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ABSTRACT

The Spontaneously Diabetic Torii (SDT) rat is a
novel model for nonobese type 2 diabetes. In
this study we investigated the glycolipid meta-
bolic changes with phlorizin-treatment, which in-
hibits intestinal glucose uptake and renal glu-
cose reabsorption, in male SDT rats. Phlorizin
(100 mg/kg, b.i.d., s.c.) was administered for 4
weeks to SDT rats from 20 to 24 weeks of age.
As a result, phlorizin reduced the development
of hyperglycemia and decreased the hemoglo-
bin Alc (HbA1c) levels. In the liver, phlorizin in-
creased mRNA levels of glucokinase, the en-
zymes related with the glycogen cascade and
the proteins associated with lipid metabolism. In
conclusion, chronic administration of phlorizin
in SDT rats produced a good glycemic control
and an improvement in liver function.
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1. INTRODUCTION

Type 2 diabetes is a polygenic disorder characterized
by defects in insulin secretion and insulin sensitivity,
which leads to glycolipid metabolic abnormalities [1].
Type 2 diabetes has increased worldwide in incidence
with excessive calorie intake and sedentary lifestyles [2,
3]. Hyperglycemia (glucotoxicity) and dyslipidemia (li-
potoxicity) impair f-cell function and increase insulin
resistance in the peripheral tissues, such as muscle, liver
and fat tissue [4,5].

The Spontaneously Diabetic Torii (SDT) rat is a model
for nonobese spontaneous diabetes which was developed
by Torii Pharmaceutical Co., Ltd. (Tokyo, Japan) [6,7].
Male SDT rats develop diabetes mellitus from about 20
weeks of age and diabetic complications, such as ocular
lesions and nephropathy, from about 40 weeks of age [8,
9]. Moreover, SDT rats show glucose intolerance before
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the onset of diabetes. The glucose intolerance was inves-
tigated at 12 and 16 weeks of age [10-12]. SDT rats show
a remarkable hyperglycemia after the onset of diabetes
mellitus.

Phlorizin is an antidiabetic agent that is found primar-
ily in apple peels [13]. Phlorizin inhibits intestinal glu-
cose uptake via the sodium D-glucose cotransporter and
similarly inhibits renal glucose reabsorption [14,15]. Cor-
rection of hyperglycemia with phlorizin, which shows a
reduction of glucotoxicity, has been shown to normalize
the abnormalities in the peripheral tissues and pancreas
[16].

In this study, phlorizin was administered to male SDT
rats, and the effects of phlorizin on the metabolic abnor-
malities were investigated.

2. MATERIALS AND METHODS
2.1. Animals

Male SDT rats and Sprague-Dawley (SD) rats (Clea
Japan, Tokyo, Japan) were used for the study. SD rat was
used as a control rat. Rats were housed in suspended
bracket cages and given a standard laboratory diet (CRF-
1, Oriental yeast co., Itd. Tokyo, Japan) and water ad
libitum in a controlled room for temperature, humidity
and lightening.

2.2. Chronic Administration of Phlorizin in
SDT Rats

Phlorizin was subcutaneously administered to SDT
rats (20 weeks of age) twice a day for 4 weeks. Body
weight and non-fasted serum parameters, such as glucose,
insulin, triglyceride (TG), and total cholesterol (TC) lev-
els were examined per week. Blood samples were col-
lected from the tail vein of rats. The glucose, TG, and TC
levels were measured using commercial kits (Roche Di-
agnostics, Basel, Switzerland) and an automatic analyzer
(Hitachi, Tokyo, Japan). Serum insulin level was meas-
ured with a rat-insulin enzyme-linked immunosorbent
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assay (ELISA) kit (Morinaga Institute of Biological Sci-
ence, Yokohama, Japan). At 4 weeks after phlorizin treat-
ment, the hemoglobin Alc (HbAlc) level was measured
using a commercial kit (Roche Diagnostics, Basel, Swit-
zerland) and an automatic analyzer (Hitachi, Tokyo, Ja-

pan).

