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Purpose. To examine the effect of thyroid hormone status on PEPT1
in vivo, the activity and expression of PEPT1 in the small intestine
were examined in euthyroid and hyperthyroid rats.

Methods. Hyperthyroidism was induced by treating rats with L-
thyroxine (12 mg/L) in the drinking water for 21 days. Transport
activity was measured by everted small intestinal preparations and in
situ intestinal loop technique. Expressions of PEPT1 mRNA and
protein were evaluated by competitive polymerase chain reaction and
Western blotting, respectively.

Results. The uptake of [**C]glycylsarcosine by everted small intesti-
nal preparations was significantly decreased in hyperthyroid rats,
whereas that of methyl-a-D-["*C(U)]-glucopyranoside was not al-
tered. Kinetic analysis showed that the V,,,, value for [**C]glycylsar-
cosine uptake was significantly decreased in hyperthyroid rats,
whereas the K, value was not affected. The mean portal vein con-
centrations after intrajejunal administration of ["*C]glycylsarcosine
were also decreased in hyperthyroid rats. Moreover, hyperthyroidism
caused a significant decrease in the expression of PEPT1 mRNA in
the small intestine, whereas the expression of Na*/glucose cotrans-
porter (SGLT1) mRNA was not changed. The level of PEPT1 pro-
tein was also decreased in the small intestine of hyperthyroid rats.
Conclusions. These results indicate that in hyperthyroid rats, the
activity and expression of PEPT1 were decreased in the small intes-
tine.

KEY WORDS: hormonal regulation; hyperthyroidism; intestinal ab-
sorption; PEPT1.

INTRODUCTION

Thyroid hormone, produced by the thyroid gland, is es-
sential for normal development, differentiation, metabolic
balance, and physiological function of virtually all tissues (1).
Disorders of the thyroid gland are among the most common
endocrine diseases and are known as hyperthyroidism and
hypothyroidism. Hyperthyroidism may be associated with se-
vere dysfunction of the gastrointestinal tract and gastrointes-
tinal symptoms, particularly diarrhea and malabsorption with
steatorrhea, well-known symptoms in hyperthyroid patients
(2). Therefore, there have been a number of studies investi-
gating the influence of hyperthyroidism on alterations in mo-
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bility in the gastrointestinal tract (3), structural changes in the
small intestine (4,5), and absorption of several nutrients (6).
In addition, hyperthyroidism has been shown to affect drug
pharmacokinetics (7). The intestinal absorption of nutrients
as well as some drugs is mediated by various transporters (8).
Therefore, understanding the effect of hyperthyroidism on
the function and expression of transporters would be useful
for treatment of patients with thyroid disorders.

Transport of di- or tripeptides across plasma membranes
in the small intestine plays a pivotal role in efficient absorp-
tion of protein digestion products. The absorption process is
mediated actively by the H"/peptide cotransport system lo-
calized in the brush-border membrane. H*-coupled peptide
transporter (PEPT1) in the small intestine has been cloned
and well characterized (8-14). PEPT1 is localized to the
brush-border membrane (15) and mediates the absorption of
digestion products of protein and peptide-like drugs such as
B-lactam antibiotics, the anti-cancer agent bestatin, angioten-
sin-converting enzyme inhibitors, as well as L-valyl ester of
several drugs such as valacyclovir (8,11-14).

Recently, we demonstrated the effect of thyroid hor-
mone on the activity and expression of PEPT1 in human in-
testinal epithelial cell line Caco-2 (16). Treatment of Caco-2
cells with 3,5,3'-L-triiodothyronine (T5) inhibited [**C]glycyl-
sarcosine uptake in a time- and concentration-dependent
manner. Moreover, T; treatment caused a significant de-
crease in the levels of PEPT1 mRNA and protein expression,
suggesting that T; treatment inhibited the uptake of glycyl-
sarcosine by decreasing the transcription and/or stability of
PEPT1 mRNA. However, the effect of thyroid hormone on
the activity and expression of PEPT1 in intact tissues remains
to be elucidated.

