly increased in segments
1–5 compared with that in fed rats. The expression level of
PepT1 relative to GAPDH was 1/2.8–1/21.6 and 1/1.6–1/8.4 in
fed and starved rats, respectively.

Absorption of Cefadroxil from Rat Small Intestinal Loops

The absorption of cefadroxil from the intestine was ex-
amined by the in situ closed loop method. Cefadroxil is hy-
drophilic and is a representative substrate for PepT1 (9). Be-
cause PepT1 expression was low in the upper region and high
in the lower region, and the induction of PepT1 expression by
starvation was prominent in the middle region, we chose seg-
ments 1, 4, and 8 for this evaluation. Table I shows cefadroxil
absorption and pH changes. In fed rats, the extent of absorp-
tion in 15 min was variable among the segments, being fastest
in segment 4 and slowest in segment 8. The apparent absorp-
tive function did not correlate with the expression level of
PepT1. Although the experimental solution (MES buffer)

was adjusted to pH 6.0, the changes of pH were considerable.
Indeed, the pH of the administered solution at the end of the
experiment was 6.51, 6.29, and 7.90 in segments 1, 4, and 8,
respectively. Because protons are the driving force for PepT1

Fig. 1. Expression level of GAPDH mRNA in each segment from
small intestine of fed and starved rats. The quantified data are ex-
pressed per total RNA (A) or per segment (B). Open and closed
columns represent fed and starved rats, respectively. Each column
represents means ± SEM of three rats.

Fig. 2. Expression level of PepT1 mRNA in each segment from small
intestine of fed and starved rats. Open and closed columns represent
fed and starved rats, respectively. Each column represents means ±
SEM of three rats. *p < 0.05, significant difference between fed and
starved rats.
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and it is difficult to maintain a constant pH in the in situ
closed loop method, we decided to use the Ussing chamber
method to evaluate the absorptive function at constant pH.

Absorptive Transport of Rat Small Intestinal Tissue in a
Ussing Chamber

Table II shows the absorptive transport of cefadroxil
across rat intestinal tissue of segments 1, 4, and 8, as evaluated
in a Ussing chamber. The pH at the end in this method was
not significantly altered from the initial pH. In fed rats, in the
presence of pH gradient (mucosal/serosal � 6.0/7.4), perme-
ability coefficients of cefadroxil (1 mM) showed a regional
dependence with an increase in the order of segment 1 <
segment 4 < segment 8. When glycylsarcosine (5 mM) was
added in the donor solution, the permeability of cefadroxil
was significantly decreased in all three segments. These re-
sults indicate that the absorptive transport in this experimen-
tal method can be ascribed to active transport via PepT1.

In starved rats, the permeability coefficient showed a
tendency to increase in segment 1 and was significantly in-
creased in segment 4, where the PepT1 induction by starva-
tion was most prominent.

In fed rats, segments 1, 4, and 8, transport of inulin across
intestinal tissues was significantly smaller than transport of
cefadroxil.

Correlation between Absorptive Transport of Cephadroxil
across Rat Intestinal Tissue Mounted in the Ussing
Chamber and PEPT1 Expression in Rat Intestine

When the absorptive transport of cefadroxil was evalu-
ated with the Ussing chamber method and compared to in-
testinal PepT1 mRNA expression levels in fed and starved
rats, a significant correlation was observed with r2 � 0.859 (p
< 0.05) (Fig. 3). Inulin transport, which indicates the paracel-
lular transport by passive diffusion, across rat intestinal tissue
was approximately equal to the y-axis value of the extrapo-
lated regression line.