2.3. mRNA Quantification with Real-Time
Quantitative PCR

Total RNA was extracted from the livers of rats at 24
weeks of age. RNA was transcribed into cDNA using M-
MLYV reverse transcriptase and random primers (Invitro-
gen, Carlsbad, CA, USA). The reaction mixture was in-
cubated for 10 min at 25°C, 1 h at 37°C, and 5 min at
95°C. Realtime PCR quantification was performed in a
50 pL reaction mixture with an automated sequence de-
tector combined with ABI Prism 7700 Sequence Detec-
tion System software (Applied Biosystems, Foster City,
CA, USA). The reaction mixture contained 50 ng of
synthesized cDNA, 3.5 mM MgCl,, 0.3 uM primers, 0.1
UM probes, and 1.25 units of Ampli Taq Gold. Cycle
parameters were 10 min at 95°C, followed by 40 cycles
of 15 s at 95°C and 60 s at 60°C. The following primers
and FAM-conjugated probes were designed using Primer
Express software (Applied Biosystems, Table 1). The
mRNA levels of glucokinase (GK), glucose-6-phospha-
tase (G-6-Pase), glycogen synthase (GS), glycogen phos-
phorylase (GP), sterol regulatory element-binding pro-
tein 1 (SREBP1), and microsomal triglyceride transfer
protein (MTP) were quantified and normalized for the
comparison against a control reaction for 18 s rRNA
(purchased from Applied Biosystems).

2.4. Statistical Analysis

Results were expressed as the mean + standard devia-
tion. Statistical analysis was performed using StatLight
1998(c) Yukms corp. Comparisons between two groups
were made as follows: when equality of variances was
indicated by an F test, statistical analysis was performed
using a Student’s t-test; when equality of variances was
not indicated by an F test, statistical analysis was per-
formed using an Aspin-Welch’s t-test. Differences were
defined as significant at p < 0.05.

Table 1. Primers and probes for real time PCR reactions.

3. RESULTS AND DISCUSSION

The chronic effects of phlorizin on the biological pa-
rameters are shown in Figure 1. Body weights in SDT
rats were lower than in SD rats. Phlorizin treatment
showed no change in the body weights in SDT rats (Fig-
ure 1(a)). Non-fasted serum glucose levels in SDT rats
showed a remarkable increase as compared with those in
SD rats (At 24 weeks of age, SDT rats, 716.8 + 34.8
mg/dl vs. SD rats, 131.0 = 4.6 mg/dl). Phlorizin treat-
ment improved the hyperglycemia from 21 to 24 weeks
of age in SDT rats (Figure 1(b)) and showed a signifi-
cant reduction in the HbAlc level at 24 weeks of age
(Control, 10.2% =+ 2.2% vs. Phlorizin treatment, 6.6% +
1.2%) (Figure 2). Chronic treatment with phlorizin in-
duced good glycemic control in SDT rats. Non-fasted
serum insulin levels in SDT rats were lower than in SD
rats and the insulin levels in SDT rats with phlorizin
treatment did not show significant changes (Figure 1(c)).
Non-fasted serum TG levels in SDT rats increased only
at 24 weeks of age as compared with those in SD rats.
The TG levels in SDT rats with phlorizin decreased from
23 to 24 weeks of age (Figure 1(d)). Non-fasted serum
TC levels in SDT rats were lower than those in SD rats
with a significant change at 23 weeks of age. Phlorizin
treatment showed no changes in the TC levels in SDT
rats (Figure 1(e)).

Phlorizin improved the hyperglycemia in other dia-
betic models. In Goto-Kakizaki rats, which is a nonobese
animal model of type 2 diabetes, phlorizin decreased the
blood glucose levels and improved the glucose stimu-
lated insulin secretion [17]. In BioBreeding (BB) rats,
which is an animal model for type 1 diabetes, phlorizin
with 5-aminoimidazole-4-carboxyamide ribonucleoside
(AICAR) decreased the blood glucose levels and re-
versed hypoglycemia-specific defects in glucagon secre-
tion [18]. It is considered that phlorizin induces an im-
provement of glycometabolic abnormalities by amelio-
rating glucotoxicity.

In addition to analyses of the biological parameters,
mRNA expression of the enzymes and proteinsrelated to
glycolipid metabolism in the liver were measured to
examine how phlorizin treatment in SDT rats affects the
function of the glycolipid metabolism. mRNA expression

Gene Forward primers (sense) Reverse primers (antisense) Probes
GK  AGCAGATCCACAACATCCTAAGC TCCTGCGGAGCACATATGG CGACCCTCTGTCACCGACTGC
G-6-Pase  GAAGGCCAAGAGATGGTGTGA TGCAGCTCTTGCGGTACATG CCACCTTGACACTACACCCTTTGCCAG

GS AGAAATCACAGCCATCGAGGC
GP GAGCACCCAATGACTTTAACCTTC
SREBP1 CGACTACATCCGCTTCTTACAGC
MTP  GGACGTTGTGTTACTGTGGAGG

GTTCAAGCCGTTTGGAGTCAC
TATTCTCAGCCAGGTTCCGGT
TTTTGTGAGCACTTCGCAGG
ACATTGACAGCCGTTATCGTGA

ACGACATGCTGAAGAGGAAGCCTGATGT
TGTCGGAGACTACATTCAGGCTGTGCTG
CAGCAACCAGAAACTCAAGCAGGAGAACC
GATCCCGACGGTGACGATGATCAACTG
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Figure 1. Effect of phlorizin on body weight (a), serum glucose (b), insulin (c), TG (d), and TC (e) levels in SDT rats.
Phlorizin was administered for 4 weeks, from 20 to 24 weeks of age. Data represent mean + standard deviation (n =5 -
6). *p < 0.05, *p < 0.01; significantly different from SD rat. “p < 0.05, ~'p < 0.01; significantly different from SDT rat