In this study, to investigate the effect of thyroid hormone
on PEPT1 in vivo, we examined the activity and expression of
PEPT1 in the small intestine of hyperthyroid rats. The current
data indicate that hyperthyroidism in vivo caused a decrease
in the activity and expression of PEPT1 in the small intestine.

MATERIALS AND METHODS

Materials

[**C]Glycylsarcosine (1.78 GBg/mmol) was obtained
from Daiichi Pure Chemicals Co. (Ibaraki, Japan). L-[3-
*H]Alanine (1.48 TBg/mmol) and methyl-a-p-[**C(U)]-
glucopyranoside (9.66 GBq/mmol) were from Moravek Bio-
chemical (Brea, CA, USA). L-Thyroxine (T,) was purchased
from Sigma (St. Louis, MO, USA). All other chemicals were
of the highest purity available.

Treatment of Animals

The animal experiments were performed in accordance
with the Guideline for Animal Experiments of Kyoto Uni-
versity. Wistar rats (8 weeks old, 220-280 g body weight) were
provided with standard rat chow ad libitum. Hyperthyroidism
was induced by adding T, (12 mg/L) to the drinking water for
21 days according to the method of Weinstein et al. (17). T,
was added as a 6 mg/ml stock solution in 0.1 M NaOH. Eu-
thyroid rats were given drinking water including the same
volume of 0.1 M NaOH. After treatment, the small intestine
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was excised for uptake studies, isolation of total RNA, and
preparation of crude plasma membranes. Blood was also
taken for measurement of plasma level of T5. Plasma Tj levels
in euthyroid and hyperthyroid rats were measured by an En-
zyme Immuno Assay method (IMx, Dainabot, Tokyo, Japan).
Plasma Tj levels in euthyroid and hyperthyroid rats were
0.38 + 0.02 and 2.19 + 0.20 ng/ml, respectively (mean + SE,
n = 20 to 25 rats). In addition, hyperthyroid rats lost weight
in response to Ty treatment (euthyroid, 417.1 + 6.2 g; hyper-
thyroid, 366.8 + 5.2 g).

Uptake Studies by Everted Small Intestinal Preparations

The uptake of ['*C]glycylsarcosine was measured in
everted segments of the jejunum isolated from euthyroid and
hyperthyroid rats as described previously (18) with some
modifications. Briefly, the everted intestinal segments were
preincubated in incubation buffer (pH 6.5) at 37°C for 5 min.
After preincubation, the intestine was immediately placed in
a vial containing drug solution. After incubation for an ap-
propriate time, the tissues were washed twice in ice-cold iso-
tonic solution, blotted on filter paper, weighed, and solubi-
lized in 0.5 ml of NCS II (Amersham Biosciences, Bucking-
hamshire, UK). The radioactivity was determined in 5 ml of
ACS II (Amersham Biosciences) by liquid scintillation count-
ing.

In situ Loop Technique

Intestinal absorption of ['*C]glycylsarcosine was exam-
ined by in situ loop technique. A cannula with a polyethylene
tube was inserted in the portal vein. A jejunum loop 10 cm
in length was prepared, and ['*C]glycylsarcosine (40
nmol'ml~"-kg body wt™") was introduced into the loop with a
microsyringe. Blood was withdrawn from the portal vein at
designated times. Blood samples were centrifuged for 2 min at
14,000 x g, and 50 pl of plasma was solubilized in 0.5 ml of
NCS II. The radioactivity was determined in 5 ml of ACS II
by liquid scintillation counting.

Competitive Polymerase Chain Reaction

Competitive polymerase chain reaction (PCR) was per-
formed according to the method of Siebert and Larrick (19)
with some modifications as described previously (20,21). The
specific primer sets used are as follows: sense, 5'-
GTGTGGGGCCCCAATCTATACCGT-3' (bases 1442-
1465), antisense, 5'-GTTTGTCTGTGAGACAGGTTC-
CAA-3" (bases 2153-2176) for PEPTI1; sense, 5'-
ATGGACAGTAGCACCTTGAGCC-3" (bases 170-191),
antisense, 5'-TAGCCCCAGAGAAGATGTCTGC-3’
(bases 647-668) for Na*/glucose cotransporter (SGLT1);
sense, 5'-CCTTCATTGACCTCAACTAC-3' (bases 131-
150), antisense, 5'-GGAAGGCCATGCCAGTGAGC-3’
(bases 705-724) for glyceraldehyde 3-phosphate dehydroge-
nase (GAPDH).