DISCUSSION

The aims of the study were to evaluate the absolute value
of PepT1 mRNA expression along the intestinal tract and to
demonstrate whether the expression level is well correlated
with the transport activity of PepT1. We quantified the abso-
lute expression level by real-time PCR method by LightCy-
cler®, and the transport activity was determined by cefadroxil
transport across rat intestinal tissue mounted in a Ussing
chamber. Thus, we determined the distribution pattern of
PepT1 mRNA expression along the small intestine in abso-
lute, not relative, terms in a unit of length and examined its
correlation with absorptive function for the PepT1 substrate
cefadroxil. Thus, we determined the distribution pattern of
PepT1 mRNA (absolute values, not relative) along the length
of the intestine and made a correlation comparison with the
absorptive function for the PepT1 substrate cefadrxil.

Although expression levels of various genes and pro-
teins, including transporters such as PepT1 (19,20), were pre-
viously studied, absolute values were obtained because of
methodologic considerations. Ogihara et al. (19) documented
PepT1 expression in the intestine by Western blotting and
reported staining for PepT1 in the jejunum and ileum were
stronger than that in the duodenum. Although denser bands
indicate higher expression, this is a qualitative analysis. Re-
garding mRNA, the conventional RT-PCR method relies on
endpoint analysis, which is, at best, semiquantitative because
of variations in amplification efficiency in the later cycles of
the PCR. Moreover, most of the studies using this approach
evaluate the expression level after a correction based on ex-
pression of an internal standard, such as beta-actin or
GAPDH.

Table I. Cefadroxil Absorption and pH Changes Using the in Situ
Loop Method in Various Regions of Intestine from Fed Rats

Region Absorption (%) pH after experiment

Upper (segment 1) 71.17 ± 1.49 6.51
Middle (segment 4) 85.65 ± 1.33 6.29
Lower (segment 8) 39.91 ± 2.92 7.90

Note: In the loop absorption experiment, 0.7 mL of isotonic MES
buffer containing 1 mM cefadroxil (pH 6.0) was administered into a
loop of the upper (segment 1), middle (segment 4), or lower (segment
8) region. Luminal fluid in each loop was collected 15 min after
administration, and the pH of the solution was measured. The frac-
tion absorbed was estimated as the difference between dose admin-
istered and remaining amount in the loops. Each value represents
means ± SEM of three experiments.

Table II. Cefadroxil and Inulin Transport across Rat Intestinal Tissue from Various Regions as Shown
with the Ussing Chamber Method

Permeability coefficient (× 106 cm/s)

Upper (segment 1) Middle (segment 4) Lower (segment 8)

Control 3.26 ± 0.29 4.99 ± 0.50 8.20 ± 1.01
+ glycylsarcosine (5 mM) 0.456 ± 0.244* 2.10 ± 0.64* 1.74 ± 0.17*
Starvation 5.88 ± 0.77 10.9 ± 1.5* 8.81 ± 0.92
Inulin 1.75 ± 0.31* 2.58 ± 0.42* 1.89 ± 0.17*