(Control).

of GK, which is a limited enzyme in the glycolysis path-
way, in SDT rats decreased as compared with that in SD
rats (Table 2). The mRNA expression showed a signifi-
cant increase by phlorizin treatment. On the other hand,
mRNA expression of G6Pase, which controls hepatic
glucose production, in SDT rats was not different from
that in SD rats. GK has been thought to be essential for
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liver in maintaining metabolic function because it exerts
a strong influence on glucose utilization by stimulating
glycolysis and glycogen synthesis in liver [19]. GK ac-
tivity decreased in the liver of alloxan-diabetic rats and
the activity was improved by beta 3-adrenagic agonists
[20]. Also, peroxisome proliferator-activated receptor
(PPAR)-y agonists enhanced GK activity and expression
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Figure 2. Effect of phlorizin on HbAlc level in SDT rats. Data represent mean +
standard deviation (n = 5 - 6). *p < 0.01; significantly different from SD rat. “p <
0.01; significantly different from SDT rat (Control).

Table 2. mRNA expression of enzymes and proteins related to
glycolipid metabolism in liver (copy/106 copy 18s rRNA).

Enzyme/protein SD rat SDT rat (Control) SDT rat + Phlorizin

GK 294+0.86  0.07+0.05" 0.90 +0.76"
G-6-Pase 1344+1159 13.55+5.71 27.49 +26.33
GS 0.71 +0.33 0.40 + 0.08 1.04 +0.60°
GP 240+094  0.76 +0.19% 2.00 = 0.85"
SREBP1 407+198  043+0.28" 1.50 +0.73"
MTP 1.23+0.55 0.43 + 0.09* 1.13 +0.45"

Data represents mean + standard deviation (n=5-6). ’p<0.05,"p<0.01;
significantly different from SD rat. p < 0.05; significantly different from
SDT rat (Control).

[19,21].

mRNA expression of GP, which is a key enzyme in
glycogen degradation, in SDT rats decreased as com-
pared with that in SD rats (Table 2). The mRNA expres-
sion in SDT rats showed a significant increase by phlor-
izin treatment. mRNA expression of GS in SDT rats
showed a tendency of decrease (p = 0.08) as compared
with that in SD rats. Also, the mRNA expression in SDT
rats is increased significantly by phlorizin treatment. GP
and GS are the two key regulatory enzymes that catalyze
the rate-limiting steps of glycogen degradation and syn-
thesis, respectively. The liver plays a central role in the
maintenance of blood glucose homeostasis. Glycogen
metabolism in hepatic tissue is one of the major meta-
bolic processes involved in such homeostasis [22]. STZ
rats showed a decrease in the mRNA expression of GP
but not of GS. Moreover, the reduction in GP was nor-
malized by insulin administration [22]. The changes in
GP- and GS-mRNA expression in SDT rats were similar
to those in STZ rats.
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mRNA expressions associated with lipid metabolism,
such as SREBP1 and MTP, showed low expression in
SDT rats as compared with SD rats. In phlorizin admini-
stration, the MTP and the SREBP1 mRNA expressions
increased in SDT rats (Table 2). It is reported that S-
REBP1 is induced by insulin in liver [23,24]. The de-
crease in SREBP1 mRNA expression in SDT rats is con-
sidered to be related to the decrease in blood insulin lev-
els (Figure 1(c)). On the other hand, it is reported that
hepatic MTP mRNA expression is negatively regulated
by insulin [25]. MTP mRNA expression in liver of STZ
rats significantly increased [26]. It is also reported that
hepatic MTP mRNA expression increased in obese mod-
els [27]. The hepatic MTP mRNA expression in SDT rats
was different from that in other animal models as previ-
ously reported. The decrease of lipid-associated mRNA
expression might induce a decrease in serum TC levels in
SDT rats (Figure 1(g)). It is essential to elucidate the
lipid metabolic profile of SDT rats in further studies.

In conclusion, chronic administration of phlorizin in
SDT rats produced good glycemic control and an im-
provement in liver function. Moreover, SDT rats showed
a remarkable hyperglycemia, but the lipid levels were not
high. The SDT rat is a useful model for pathophysi-
ological investigation of glucotoxicity.
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