Western Blotting

The crude membrane fractions of the small intestine
from euthyroid and hyperthyroid rats were prepared as de-
scribed previously (15). Western blot analysis was performed
as described previously (22). Antisera against rat PEPT1 (22)
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and villin (Santa Cruz Biotechnology, Santa Cruz, CA, USA)
were used as primary antibodies.

Statistical Analysis

Data were analyzed statistically by nonpaired ¢ test or
one-way analysis of variance followed by Scheffé’s test when
multiple comparisons were needed. Probability values less
than 5% were considered significant.

RESULTS

Glycylsarcosine, Methyl-a-p-Glucopyranoside, and Alanine
Transport Studies

To investigate whether the oligopeptide transport activ-
ity was altered in the small intestine of hyperthyroid rats, the
uptake of ['*C]glycylsarcosine by everted small intestinal
preparations was examined. Figure 1 shows the time-course
of [**C]glycylsarcosine uptake by everted small intestinal seg-
ments. The amount of ["*C]glycylsarcosine uptake at each
time point by the small intestine of hyperthyroid rats was
reduced, compared with that of euthyroid rats. Next, we ex-
amined the effect of thyroid hormone status on the uptake of
various substrates by everted small intestinal preparations. As
shown in Fig. 2, ['*C]glycylsarcosine and [*H]alanine uptake
by everted small intestinal preparations were significantly re-
duced in hyperthyroid rats. In contrast, there was no signifi-
cant difference in methyl-a-p-['*C(U)]-glucopyranoside up-
take between euthyroid and hyperthyroid rats. These results
indicate that the inhibitory effect of thyroid hormone status
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Fig. 1. Time-course of ["*C]glycylsarcosine uptake by everted small
intestinal preparations isolated from euthyroid or hyperthyroid rats.
Hyperthyroidism was induced by treatment with T, for 21 days as
described in “Materials and Methods.” Everted small intestinal
preparations from euthyroid (O) or hyperthyroid (@) rats were in-
cubated at 37°C in incubation medium (pH 6.5) containing 5 uM
[**C]glycylsarcosine. Thereafter, the radioactivity of the solubilized
tissue was determined. Each point represents the mean + SE of 14 to
16 everted small intestinal segments from 4 rats in 2 separate experi-
ments.
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Fig. 2. ["*C]Glycylsarcosine, methyl-a-D-[**C(U)]-glucopyranoside,
and [*H]alanine uptake by everted small intestinal preparations iso-
lated from euthyroid or hyperthyroid rats. Everted small intestinal
preparations from euthyroid (open column) or hyperthyroid (hatched
column) rats were incubated with incubation medium containing
[**C]glycylsarcosine (5 uM, pH 6.5; A), methyl-a-D-glucopyranoside
(0.1 mM, pH 7.4; B) or [*H]alanine (20 pM, pH 7.4; C) for 3 min at
37°C. Thereafter, the radioactivity of the solubilized tissue was de-
termined. Each column represents the mean + SE of 13 to 31 everted
intestinal segments from 3 to 8 rats in two or four separate experi-
ments. **p < 0.01, significantly different from euthyroid rats.

on ['*C]glycylsarcosine uptake was not due to nonspecific
effects.

