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Dietary Phloridzin Reduces Blood Glucose Levels and
Reverses Sglt1 Expression in the Small Intestine in

Streptozotocin-Induced Diabetic Mice
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Phloridzin is a dihydrochalcone typically contained in apples. In this study, it is shown that a diet

containing 0.5% phloridzin significantly reduced the blood glucose levels in streptozotocin (STZ)-

induced diabetic mice after 14 days. We detected phloridzin in the plasma of STZ-induced diabetic

mice fed the phloridzin diet for 14 days, although its concentration was much lower than that of the

phloridzin metabolites. A quantitative RT-PCR analysis showed a reversal of STZ induction of the

sodium/glucose cotransporter gene Sglt1 and the drug-metabolizing enzyme genes Cyp2b10 and

Ephx1 in the small intestine of mice fed a 0.5% phloridzin diet. These mice also showed a reversal

of the STZ-mediated renal induction of the glucose-regulated facilitated glucose transporter gene

Glut2. Dietary phloridzin improved the abnormal elevations in blood glucose levels and the over-

expression of Sglt1, Cyp2b10, and Ephx1 in the small intestine of STZ-induced diabetic mice.
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INTRODUCTION

Epidemiological studies have shown that flavonoid intakes
reduce the risk of chronic diseases, such as cardiovascular or
cerebrovascular disease, cancer, and diabetes (1-4). Flavonoids
are suggested to prevent chronic diseases through scavenging free
radicals, inhibiting lipid peroxidation, and other antioxidative
actions (1-4). Apples, which contain quercetin glycosides, pro-
cyanidins, chlorogenic acid, epicatechin, and dihydrochalcones,
are major dietary sources of flavonoids (2, 3, 5, 6) and have been
reported to reduce the risk of cancer, cardiovascular disease, type
2 diabetes, and asthma (2, 3, 7-10).

Phloridzin (phloretin-20-o-glucoside) is one of the dihydrochal-
cones typically contained in apples and processed apple foods
such as ciders, juice, and pur�ees (5, 11-16) and has been
suggested to contribute to the antioxidant activity of apples
(11, 16, 17). Wodylo et al. reported that apple varieties contained
3-303 mg/kg of phloridzin, and among the varieties, Starkrim-
son contained the highest amount of phloridzin (16 ). Phloridzin
was reported to be relatively stable during storage (13, 15). A
distinctive physiological property of phloridzin is the specific and
competitive inhibition of sodium/glucose cotransporters
(SGLTs) in the intestine (SGLT1) and kidney (SGLT2)
(18-20). Subcutaneously injected phloridzin has been shown to
improve hyperglycemia in rodent models of both type 1 and type
2 diabetes by inhibiting renal glucose reabsorption and promot-
ing glucose excretion into urine (21-23). However, ingested
phloridzin is mostly hydrolyzed to phloretin and glucose in the
small intestine by lactase-phloridzin hydrolase (24, 25).
Although phloridzin orally administered with glucose has been

reported to reduce postprandial blood glucose levels inmice (26 ),
few other reports exist on the antidiabetic effect of orally
administered phloridzin. Oral administration of the phloridzin
derivative T-1095, which is easily absorbed into the circulation,
does have antidiabetic properties (27 ).

We previously reported that STZ-induced diabetic mice fed a
diet containing quercetin had reduced blood glucose levels,
elevated plasma insulin levels, and decreased levels of the oxida-
tive stress marker thiobarbituric acid reactive substances
(TBARS) in the liver and pancreas (28 ). Our results suggested
that dietary quercetin improved liver and pancreas functions by
enabling the recovery of cell proliferation through reducing
oxidative stress and inhibiting the expression of the cyclin
dependent kinase inhibitor p21(WAF1/Cip1) (Cdkn1a) (28 ).

Since phloridzin has antioxidant properties and inhibits the
SGLT1 and SGLT2 sugar transporters, dietary phloridzin may
improve diabetic symptoms by suppressing glucose absorption in
the small intestine and/or by suppressing oxidative stress in STZ-
treated mice. In this article, we examined the effect of a diet
containing phloridzin ondiabetic symptoms and gene expressions
in STZ-induced diabetic mice. We report for the first time the
detection of phloridzin in the plasma of STZ-induced diabetic
mice fed a phloridzin-containing diet.