Note: The time course of cefadroxil (1 mM) transport was evaluated with the Ussing chamber method.
The experimental solution was adjusted to pH 6.0 and 7.4 on the mucosal and serosal sides, respectively.
The time course of inulin (10 mg/mL) transport was also evaluated with the Ussing chamber. The pH
of the experimental solution was adjusted to 7.4 on both the mucosal and serosal sides. Each value
represents means ± SEM of 4–9 experiments. *p < 0.05, significantly different from the corresponding
control.
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We report here for the first time the distribution of
PepT1 mRNA along the small intestine according to its ab-
solute expression level, as determined by real-time detection
of PCR amplification using LightCycler®. We quantified
GAPDH and PepT1 expression levels in the small intestine
longitudinally. Regional differences in GAPDH expression
were found in both fed and starved rats (Fig. 1). Therefore,
correction based on the GAPDH expression level may not be
adequate, and so we evaluated the expression level per seg-
ment along the intestine. PepT1 mRNA expression was high
in the lower region and low in the upper region (Fig. 2). It is
assumed that PepT1 functions more efficiently in the upper
region than in the lower region because the luminal pH is
lower in the upper region. The reason for the higher expres-
sion level of PepT1 mRNA in the lower region may be to
allow the animal to take up peptides throughout the whole
small intestine. The expression levels of PepT1 mRNA were
about 1/5–1/6 of those of GAPDH mRNA. Among transport-
ers, PepT1 mRNA expression was 5–8 times higher than
MRP2 or MDR1a mRNA expressions (unpublished data).
Therefore, PepT1 seems to be the predominant transporter in
terms of mRNA expression. We also quantified the expres-
sion level in starved rats, because it has been reported that
starvation induces PepT1 expression in the rat small intestine
(14). To avoid unidentified circadian effects, starvation was
initiated at 10 a.m., and all experiments were performed 48 h
later. The induction of PepT1 mRNA expression was ob-
served in all segments by starvation and pronounced in the
middle to upper segments (Fig. 2). Shiraga et al. (13) reported
that amino acids and dipeptides directly stimulate the trans-
activation of the PepT1 gene promoter and induce PepT1
expression. We consider that the induction of PepT1 mRNA
by starvation and that by amino acids and dipeptides are at-
tributable to different regulatory mechanisms, although the
precise mechanism(s) is still unknown. It has been reported
that intestinal peptide transport is relatively resistant to star-

vation or malnutrition, compared with amino acid transport
(14). Therefore, the increase in PepT1 expression by starva-
tion may be associated with resistance to starvation: a starved
animal is short of nitrogen for survival, and by inducing
PepT1 expression, the animal can take up nitrogen more ef-
ficiently.

It is believed that peptide mimetics are absorbed via
PepT1 in the small intestine. This is because the kinetic pa-
rameters estimated from in situ and in vivo studies are con-
sistent with those from characterization studies (e.g., using
oocytes injected with PepT1 cRNA) (9). However, it remains
necessary to confirm a direct correlation between PepT1 ex-
pression level and in vivo absorptive function. Therefore, we
evaluated the absorption capacity via PepT1 by measuring the
absorption of cefadroxil, a good substrate for PepT1.

Despite the lower expression level of PepT1 mRNA in
segment 1, absorption from segment 1 was unexpectedly
higher than that from segment 4 or 8 in the closed loop ab-
sorption experiment (Table I). Sawamoto et al. (24) also
found in a conventional in situ loop study, the absorption rate
constant of cephalexin, which is also a good substrate for
PepT1, was highest in the duodenum and lowest in the lower
ileum. However, in the present study, the pH at the end of the
experiments (15 min) was much higher in segment 8 than in
segment 4 or 1. Because protons are an important driving
force for transport via PepT1, it is likely that the pH had a
profound effect on absorption, and the values obtained in the
closed loop system may not reflect the PepT1 expression
level. To avoid the effect of pH change, we quantified ab-
sorptive function with the Ussing chamber method, because
the volumes of the reservoirs in this apparatus are relatively
large and the pH can be well maintained.

As determined with the Ussing chamber, the regional
variation of the cefadroxil transport was very similar to PepT1
mRNA expression levels in the intestinal tissues from fed rats
(Table II). Moreover, in the upregulated tissue (starved rat),
the transport of cefadroxil was increased. There was a signifi-
cant correlation (r2 � 0.859, p < 0.05) between absorptive
transport of cefadroxil and PepT1 expression (Fig. 3), indi-
cating that cefadroxil transport depends on the PepT1 mRNA
expression. In the present study, the concentration of ce-
fadroxil in the donor solution was 1.0 mM, which is much
smaller than the reported Michaelis constant (Km) (5.9 mM)
(25) and, therefore, is suitable to detect a saturable compo-
nent. Moreover, the absorptive permeability was decreased
approximately to the level of the inulin permeability by ad-
dition of glycylsarcosine (Table II). Therefore, the variations
of cefadoxil transport detected by this method can be ac-
counted for by the differences in the expression level of
PepT1.

