
Glucose intolerance is believed to be caused not
only by insulin resistance but also impaired insulin
secretion [1±3]. Dietary restrictions and exercise
are effective in intervening in glucose intolerance,
postprandial hyperglycaemia, and impaired insulin
secretion [4, 5]. a-glucosidase inhibitors, which de-
lay intestinal glucose absorption, also improve
postprandial hyperglycaemia and hyperinsulinaemia
in Type II (non-insulin-dependent) diabetic pa-
tients [6] and prevent the progression from im-
paired glucose tolerance to Type II diabetes [7].
We therefore hypothesize that increased intestinal
glucose absorption may be another possible factor
regulating postprandial hyperglycaemia in diabetes
mellitus.

Diabetologia (1998) 41: 1459±1466

Increased intestinal glucose absorption and postprandial
hyperglycaemia at the early step of glucose intolerance
in Otsuka Long-Evans Tokushima Fatty Rats
Y. Fujita1, H. Kojima1, H. Hidaka1, M. Fujimiya2, A. Kashiwagi1, R. Kikkawa1

1 Third Department of Medicine, Shiga University of Medical Science, Shiga, Japan
2 Department of Anatomy, Shiga University of Medical Science, Shiga, Japan

Ó Springer-Verlag 1998

Summary Otsuka Long-Evans Tokushima Fatty
(OLETF) rats are reported to be obese Type II
(non-insulin-dependent) diabetic rats with insulin re-
sistance and impaired insulin secretion. To investi-
gate the contribution of intestinal glucose absorption
to postprandial hyperglycaemia, we determined the
plasma xylose concentrations after an 0.8 g/kg oral
xylose load which was used as a test of small intestinal
glucose absorption in 6-week-old OLETF rats and
weight-matched Long-Evans Tokushima Otsuka
(LETO) rats. An oral glucose tolerance test showed
that OLETF rats developed hyperglycaemia at 60
and 90 min after the glucose load, though the fasting
plasma glucose concentration, insulin concentration
and insulin-induced in vivo glucose utilization rate
were similar. Consistently, in an oral D-xylose loading
test, the peak concentration of plasma xylose in
OLETF rats was increased by 58.7% compared with
that of LETO rats (p < 0.005). The disappearance
rate of plasma xylose concentrations after intrave-

nous xylose loading did not differ between the two
strains. Co-treatment with 0.4 g/kg phlorizin, a specif-
ic inhibitor of sodium-dependent glucose transporter
1 (SGLT1), abolished both plasma glucose and xylose
concentrations after the loads. Morphological studies
showed that both the small intestinal wet weight and
surface area were 30% larger in the OLETF rats
than in the LETO rats. Furthermore, the SGLT1
mRNA content of OLETF rats also increased com-
pared with LETO rats. These results suggest that an
increased SGLT1 expression concomitant with intes-
tinal hypertrophy in OLETF rats is partly associated
with postprandial hyperglycaemia before the onset
of insulin resistance and hyperinsulinaemia. [Dia-
betologia (1998) 41: 1459±1466]
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Intestinal glucose absorption is thought to be regu-
lated by the luminal absorptive surface area as well as
the activity of sodium-dependent glucose transport at
the apical membrane of the intestinal epithelia [8, 9].
An increased dietary calorific as well as carbohydrate
intake could induce expression of both sodium-de-
pendent glucose transporter 1 (SGLT1) at the apical
membrane and glucose transporter 2 (GLUT2) at
the basolateral membrane of intestinal epithelial cells
[8±11]. It has been reported previously that intestinal
hyperplasia was observed in insulinopenic streptozo-
tocin-treated diabetic rats with an increased intestinal
glucose absorption [12±14]. Our recent study suggests
that insulin could directly regulate intestinal epithe-
lial cell growth [15].