Kinetic Analysis of Glycylsarcosine Uptake

To determine the effect of thyroid hormone status on the
kinetics of [**C]glycylsarcosine uptake, the concentration de-
pendence of [**C]glycylsarcosine uptake was examined in eu-
thyroid or hyperthyroid rats. Figure 3 shows the initial uptake
of [**C]glycylsarcosine as a function of the substrate concen-
tration. Specific uptake was calculated by subtracting the non-
specific uptake, which was estimated in the presence of excess
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Fig. 3. Concentration dependence of [**C]glycylsarcosine uptake by
everted small intestinal preparations from euthyroid or hyperthyroid
rats. Everted small intestinal preparations from (A) euthyroid or (B)
hyperthyroid rats were incubated with incubation medium containing
various concentrations of [**C]glycylsarcosine (pH 6.5) in the absence
(O) or presence (@) of 50 mM unlabeled glycylleucine for 3 min at
37°C. Thereafter, radioactivity of solubilized tissue was determined.
Each point represents the mean + SE of 3 everted small intestinal
segments from a typical experiment. When error bars are not shown,
they are smaller than the symbol.
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unlabeled dipeptide, from total uptake. Kinetic parameters
were calculated according to the Michaelis-Menten equation
using nonlinear least-squares regression analysis. The appar-
ent K, values for the uptake of ['*C]glycylsarcosine by
everted small intestinal preparations from euthyroid and hy-
perthyroid rats were 4.82 + 0.52 and 5.21 + 0.78 mM (mean +
SE of three separate experiments), respectively. The apparent
V hax Values were 1.46 + 0.12 and 0.77 + 0.11 wmol-g tissue -3
min~! (mean + SE of three separate experiments, p < 0.01),
respectively. Thus, hyperthyroidism caused a significant de-
crease in the apparent V. value for ['*C]glycylsarcosine
uptake, whereas the apparent K, value did not change sig-
nificantly.

Glycylsarcosine Absorption by in situ Intestinal Loops

We then examined the intestinal absorption of
[**C]glycylsarcosine by in situ intestinal loops from euthyroid
and hyperthyroid rats. Figure 4 shows the mean portal vein
concentrations after intrajejunal administration of [**C]gly-
cylsarcosine. The appearance of ['*C]glycylsarcosine in the
portal vein was significantly slower in hyperthyroid rats than
that in euthyroid rats.

Competitive PCR Analysis

The decrease in the V. value for [**C]glycylsarcosine
uptake by everted small intestinal preparations from hyper-
thyroid rats suggested the decreased expression of the peptide
transporter PEPT1 in the rat small intestine. Therefore, we
then carried out competitive PCR analysis to obtain quanti-
tative information about the level of PEPT1 mRNA expres-
sion. The data obtained by competitive PCR amplification
using specific primer sets were normalized with the data of
competitive PCR for GAPDH in each tissue (data not
shown). Representative results of agarose-gel electrophoresis
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Fig. 4. Time-course of portal vein ["*C]glycylsarcosine (GLY-SAR)
concentration by in situ intestinal loop experiments from euthyroid
(O) and hyperthyroid (@) rats. Each points represents the mean + SE
of 6-11 rats. *p < 0.05, significantly different from euthyroid rats.
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are shown in Fig. SA. The relative band density in each re-
action was determined densitometrically, and the amount of
mRNA was quantified. The amount of competitor yielding
equal molar amounts of products gave the initial amount of
target. As shown in Fig. 5B, the expression level of PEPT1
mRNA in the small intestine of hyperthyroid rats was signifi-
cantly decreased, compared with that of euthyroid rats. How-
ever, the expression level of SGLT1 mRNA in the small in-
testine of hyperthyroid rats was not different from that of
euthyroid rats.

Western Blotting

Western blotting was performed to determine the level
of PEPT1 protein expression in the small intestine. Crude
membranes from the small intestine were subjected to immu-
noblot analysis using anti-rat PEPT1 and anti-villin antibodies
(Fig. 6A). The arrowheads indicate the position of each pro-
tein. To obtain quantitative data of the expression level of
PEPT1, the densitometric level of PEPT1 was normalized for
each membrane by correcting the densitometric level of villin
as an internal standard. As shown in Fig. 6B, the level of
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PEPT1 protein expression in the small intestine of hyperthy-
roid rats was significantly decreased (70% of the control).