Because we evaluated the function of PepT1 by the
transport of cefadroxil across rat intestinal tissue, the drug
should permeate not only the brush-border membrane but
also the basolateral membrane. It was reported that a peptide
transport system, which recognizes both peptides and pep-
tide-like drugs, is important for permeation across basolateral
membrane in Caco-2 cells (26,27). However, the Km values of
the basolateral peptide transporter for the peptides and pep-
tide-like drugs are higher than those of PepT1, and this ba-
solateral peptide transporter is a facilitated transporter.
Therefore, it is assumed that permeation across the apical
membrane via PepT1 is time limiting, and it is reasonable that

Fig. 3. Correlation between PepT1 mRNA expression level and per-
meability coefficient of cefadroxil in intestinal tissues of fed and
starved rats. (A) Inulin permeability in the rat intestinal tissue
mounted in the Ussing chamber. Absorptive permeability in the in-
testinal tissues from control rats. (B) Absorptive permeability of ce-
fadroxil and PepT1 expression level. Segment 1 (�), segment 4 ( )
and segment 8 (�) from control rats: Segment 1 (�), segment 4 ( )
and segment 8 (�) from starved rats. A significant correlation was
observed (r2 � 0.859, p < 0.05). Each point represents means ± SEM
of 4– 9 experiments.
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PepT1 mRNA expression and cefadroxil transport across the
intestinal tissue correlated significantly in this study. Tomita
et al. (28) reported that the transport activity of rabbit intes-
tinal epithelial cells from duodenum was higher than that
from ileum, whereas the same group reported that the jeju-
num and ileum gave stronger staining for PepT1 by Western
blotting in rat. Accordingly, the discrepancy may be due to
species difference.

In this study, we quantified mRNA level with quantita-
tive real-time PCR, because the detection sensitivity is much
higher than that of other methods. However, protein levels
remain undetermined. However, it was suggested that the
increased population of PepT1 in the brush-border mem-
brane of intestinal mucosal cells after 1-day of fasting in rats
was pretranslational (12,29) (i.e., the abundance of PepT1
mRNA accompanies the increase in PepT1 protein mass).
Therefore, it is reasonable to assume that the correlation be-
tween mRNA level and cefadroxil transport measured in the
Ussing chamber reflects a correlation between functional
PepT1 protein mass and cefadroxil transport.

Various factors should be taken it into consideration
when establishing the amount of intestinal absorption in vivo.
Cephalexin is well known to be strongly absorbed in the up-
per small intestine (30). On the other hand, Sawamoto et al.
(24) reported that the major absorption site of cephalexin in
vivo, in fasted state, should be below the lower jejunum be-
cause of the much higher rate of transit in the upper small
intestine. We showed in the present study a good correlation
between PepT1 expression and cefadroxil transport. If this
information is taken into consideration in addition to the lu-
minal pH, transit time, etc., simulation of drug absorption in
vivo should become more accurate.

Very recently, it was reported that the expression level of
PepT1 quantified by Western blotting measurement in human
PepT1 overexpressing Caco-2 cells or rat jejunum was signifi-
cantly correlated with cephalexin uptake or intestinal loop
single perfusion of cephalexin, respectively (11). Thus, these
findings provide further support for the above assumption.

In conclusion, the longitudinal expression pattern of
PepT1 mRNA in the small intestine was determined by mea-
suring absolute amounts with use of a real-time PCR method.
Expression of PepT1 mRNA was low in the upper region and
gradually increased toward the lower region in fed rats. Ex-
pression of PepT1 mRNA was induced by starvation, and the
induction was most prominent in the upper region. The ab-
sorption capacity for a PepT1 substrate, cefadroxil, closely
paralleled the mRNA expression level of PepT1 in both fed
and starved rat intestines, suggesting that PepT1 expression is
the main determinant of the absorptive function for ce-
fadroxil.
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