Otsuka Long-Evans Tokushima Fatty (OLETF)
rats, which were established as a genetic model of
late-onset spontaneous obese Type II diabetes melli-
tus, show hyperglycaemia as well as insulin resistance
and hyperinsulinaemia [16]. Hyperglycaemia, insulin
resistance, and hyperinsulinaemia become remark-
able after the age of 18 weeks or older. In the hyper-
insulinaemic stage there are hyperplastic changes in
the pancreatic islets. At 40 weeks of age, the pancre-
atic islet mass is decreased and replaced by connec-
tive tissues. The rats finally become hypoinsulinae-
mic and lose weight [16]. In interventional studies,
not only spontaneous exercise [17] but also restriction
of diet intake [18] at the early stage of diabetes im-
prove insulin sensitivity and glucose intolerance and
inhibit further progression of diabetes. Hence, these
animals are useful in studying many aspects of human
obese Type II diabetes.

Postprandial hyperglycaemia after an oral glucose
load was observed in 8-week-old OLETF rats, al-
though the fasting plasma glucose concentration did
not differ between OLETF and the control Long-
Evans Tokushima Otsuka (LETO) rats [16]. It has
been reported, however, that the insulin-induced in
vivo glucose utilization is not significantly reduced in
OLETF rats until the age of 10 weeks [19]. Further-
more, both the fasting immunoreactive insulin (IRI)
concentrations and the concentrations after the oral
glucose load are similar in 8-week-old OLETF and
LETO rats [16]. The structure and insulin content in
the islets are normal in OLETF rats [16].

To investigate the postprandial hyperglycaemia in
the early growing stage of OLETF rats, we used the
oral D-xylose loading test (OXT) as a pivotal marker
of efficacy of the intestinal glucose absorption, which
is not affected by either insulin secretion or insulin re-
sistance. The OXT has been used as a clinical test of
intestinal absorptional function for malabsorptional
diseases [20]. We evaluated whether the efficacy of
glucose absorption could be estimated by OXT and
we assessed the increased efficacy of intestinal glu-
cose absorption and postprandial hyperglycaemia in
OLETF rats. We also examined OXT in 6-week-old

OLETF rats which did not show insulin resistance
and impaired insulin secretion compared with that in
pair-fed LETO rats. Furthermore, we examined the
effects of phlorizin, an inhibitor of SGLT1 [9], on
plasma glucose and xylose concentration after each
oral loading. We also studied the morphological anal-
yses and intestinal SGLT1 mRNA content to charac-
terize xylose absorption in OLETF rats.

Materials and methods

Animals. Tokushima Institute, Otsuka Pharmaceutical (Toku-
shima, Japan) kindly provided 4-week-old male OLETF rats
and non-diabetic control male LETO rats of similar weight
(Table 1). The animals were fed a standard laboratory chow
(25 g/day) until 6 weeks of age and kept at controlled tempera-
ture (23 ± 2 °C), humidity (55 ± 5 %) and lighting (08.00 to
20.00 hours) in our animal facility. They were used in the fol-
lowing studies after fasting for at least 12 hours.

Oral glucose tolerance test (OGTT). D-glucose (2 g/kg body
weight) was given to the animals. A D-glucose solution (50 %
w/v) was given orally with a stainless oro-gastric catheter to
conscious animals. Blood samples were drawn with 26-gauge
syringes from the jugular vein of conscious rats which were
fixed on a special device during each blood sampling at pre-
OGTT and at 30, 60, 90 and 120 min. The plasma glucose con-
centrations were measured by the glucose oxidase method.
The plasma IRI concentrations were determined with a rat in-
sulin enzyme-immunoassay kit (Morinaga, Tokyo, Japan).
The rats also received phlorizin (0.4 g/kg body weight). Phlo-
rizin (Tokyo-kasei, Tokyo, Japan) was mixed with the glucose
solution and given simultaneously. Plasma glucose and IRI
concentrations were also determined. Incremental area under
the curves (AUCs) of plasma glucose and IRI concentrations
were calculated.

Oral D-xylose loading test (OXT). D-xylose (0.8 g/kg body
weight) was given to the animals. A D-xylose solution (20 %
w/v) was given orally with or without 0.4 g/kg body weight phlo-
rizin and blood samples were drawn at pre-OXT and at 60, 120,
180 and 240 min as described in the OGTT method. Plasma xy-
lose concentrations were spectrophotometrically measured as
described by Roe and Rice [21]. Plasma glucose and IRI con-
centrations were also measured as described above.