DISCUSSION

Thyroid hormone is an important regulator of gut mu-
cosal growth, differentiation, and barrier function. For ex-
ample, in both suckling and adult rats, T is known to be a
trophic factor for intestinal crypt cells (4,23). In addition, T,
regulates the levels of several brush-border enzymes (24).
The absorption of some nutrients and minerals was also
shown to be affected by thyroid state (6). The occurrence of
diarrhea and steatorrhea in hyperthyroidism was well docu-
mented, and it has been reported that these symptoms oc-
curred due to the alteration in motility of gastrointestinal
tract in hyperthyroidism. The motor activity of the gastroin-
testinal tract is increased in hyperthyroidism and decreased in
hypothyroidism (3,6). On the other hand, the absorption of
some nutrients and minerals is mediated by specific transport-
ers. The alteration of the activity of transporters by thyroid
hormone might effect on the absorption of some nutrients
and minerals. Indeed, Matosin-Matekalo et al. reported that
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Fig. 5. Quantification of levels of PEPT1 and SGLT1 mRNA expression in total RNA isolated from the small intestine of
euthyroid and hyperthyroid rats. (A) PCR amplification was carried out as described in “Materials and Methods.” These
photographs show the results of representative experiments. CPT, competitor. (B) Columns indicate the levels of PEPT1
and SGLT1 mRNA expression in the small intestine from euthyroid (open column) or hyperthyroid (hatched column) rats
determined densitometrically. Each bar represents the mean + SE of seven rats. **p < 0.01, significantly different from

euthyroid rats.
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Fig. 6. Western blot analysis of intestinal crude membranes from
euthyroid or hyperthyroid rats for PEPT1. (A) Membranes (50 pg)
from each tissue were separated by 8.5% SDS-PAGE, and antisera
specific for rat PEPT1 (1:2000 dilution) and villin (1:1000) were used
as primary antibodies. The arrowheads indicate the positions of
PEPT1 and villin. (B) Densitometric quantification of PEPT1, cor-
rected using the amount of villin. Euthyroid control level was set at
100%. Each column represents the mean + SE of nine rats from three
separate experiments. *p < 0.05, significantly different from euthyroid
controls.

T, treatment stimulated a-methylglucose uptake via SGLT1
in Caco-2/TCT7 cells (25). Therefore, we hypothesized that the
absorption of oligopeptides, protein digestion products, via
PEPT1 might be affected by the state of thyroid hormone.
Recently, we examined the effect of thyroid hormone on
the activity and expression of PEPT1 in human intestinal
Caco-2 cells (16). Treatment of Caco-2 cells with T, decreased
the activity and expression of PEPT1. In the current study, to
investigate the effect of thyroid hormone on PEPT1 in vivo,
we examined the activity and expression of PEPT1 in hyper-
thyroid rats. The current results showed that ['*C]glycylsar-
cosine uptake by everted small intestinal preparations and the
level of PEPT1 protein expression in the small intestine were
significantly decreased in hyperthyroid rats. The level of