MATERIALS AND METHODS

Animals and Treatments. Six-week-old male BALB/c mice were
obtained from the Institute for Animal Reproduction, Charles River
Japan, Inc. (Ibaraki, Japan). The mice were housed under conditions of
24( 1 �C, 55( 5%humidity, and 12 h light/dark photocycles (dark period
from 0800 to 2000), with free access to water and an AIN-93G diet
(Oriental Yeast Co., Tokyo, Japan), for a week prior to the experiment. A
diabetic state was induced by a single intraperitoneal injection of STZ
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(Wako Pure Chemicals Industries, Osaka, Japan, 183 mg/kg dissolved
in 0.05M citrate buffer, pH 4.5, immediately before use). After 1 week, tail
vein blood was sampled, and the blood glucose levels of the sample were
measuredusing a blood glucose testmeter:GLUCOCARDDIAMETER-
R GT-1661 (ARKRAY Inc., Kyoto, Japan). The mice with nonfasting
blood glucose levels of 330-590 mg/dL were divided into 3 groups of
6mice each (diabetic control, diabetic-0.1%, or diabetic-0.5%phloridzin).
One group of 6 untreated mice was included as a normal control. The
normal control group and diabetic control group were fed an AIN-93G
diet, and the diabetic-phloridzin groups were fed an AIN-93G diet
containing 0.1% or 0.5% phloridzin (Funakoshi Ltd., Tokyo, Japan).
All mice had access to food and water ad libitum during the experimental
period. Body weight and blood glucose levels were monitored at weekly
intervals. After 14 days, the mice were euthanized by bleeding from the
abdominal aorta under anesthesiawithpentobarbital, and blood, jejunum,
and kidney tissues were immediately collected. Plasma was immediately
separated by centrifugation at 3000 rpm for 15 min at 4 �C. Urine
was collected from the bladder. The plasma, urine, and tissues were store
at -80 �C until use. The animals were treated in accordance with the
basic guidelines of the Ministry of Agriculture, Forestry and Fisheries
for laboratory animal studies. The animal studies were approved by
the Review Board of Animal Ethics of our institute (approved number
H20-008).

Measurement of Plasma Insulin Levels, Urinary Glucose Levels,

and Tissue Lipid Peroxidation. Plasma insulin levels were determined
using a Mouse Insulin ELISA KIT AKIRIN-011 T (Shibayagi, Gunma,
Japan) according to the manufacturer’s instructions. Urinary glucose
levels were measured using a Glucose CII Test Wako kit (Wako Pure
Chemicals Industries, Osaka, Japan). Lipid peroxidation in tissues was
measured by TBARS using an OXI-TEK TBARS Assay kit (ZeptoMe-
trix, NY, USA).

Measurement of Plasma Levels of Phloridzin and the Metabo-

lites. Plasma samplesweremixedwith sulfatase typeH-1 (SigmaChemical
Ltd., MO, USA) solution in 0.1 M sodium acetate buffer at pH 5.0. This
enzymepreparation contained 600 units ofβ-glucuronidase and 20 units of
sulfatase. The mixture was then incubated at 37 �C for 1 h. Released
phloridzin and phloretin were extracted by adding methanol/acetic acid
(100:5, v/v) to the reaction mixture, vortexing for 5 min and centrifuging
for 15 min at 4 �C and 10000g. The supernatant was applied to an HPLC
column (Ineartsill ODS-3, 3 μm, 150 mm � 2.1 mm, GL Science, Tokyo,
Japan). The mobile phase was composed of isocratic 40% MeOH/0.1 M
KH2PO4 (pH 2.0), and the flow late was 0.3 mL/min. Detection was
performed using an electro chemical detector (Coulochem III, ESA,
Chelmsford, MA) with the first electrode potential of +200 mV and
second electrode potential of +500 mV (phloretin), and an UV detector
(SPD-M20A, Shimadzu Ltd., Kyoto, Japan) set at UV 280 nm (phlor-
idzin). The standard phloretin was purchased from Funakoshi, Ltd.
(Tokyo, Japan).