Intravenous D-xylose loading test (IVXT). D-xylose (2 g/kg
body weight) was injected into the animals (LETO, OLETF
n = 5) through the tail vein and then blood samples were drawn
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Table 1. Characteristics of the experimental rats

LETO OLETF

Body weight (4-week-old) (g) 71.5 ± 1.6 68.7 ± 0.4
Body weight (6-week-old) (g) 172.2 ± 1.3 173.7 ± 1.0
FPG (mmol/l) 3.6 ± 0.4 4.0 ± 0.4
IRI (pmol/l) 63.3 ± 3.2 80.0 ± 27.1
Triglycerides (mmol/l) 0.71 ± 0.08 0.90 ± 0.05
Cholesterol (mmol/l) 2.1 ± 0.1 3.2 ± 0.3a

Data are expressed as means ± SEM. (n = 12). FPG, fasting
plasma glucose; IRI, immunoreactive insulin. a p < 0.01 vs
LETO



and at at pre-IVXT, 5, 30, 60, 120, and 180 min from the jugular
vein and plasma xylose levels were measured.

In vivo glucose utilization measured by euglycaemic clamp
studies. In vivo glucose utilization was obtained by the hyperin-
sulinaemic-euglycaemic clamp method as described previously
[17, 19]. After the animals (LETO, OLETF n = 5) were anaes-
thetized by an intraperitoneal injection of pentobarbital
(50 mg/kg body weight), catheters were inserted into the jugu-
lar and femoral veins. The rats received an insulin infusion
(70 pmol × kg±1 × min±1) for 1 h. The infusion rate of the glucose
solution (20 %) was adjusted to the target plasma glucose con-
centration of 5 mmol/l. Throughout the clamp study, blood
samples were drawn every 3 min from the femoral catheter
and the plasma glucose concentrations were monitored for
60 min. Total-body glucose utilization was calculated as the
mean value of the glucose infusion rate (GIR) during the last
20 min. Plasma insulin concentrations at 60 min were mea-
sured as steady-state plasma insulin (SSPI) levels.

Morphological analyses and preparation of intestinal samples.
After fasting, rats (LETO, OLETF n = 5) were anaesthetized
with an intraperitoneal injection of pentobarbital (50 mg/kg
body weight). The whole small intestines from the pylorus to
the ileum end were extracted quickly and stripped of their
mesenteries. The intestinal lumina were washed gently with
150 ml of 0.1 mol/l phosphate-buffered saline (PBS) and blown
with 50 ml of the air to remove PBS. The intestines were then
placed on papers to remove PBS from the outer surfaces and
their wet weights were measured. Afterwards they were trans-
ferred onto tracing papers, divided into four equal segments,
and each segment was incised along its mesenteric insertion
and laid flat with the mucosal side face up. The outline of
each segment was traced and the surface areas and lengths of
the whole intestine were measured by a computed image ana-
lyzing system (Type IBAS I; Kontron Inc., Munich, Germany).
To measure the SGLT1 mRNA content in intestinal tissue,
segments (5 cm; approximately 500 mg) were excised quickly
from the middle region of the duodenum, jejunum and ileum
and the mucosa was immediately subjected to RNA extrac-
tion.

Histology. Paraffin sections (2 mm) of the paraformalin-fixed
small intestines were obtained from the duodenum, jejunum
and ileum and stained with Hematoxylin-Eosin. Microscopical
analyses were done in four rats of each strain. Ten villi were
measured in each part of intestine.