973

PEPT1 mRNA was also decreased in hyperthyroid rats, indi-
cating that thyroid hormone might act on PEPT1 mRNA ex-
pression directly or indirectly. In contrast, the uptake of
methyl-a-D-["*C(U)]-glucopyranoside and the expression
level of SGLT1 mRNA were not altered in hyperthyroid rats.
These results are incompatible with the report of Matosin-
Matekalo et al. in which increased expression of SGLT1
mRNA was demonstrated in Caco-2/TC7 cells treated with T,
(25). In addition, earlier work by Bronk and Parsons (26) also
demonstrated that treatment of thyroidectomized rats with Ty
increased the mucosal accumulation of galactose, a substrate
of SGLT1, though thyroidectomy itself had no effect on ga-
lactose accumulation. However, the effect of thyroid hor-
mone on the expression of SGLT1 in vivo has not been re-
ported so far. Therefore, it seems likely that these discrepan-
cies are due to the difference in the experimental conditions.
Thyroid gland secretes two very different types of hor-
mones: T; and T,. However, most of the hormone released is
T,, and most of the T} circulating in the blood is derived from
peripheral metabolism of T,. In this study, hyperthyroid rats
were induced by adding T, to the drinking water for 21 days
as reported previously (17). The administration of T, pro-
duces both hormones, because T, is converted to T intracel-
lularly. For thyroid replacement and suppression therapy, T,
is selected because of its stability, content uniformity, lack of
allergenic foreign protein, and long half-life (7 days). Al-
though the concentration of T is lower than that of T, in the
plasma, the action of Tj; is three to four times more potent
than that of T, and it is considered to be an active form of
thyroid hormone. Therefore, we measured the concentration
of T in the plasma to certify the induction of hyperthyroid-
ism. The concentration of T5 was higher in hyperthyroid rats
than euthyroid (2.19 + 0.20 vs. 0.38 + 0.02 ng/ml). The con-
centration of T; in this study was similar to other studies
(17,27). In addition, the concentration of T; in patients with
hyperthyroidism was about 2 to 5 times higher than in normal
subjects. Therefore, hyperthyroidism induced in this study
may correlate with pathological hyperthyroidism in humans.
Hyperthyroidism is the clinical syndrome that results
when tissues are exposed to high levels of thyroid hormone.
The influence of hyperthyroidism on drug pharmacokinetics
has been reviewed by O’Connor and Feely (7) and Shenfield
(28). Such pharmacokinetic changes suggest that individual-
ization and proper dosage of some drugs is necessary in pa-
tients with hyperthyroidism. The peptide transporter PEPT1
plays an important role in the absorption of peptide-like
drugs such as B-lactam antibiotics, bestatin, renin inhibitor,
angiotensin-converting enzyme inhibitors, and valacyclovir
(8,11-14). Therefore, the alteration of the activity and expres-
sion of PEPT1 in the small intestine in hyperthyroidism might
induce changes in absorption of such drugs. We thus studied
the effect of hyperthyroidism on the absorption of [**C]gly-
cylsarcosine from intestine to portal vein with in situ loop
technique and demonstrated that the appearance of [**C]gly-
cylsarcosine in the portal vein was significantly decreased in
hyperthyroid rats. These results suggest that the absorption of
peptide-like drugs is changed in thyroid disorders.
Regulation of PEPT1 in the small intestine has widely
been studied (8,12,13). Short-term regulation of peptide
transport involves either modulation of the intrinsic activity
of transporter molecules or membrane insertion of additional
transporter molecules recruited from a preexisting intracellu-
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lar pool. For example, it has been reported that insulin (29),
the a,4-adrenergic agonist clonidine (30), and leptin (31) ap-
peared to increase the translocation of PEPT1 from a pre-
formed cytoplasmic pool to the plasma membrane. In addi-
tion, Anderson et al. demonstrated that short-term treatment
of Caco-2 cells with vasoactive intestinal peptide or pituitary
adenylate cyclase-activating polypeptide inhibited the uptake
of glycylsarcosine indirectly through inhibition of the apical
Na*/H* exchanger NHE3 (32). In contrast, it was reported
that long-term treatment with several factors altered the lev-
els of PEPT1 mRNA and/or protein expression. Thamotha-
ran et al. (33) and Walker et al. (34) reported that dipeptides
up-regulated the activity of PEPT1 in Caco-2 cells, accompa-
nied by increases in the levels of PEPT1 mRNA and protein
expression. Shiraga et al. (35) showed that the up-regulation
of dipeptide transport activity by dietary protein was caused
by transcriptional activation of the rat PEPT1 gene by selec-
tive amino acids and dipeptides in the diet. Starvation for 4
days caused an increase in the amount of PEPT1 protein,
whereas administration of amino acids decreased the expres-
sion of PEPT1 protein (36). Long-term epidermal growth fac-
tor treatment of Caco-2 cells caused a decrease in the trans-
port of glycylsarcosine, a decrease in total human PEPT1
protein contents, and a decrease in human PEPT1 mRNA
level (37). In our study, long-term treatment with thyroid
hormone caused a decrease in the activity of PEPT1, caused
by the decreased levels of PEPT1 mRNA and protein expres-
sion in the small intestine. To our knowledge, this is the first
report showing hormonal down-regulation of the activity and
expression of PEPT1 in vivo.

In conclusion, we found that hyperthyroidism in vivo
caused a decrease in the activity and expression of PEPT1 in
the small intestine. These findings provide useful information
for the maintenance of protein nutrition and optimization of
pharmacotherapy with peptide-like drugs in patients with hy-
perthyroidism.
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