RNA Isolation and cDNA Microarray Analysis. Total RNA was
extracted from tissues using an RNeasy Midi Kit (Qiagen KK, Tokyo,
Japan) according to the manufacturer’s instructions. Double-stranded
cDNAwas synthesized from the total RNA of each mouse using the One-
Cycle cDNA Synthesis Kit (Affymetrix Japan KK, Tokyo, Japan) with a
T7-(dT)24 primer. Biotin-labeled cRNAwas then synthesized using an IVT
Labeling Kit (Affymetrix Japan KK). Biotin-labeled cRNA was further
purified and fragmented using the Sample Cleanup Module (Affymetrix
Japan KK). Fifteen microgram aliquots of fragmented cRNA were
hybridized to an array (Mouse Genome 430 2.0 array, Affymetrix Japan
KK) at 45 �C for 16 h.After hybridization, the gene chipswere washed and
stained using a GeneChip Fluidics Station 450 (Affymetrix Japan KK),
and then scanned with a GeneGhip Scanner (Affymetrix Japan KK) with
GeneGhipOperation Software, version 1.3 (Affymetrix JapanKK). Three
biological replicates from each representative group were selected at
random formicroarray analysis of the small intestine, while we determined
hepatic gene expressions of all 6 mice of each group using a DNA
microarray.

Data analysis was performed with aMicroarray Suite andGeneSpring,
version 7.3.1 (Agilent Technologies, Santa Clara, CA). Statistical analysis
of differences in gene expression levels between the dosages was performed
by Welch’s one-way ANOVA.

Quantitative Reverse Transcription (RT)-PCR Analysis. Total
RNA was extracted from the jejunum or kidneys using an RNeasy Midi
Kit (Qiagen KK, Tokyo, Japan) according to the manufacturer’s instruc-
tions. Quantitative RT-PCR was performed with an ABI PRISM 7000
SequenceDetection System (AppliedBiosystems Japan,Ltd.) using SYBR
GreenReal-time PCRMasterMix (ToyoboCo. Osaka, Japan), according
to themanufacturer’s protocol. Sequences of primers used for quantitative
RT-PCR were as follows: Sglt1 (also known as Slc5a1), 50-aagatccggaa-
gaaggcatc-30, and 50-caatcagcacgaggatgaac-30; Sglt2 (also known as
Slc5a2), 50-tattggtgcagcgatcagg-30, and 50-cccagctttgatgtgagtcag-30;
Glut2 (also known as Slc2a2), 50-aattaccgacagcccatcct-30, and
50-gccagctgtctgaaaaatcg-30; Cyp2b10, 50-tggagctgttctatcagaccttt-30, and
50-agccagagaagagctcaaaca-30; Ephx1, 50-tcttcacggctgtctctgtg-30, and
50-aggcccacaggagagtcat-30; glyceraldehyde-3-phosphate dehydrogenase
(Gapdh), 50-atcccagagctgaacg-30, and 50-gaagtcgcaggagaca-30. The relative
amount of each transcript was normalized to the amount of Gapdh
transcript in the same cDNA.

Statistical Analysis. The significance of differences between groups
was determined by ANOVA followed by two-tailed multiple t-tests with
the Bonferroni correction. A p-value of less than 0.05 was considered
statistically significant.

RESULTS

Dietary Phloridzin Improves the Blood Glucose Level in STZ-

Induced Diabetic Mice.Over days 7-21 after STZ-injection, there
was a further increase in blood glucose levels compared to the that
of the untreated control group (Figure 1). The blood glucose levels
of STZ-treated mice fed a 0.5% phloridzin diet were significantly
lower (p<0.01) after 14 days than the STZ-treated control mice
fed a basal diet (Figure 1 and Table 1). Body weights and plasma
insulin levels were decreased in the STZ-treated control mice
compared to those in the untreated control group (p < 0.01)
(Table 1). However, neither phloridzin diet (0.1% and 0.5%)
increased body weights and plasma insulin levels in STZ-treated
diabetic mice (Table 1). Urinary glucose levels increased in the
STZ-treated control mice compared to those in the untreated
control mice (p < 0.01) (Table 1), but neither phloridzin diet
(0.1% and 0.5%) affected urinary glucose levels in STZ-induced
diabetic mice (Table 1).