Cloning and sequencing of rat SGLT1 cDNA. Rat SGLT1
cDNA was synthesized with Avian Myeloblastosis Virus re-
verse transcriptase (Life Science, St. Petersburg, Fla., USA)
and polymerase chain reaction (PCR) 3 ¢ primer using 10 mg of
rat jejunal total RNA as a template. The cDNA was amplified
by PCR with Taq DNA polymerase (TaqPlus, STRATAGENE,
La Jolla, Calif., USA) and gene-specific PCR primer. The gene-
specific PCR primers were designed from the rat SGLT1 cDNA
sequence [22]; PCR 5 ¢ primer (base 1279±1297 of rat SGLT1)
5 ¢-GTGGTACC CGTCATGATGGCTTCCCTC (KpnI site
italicized), PCR 3 ¢ primer (base 2073±2088 of rat SGLT1) 5 ¢-
GGTCTAGA AGGAGGATGATGCCGT (XbaI site itali-
cized). The reaction mixture was denatured at 94 °C for 1 min,
annealed at 55 °C for 45 s, and polymerized at 72 °C. Forty cycles
were done, followed by a 10-min extension at 72 °C. The PCR
product was directly cloned into pCR II TA clone (Invitrogen,
San Diego Calif., USA) and sequenced by the dideoxynucleo-
tide termination method. The rat SGLT1 c DNA inserted vec-
tor was digested with EcoRI and used for hybridization.

RNA extraction and Northern blotting. Total RNA was isolated
by single-step acid guanidium thiocianate-phenol-chloroform
extraction from the duodenal, jejunal and ileal mucosa by the
method of Chomczynski and Sacchi [23]. For Northern blot-
ting, 12 mg aliquots of total RNA were resolved by electro-
phoresis on 1.0 % agarose-formaldehyde gels. The RNA was
transferred to Nytran filters (NY13; Schleicher & Schuell, Das-
sel, Germany) by overnight blotting in a 10 ´ sodium-chloride
citrate (SSC) and fixed with a UV cross-linker (STRATA-
GENE). The filters were pre-hybridized for 2 h at 65 °C in a so-
lution containing 0.5 mol/l Na2HPO4, 1 % bovine serum albu-
min, 1 mmol/l EDTA, and 7 % SDS. Hybridization was carried
out using the rat SGLT1 cDNA probe labelled with [a-32P]
dCTP (New England Nuclear, Boston, Mass., USA) using a
random primer labelling kit (Buca Best labelling kit; Takara
Shuzo, Shiga, Japan). After hybridization for 18 h at 65 °C,
the filters were washed in 0.1 % SDS-2 ´ SSC for 20 min and
twice in 0.1 % SDS-0.2 ´ SSC for 20 min at 65 °C. The filters
were exposed to films (Kodak X-mat, Eastman Kodak, Ro-
chester, N. Y., USA) and analysed by a Molecular Analyser
system (Bio-Rad Laboratory, Hercules, Calif., USA). Positive
bands of SGLT1 mRNA were observed at 4.0 kilo base-pairs
in the duodenum, jejunum, ileum and kidney using our
SGLT1 cDNA probe as reported previously [22] (data not
shown). Control hybridization was done with human b-actin
cDNA (Clontech Laboratory, Palo Alto, Calif., USA).

Statistical analyses. All results were subjected to one way anal-
ysis of variance or Student's t-test. All data are expressed as
the means ± SEM, and p < 0.05 was considered statistically sig-
nificant.

Results

Characteristics of animals. Animals were fed daily the
same amount of standard chow from the age of
4 weeks to eliminate hyperphagia in OLETF rats
due to pair-feeding between LETO and OLETF
rats. Body weights were similar between OLETF
and LETO rats at the age of 6 weeks. The fasting
plasma concentrations of glucose and IRI were not
considerably different between the two strains, re-
spectively (Table 1). Mean plasma triglyceride con-
centration in OLETF rats was not different from
that in LETO rats. On the other hand, plasma choles-
terol concentrations in OLETF rats were significantly
(p < 0.01) higher than those in LETO rats (Table 1).

OGTT with or without co-administration of phlorizin.
In OGTT, 6-week-old OLETF rats showed postpran-
dial hyperglycaemia after the oral glucose load com-
pared with pair-fed LETO rats (Fig.1a,b). The mean
value of plasma glucose at 60 min of OGTT in
OLETF rats (16.8 ± 0.9 mmol/l) was higher than that
in LETO rats (10.6 ± 1.0 mmol/l). The incremental
AUC of plasma glucose in OLETF rats
(42.2 ± 2.9 mmol/l × h) was also higher than that in
LETO rats (30.4 ± 1.3 mmol/l × h: p < 0.01 vs
OLETF). The IRI levels at 60 or 120 min were similar
between the two strains. The IRI levels at 30 min in
LETO vs OLETF were 236 ± 27 pmol/l vs 315 ± 57
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pmol/l. The incremental AUCs of IRI were the same
between the two strains (459.1 ± 52.6 pmol/l × h vs
529.6 ± 85.7 pmol/l × h; LETO vs OLETF). There-
fore, OLETF rats showed postprandial hyperglycae-
mia without abnormal elevation of IRI concentra-
tions compared with pair-fed LETO rats.