Dietary PhloridzinHasNoEffect onOxidative Stress orHepatic

Gene Expression in STZ-Induced Diabetic Mice. While STZ-
treated mice had increased levels of the oxidative stress marker
TBARS in both the liver and kidney (Table 1), neither phloridzin
diet (0.1% and 0.5%) affected the TBARS levels in the liver and
kidney in thesemice (Table 1).We next usedDNAmicroarrays to
analyze hepatic gene expression in untreated control mice and

Figure 1. Effects of STZ treatment and a phloridzin diet on blood glucose
levels in BALB/c mice. Mice were injected with STZ on day 0 and kept on a
basal diet (AIN93G) for 7 days. The diets of 2 groups were then changed to
AIN93G containing 0.1 or 0.5% phloridzin. Control, untreated mice fed a
basal diet; STZ, STZ-treated mice fed a basal diet; STZ-PLZ 0.1%, STZ-
treated mice fed a 0.1% phloridzin diet; STZ-PLZ 0.5%, STZ-treated mice
fed a 0.5% phloridzin diet. Data are expressed as the means ( SE of 6
mice in each group. Significant difference from the STZ group, **p < 0.01.
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STZ-injected mice fed 0, 0.1, and 0.5% phloridzin diets for
14 days. Five hundred ninety-one genes were upregulated
(p < 0.05 by one-way ANOVA), and 93 genes were down-
regulated (p < 0.05 by one-way ANOVA) in the livers of STZ-
treated diabetic mice compared to those in the controls (data not
shown). These changes were unaffected by the presence of
phloridzin in the diet of these mice (data not shown).

Plasma Concentrations of Phloridzin and Its Metabolites. We
next determined the plasma concentrations of phloridzin and the
metabolites by HPLC analysis. Phloridzin metabolites were
determined as phloretin after hydrolysis. Table 2 shows the
plasma concentration of phloridzin and phloretin in STZ-treated
mice fed with a 0.1% or 0.5% phloridzin diet for 14 days.
Although the plasma concentration of phloretin is about 30 times
higher than those of phloridzin, phloridzin itself is detected in the
plasma of STZ-treated mice fed a phloridzin diet (0.1% or 0.5%)
(Table 2).

Phloridzin Reverses the STZ-Mediated Induction of Sglt1 in

the Small Intestine.We next examined the effect of phloridzin on
gene expression in the small intestine of STZ-induced diabetic
mice. DNA microarray analysis failed to detect any difference in
the gene expression in the small intestine between STZ-treated
and untreated mice at a false discovery rate (FDR) of 0.05.
However, the mean value of the Sglt1 expression in the small
intestine of STZ-induced diabetic mice was reversed by the 0.5%
phloridzin diet (data not shown). We therefore determined the
expression levels of Sglt1 and the facilitative glucose transporter
gene Gult2 in the small intestines of STZ-treated or untreated
mice using quantitative RT-PCR. Sglt1 and Gult2 were signifi-
cantly elevated in the small intestine of BALB/c mice (Figure 2).
The increase in Sglt1, but not that of Gult2, was reversed in the
small intestine of STZ-treated mice by a diet containing 0.5%
phloridzin (Figure 2).

Phloridzin Reverses the STZ-Mediated Induction of Cyp2b10
and Ephx1 in the Small Intestine. DNA microarray analysis
showed that the change in expression levels of Cyp2b10 in the
small intestine compared to those of a control group were 6.2 (
2.8-fold in STZ-treated mice and 3.1 ( 0.7-fold in STZ-treated
mice fed a 0.1% phloridzin diet. The expression level changes of
Ephx1were 5.8( 2.5-fold in STZ-treated mice and 2.9( 0.2-fold
in STZ-treated mice fed a 0.5% phloridzin diet compared to that
of a control group. We next used quantitative RT-PCR to
determine the expression levels of Cyp2b10 and Ephx1 in
the small intestine of STZ-treated and control mice. Cyp2b10
(3.5-fold, p< 0.01) and Ephx1 (3.1-fold, p< 0.01) were induced
in the small intestine of STZ-treated BALB/c mice (Figure 3).
While the STZ-mediated induction of Cyp2b10 in the small
intestines was reversed by both the 0.1% (p < 0.01) and 0.5%
(p < 0.01) phloridzin diets (Figure 3), the STZ-mediated induc-
tion of Ephx1 in the same tissue was reversed only in mice fed the
0.5% phloridzin diet (p < 0.01) (Figure 3).