By giving 0.4 g/kg phlorizin (Fig.1 c,d) at the same
time, the postprandial hyperglycaemia was remark-
ably inhibited at 30 min in both strains (91 % suppres-
sion in LETO and 95% suppression in OLETF rats)
and slight elevations in plasma glucose concentra-
tions at 90 and 120 min (p < 0.05) were observed in
OLETF rats. Meanwhile, the plasma IRI levels were
kept within the pre-loading concentrations.

In vivo glucose utilization. To clarify whether insulin
resistance contributed to hyperglycaemia after the
oral glucose load in the 6 week-old OLETF rats,
we did hyperinsulinaemic-euglycaemic clamp stud-
ies to measure the in vivo glucose utilization. Insu-
lin-induced glucose utilization in vivo in 6-week-
old OLETF rats was similar to that in LETO rats
(GIR 122 ± 7 mmol × kg±1 × min±1 vs 129 ± 14 mmol ×
kg±1 × min±1; LETO vs OLETF) with a similar
steady-state plasma insulin (SSPI) concentration
(5.72 ± 0.85 nmol/l vs 4.59 ± 0.92 nmol/l; LETO vs
OLETF).

OXT with or without co-administration of phlorizin.
To confirm the increased intestinal glucose absorp-
tion in OLETF rats, we carried out OXT to evaluate
the efficacy of the intestinal glucose absorption
(Fig.2a). We also did the OXT by giving phlorizin at
the same time to confirm that OXT could mimic the
efficacy of glucose absorption (Fig.2b).

As previously shown, the peak concentrations of
plasma xylose in OXT were obtained between 60
and 150 min in human subjects [20]. Similarly, the
peak plasma xylose levels in OLETF rats were ob-
tained at either 60 or 120 min and were noticeably
higher than those of the control rats. The mean value
at 60 min was 3.10 ± 0.18 mmol/l in OLETF rats (vs
LETO, p < 0.005) and 1.95 ± 0.3 mmol/l in LETO
rats. The AUC of the plasma xylose concentrations
during the 4-h OXT was also increased in OLETF
rats (3.35 ± 0.29 mmol/l × h vs 5.05 ± 0.58 mmol/l × h;
p < 0.05 vs LETO). The values in pre-OXT were the
same for the two strains. Oral treatment with xylose
did not affect the plasma glucose or IRI concentra-
tions at all (data not shown).

We carried out OXT by giving phlorizin (0.4 g/kg
body weight) at the same time. As shown in Fig.2b,
the plasma xylose concentrations were not elevated
in the two strains during this OXT. Therefore, we as-
sumed that the plasma xylose concentrations in
OXT mimicked the efficacy of glucose absorption
since phlorizin inhibited the elevation of plasma xy-
lose concentrations.

Intravenous xylose loading test (IVXT). To exclude
the possibility that increased xylose concentrations
in OLETF rats were mediated through a decreased
clearance of xylose by unknown reasons, we next
determined the disappearance rate of plasma xylose
after intravenous xylose injection (0.2 g/kg body
weight) in both strains.

The plasma xylose concentrations were raised sim-
ilarly in both strains after injection of the xylose solu-
tion (4.02 ± 0.41 mmol/l vs 5.12 ± 0.36 mmmol/l at
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Fig. 1. Oral glucose tolerance test without (a,b) and with (c,d)
co-administration of phlorizin (0.4 g/kg body weight). D-glu-
cose (2 g/kg body weight ) was given LETO rats (open and
closed squares; n = 5) and OLETF (open and closed circles;
n = 5) rats. (a)(c) plasma glucose concentration, (b)(d) plasma
IRI concentration. Values are expressed as means ± SEM.
*p < 0.05, **p < 0.01 vs LETO rats

Fig. 2. Oral D-xylose loading test (0.8 g/kg body weight) with-
out (a) and with (b) co-administration of phlorizin (0.4 g/kg
body weight). LETO (open and closed squares; n = 5) and
OLETF (open and closed circles; n = 5) rats. Values are ex-
pressed as means ± SEM. *p < 0.01, **p < 0.005 vs LETO rats



5 min; LETO vs OLETF) and decreased at a similar
disappearance rate (2.36 ± 0.22 mmol/l vs 1.84 ±
0.62 mmol/l at 30 min, 0.97 ± 0.04 mmol/l vs 1.11 ±
0.05 mmmol/l at 60 min, 0.49 ± 0.11 mmol/l vs 0.36 ±
0.19 mmol/l at 120 min, 0.29 ± 0.05 mmol/l vs 0.21 ±
0.01 mmol/l at 180 min; LETO vs OLETF). The plas-
ma half-life of xylose (T1/2) did not differ between the
two strains (29.3 ± 1.7 min vs 27.6 ± 1.1 min; LETO vs
OLETF). Thus, these findings indicate that xylose is
similarly cleared from the plasma in both stains.

Morphological study. Based upon the results of the
OXT and IVXT, the small intestine may contribute
to hyperabsorption of glucose and xylose in OLETF
rats. To confirm this evidence, we compared the mor-
phological parameters of the small intestine in the
two strains.

The intestinal wet weight, length and area in
OLETF rats were considerably larger than those in
LETO rats although the influence of hyperphagia in
OLETF rats was eliminated by pair-feeding (wet
weight 5.69 ± 0.13 g vs 7.20 ± 0.08 g, p < 0.0001; area
86.6 ± 3.7 cm2 vs 118.4 ± 1.4 cm2, p < 0.005; length
96.1 ± 3.4 cm vs 111.5 ± 1.0 cm, p < 0.001; LETO vs
OLETF). The intestinal wet weight and area in
OLETF rats were increased 1.27- and 1.37-fold com-
pared with those in LETO rats, respectively, while
the mean body weight of OLETF rats was not differ-
ent from that of LETO rats as shown in Table 1.

We next did a microscopical examinations of the
small intestine. Fig. 3 shows the photomicrographic
findings of the jejunum and ileum of both strains. In
the jejunum, the mucosal layer was hypertrophic in
OLETF rats compared with the control tissue. The
mean height of villi was 335.0 ± 8.2 mm in LETO rats
and 402.5 ± 2.2 mm in OLETF rats (p < 0.001). Crypt
depth was also enlarged in OLETF rats (115.5 ±
2.4 mm vs 147.0 ± 4.2 mm, vs LETO, p < 0.001). The il-
eum of OLETF rats was also enlarged in both villus
height and crypt depth compared with that of LETO
rats (villus height 245.0 ± 7.9 mm vs 327.5 ± 6.8 mm;
crypt depth 134.0 ± 6.2 mm vs 185.0 ± 5.4 mm, p <
0.001 LETO vs OLETF). These findings were simi-
larly observed in the duodenum (data not shown).

Expression of sodium-dependent glucose transporter-
1 (SGLT1). Sugar absorption inhibited by phlorizin
is mediated though SGLT1 in the small intestine.
That is why we carried out Northern blot analysis
and compared the SGLT1 mRNA expression in the
small intestine in the two strains. The results of the
Northern blot analysis of the jejunum and ileum are
shown in Fig.4 a. The SGLT1 mRNA content in
both portions of OLETF rats was greater than that
of LETO rats, respectively. The SGLT1 mRNA con-
tent in OLETF rats was increased 1.6-fold compared
with LETO rats which was adjusted by the b-actin
mRNA content (Fig.4b) (p < 0.05).
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Fig. 3. Photomicrography of small intestine. Longitudinal sec-
tion of jejunum and ileum. Magnification is ´ 80. LETO (left
side), OLETF (right side). Upper and lower panels show je-
junum and ileum, respectively. Bar indicates 200 mm

Fig. 4. SGLT1 mRNA content in small intestine in 6-week-
LETF and OLETF rats. (a) SGLT1 mRNA (upper panels)
and b-actin mRNA (lower panels) contents in jejunum (left
panels) and ileum (right panels). (b) Quantitative data of rela-
tive intensity (SGLT1 mRNA/b-actin mRNA: LETO n = 4,
OLETF n = 4). Data are expressed as percentage of the
LETO values in relative intensity. Bars are expressed as
means ± SEM. *p < 0.05 vs LETO



Discussion

In this study, we used 6-week-old OLETF rats which
showed postprandial hyperglycaemia but did not
have insulin resistance and impaired insulin secre-
tion. Our study showed that these animals at this age
had intestinal hypertrophy, an increased content of
SGLT1 mRNA in intestinal epithelial cells and in-
creased efficacy of glucose absorption before devel-
oping overt diabetes mellitus. It suggests also that
the increased efficacy of glucose absorption could
contribute to postprandial hyperglycaemia in this
study animal.

Six-week-old OLETF rats developed fasting eugly-
caemia and postprandial hyperglycaemia after the
oral glucose load in comparison with LETO rats al-
though both strains showed similar plasma insulin
concentrations. Ishida et al. reported [19] that plasma
IRI concentrations after either an intravenous glu-
cose or glucagon load were not different between the
two strains at both 10 and 16 weeks of age. Therefore,
insulin secretion in 6-week-old OLETF rats may be
sufficient to maintain fasting euglycaemia but insuffi-
cient to correct postprandial hyperglycaemia caused
by the excess of intestinal glucose absorption. We in-
fer that increased insulin secretion in response to ab-
sorbed glucose was impaired regardless of the insulin
resistant state in OLETF rats. The underlying mecha-
nism is unclear in this study. Cholecystokinin (CCK),
however, is a candidate of ªincretinº which is released
from enteroendocrine cells after eating and stimulat-
es insulin secretion. It is possible that an impaired
CCK release causes the impaired insulin secretion in
OLETF rats. A defective insulin response to intrave-
nous infusion of CCK is reported in OLETF rats
[24]. Glucose-dependent insulinotropic peptide
(GIP), and glucagon-like peptide 1 (GLP-1) are
known as more potent candidates of ªincretinsº [25].
The inappropriate release of these ªincretinsº from
the intestine in response to the oral glucose treatment
should be further evaluated to explain the insufficient
insulin secretion from b cells in OLETF rats.

Our results showed also that there were no differ-
ences in glucose utilization in vivo. These were mea-
sured by hyperinsulinaemic-euglycaemic clamp
method with similar steady-state plasma insulin con-
centrations between the two strains as reported previ-
ously in 10-week-old animals [19]. The insulin secre-
tion after an oral glucose load was also similar in 6-
week-old OLETF and LETO rats. Both insulin defi-
ciency and decreased peripheral glucose utilization
could not explain the appearance of postprandial hy-
perglycaemia in OLETF rats of this age. Hepatic glu-
cose output might contribute to postprandial hyper-
glycaemia in this model animal as reported in Zucker
diabetic rats [26]. It is unlikely, however, that the he-
patic glucose output in OLETF rats was increased
compared with that in LETO rats since the fasting

IRI level as well as the insulin-induced in vivo glucose
utilization was the same in the two strains in this
study. The glucagon concentrations are also reported
to be similar in young LETO and OLETF rats [19,
27]. Thus, we hypothesize that the increment in intes-
tinal glucose absorption may contribute to the post-
prandial hyperglycaemia in OLETF rats.

To clarify the contribution of intestinal glucose ab-
sorption to postprandial hyperglycaemia, we used xy-
lose in this study as a clinical marker for intestinal ab-
sorption. Plasma xylose concentrations were notice-
ably elevated in OLETF rats after the oral xylose
load compared with LETO rats. When xylose was
given intravenously, the disappearance rate of the
plasma xylose concentrations in the 6-week-old pair-
fed OLETF rats was the same as that in the control
LETO rats. Shoji et al. [28] reported that gastric emp-
tying is delayed in 7-week-old OLETF rats. Delayed
gastric emptying could delay and decrease the peak
plasma values of xylose in OXT [20]. In our study,
the peak values were not delayed and were obtained
at 60 min in the two strains. The values in OLETF
rats were increased compared with LETO rats.
Hence, intestinal xylose absorption in OLETF rats
was increased compared with LETO rats without
any difference in the plasma disappearance or gastric
emptying rates.

To ascertain that xylose absorption was mimicking
the efficacy of intestinal glucose absorption, we ex-
amined the effect of phlorizin on OGTT and OXT
when given at the same time. Phlorizin suppressed
both increased plasma glucose and xylose concentra-
tions after each oral load in our study. Glucose up-
take is mediated through SGLT1 at the apical mem-
brane of absorptive enterocytes and phlorizin inhibits
the SGLT1-mediated glucose transport. After the ab-
sorption into the enterocytes, glucose is facilitatively
transported out of the basolateral site through
GLUT2 without inhibition by phlorizin [9]. Although
there were some discrepancies between xylose and
glucose absorption [29, 30], xylose transport is report-
ed to be mediated through a similar mechanism of
glucose in the rat and rabbit [31, 32]. It has also been
reported that xylose transport is inhibited by phloriz-
in in the inverted intestine of hamsters [33]. Our re-
sults that phlorizin inhibited the increase of plasma
xylose concentrations in OLETF rats and in LETO
rats also support the hypothesis that intestinal glu-
cose absorption through SGLT1 is enhanced in
OLETF rats.

Next we investigated the SGLT1 expression in the
animals. We showed that the SGLT1 mRNA contents
of the jejunum and ileum were increased more in
OLETF rats than in LETO rats. It has been reported
that a high carbohydrate diet induces SGLT1 mRNA
expression in a substrate-dependent manner [10].
The increment in intestinal SGLT1 mRNA in
OLETF rats was considered to be independent of di-
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etary intake of carbohydrate since our study was un-
dertaken in pair-feeding conditions. Both the SGLT1
and GLUT2 expression of the mRNA and protein
contents were reported to be increased in the small
intestine of streptozotocin-treated diabetic rats con-
comitant with increased glucose transport [34, 35].
Although insulin deficiency, hyperphagia and hyper-
glycaemia could contribute to an increased expres-
sion of SGLT1 in those rats, the mechanism of the in-
creased expression of transporters is unclear [35].
Therefore, the mechanism of the abnormal expres-
sion of SGLT1 mRNA in the small intestine of
OLETF rats should be further investigated in future
studies.

Intestinal hyperplasia is reported in streptozoto-
cin-treated diabetic rats with increased intestinal glu-
cose absorption [12±14]. Our results indicated that
the intestinal hypertrophy was observed in 6-week-
old OLETF rats which showed postprandial hyper-
glycaemia with normal fasting plasma glucose and in-
sulin concentrations. It has been noted in OLETF
rats that a CCK-A receptor is genetically affected be-
cause of the gene deletion [36] and that the prolifera-
tion of pancreatic beta cells is also impaired in regen-
erative growth [37]. Other diabetogenic genes were
screened in those rats and it has recently been report-
ed that the CCK-A receptor gene is found to be simi-
lar to one of these genes, OBD-2 gene, by a linkage
analysis using microsatellite markers [38]. These ge-
netic abnormalities could influence intestinal hyper-
trophy in OLETF rats. CCK is known, however, to
stimulate intestinal mucosal mass growth due to pan-
creatic and bile secretions [39]. It is unclear whether
a defect in the CCK-A receptor in OLETF rats is as-
sociated with intestinal hypertrophy.

In conclusion, intestinal glucose absorption
through SGLT1 was increased and was accompanied
by intestinal epithelial hypertrophy and an increased
intestinal epithelial SGLT 1 mRNA content in 6-
week-old OLETF rats. Our results suggest that the
increased intestinal glucose absorption is associated
with postprandial hyperglycaemia before the onset
of insulin resistance and hyperinsulinaemia in these
obese Type II diabetic rats.
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