Phloridzin Reverses the STZ-Mediated Induction of Glut2 in

Kidneys. SGLT2 is the major renal glucose transporter, while
GLUT2 is found on the basolateral surface of proximal renal
tubules and transport glucose and fructose (29 ). Phloridzin has
been shown to inhibit renal SGLT2 (18 ). We next examined the
effect of dietary phloridzin on the expression ofSglt2 andGlut2 in
the kidneys of STZ-treated diabetic and untreated control mice.
RT-PCR analysis shows that Glut2 (5.2-fold, p < 0.01), but not
Sglt2, is induced in the kidneys of STZ-treatedmice (Figure 4) and
that the induction of Glut2 is reversed by a diet containing 0.5%
phloridzin (Figure 4).

DISCUSSION

Subcutaneously injectedphloridzin has been shown to improve
hyperglycemia in STZ-induced diabetic rats as well as in other

Table 1. Effect of STZ-Treated and Phlorizin Supplemented Diet on Weight, Blood Constituents, Urinary Glucose, and Tissue Lipid Peroxidation in BALB/c Micea

control STZ STZ-PLZ 0.1 STZ-PLZ 0.5

weight (g) 27.02( 0.88 18.58( 0.68 a 19.16 ( 0.57 a 20.54( 0.84 a

liver (g) 1.42( 0.04 1.14( 0.11 1.24( 0.08 1.39( 0.07

blood glucose (mg/dL) 111( 2 531( 22 a 470( 19 a 408( 19 ab

plasma insulin (ng/mL) 3.18( 0.06 0.60( 0.04 a 0.61( 0.05 a 0.73( 0.08 a

urinary glucose (mg/dL) 169.7( 5.1 6043.2( 232.5 a 6353.4( 339.0 a 7035.5( 360.1 a

TBARS (nmol/g liver) 13.15( 0.60 38.82( 1.91 a 37.70( 1.82 a 34.47( 1.60 a

TBARS (nmol/g kidney) 28.70( 2.29 80.77( 3.54 a 78.90( 3.38 a 78.05( 5.92 a

aControl, untreated mice fed a basal diet (AIN93G); STZ, STZ-treated mice fed a basal diet; STZ-PLZ 0.1, STZ-treated mice fed a 0.1% phloridzin diet; STZ-PLZ 0.5, STZ-
treated mice fed a 0.5% phloridzin diet. Mice were kept on the diets ad libitum for 14 days. Values are expressed as the means( SE of 6 mice (or 3 mice for urinary glucose levels)
in each group. The letters indicate significant differences (p < 0.01 (two-sided)) from the two-tailed multiple t-test with Bonferroni correction following ANOVA.: a, compared to the
control group; b, compared to the STZ group.

Table 2. Plasma Concentrations of Phloridzin and Its Metabolites in STZ-
Treated Mice Fed Phloridzin Dietsa

phlorizin (μmol/L) phloretin (μmol/L)

control n.d. n.d.

STZ n.d. n.d.

STZ-PLZ 0.1% 1.00 ( 0.21 29.3 ( 9.8

STZ-PLZ 0.5% 2.81 ( 0.85 87.8 ( 13.5

aControl, untreated mice fed a basal diet (AIN93G); STZ, STZ-treated mice fed a
basal diet; STZ-PLZ 0.1, STZ-treated mice fed a 0.1% phloridzin diet; STZ-PLZ 0.5,
STZ-treated mice fed a 0.5% phloridzin diet. Mice were kept on the diets ad libitum
for 14 days. Values are expressed as the means( SE of 6 mice in each group. n.d.,
not detected.

Figure 2. Effects of phloridzin diets on the expression of the sodium
glucose cotransporter Sglt1 and the facilitated glucose transporter Glut2 in
the small intestine of STZ-treatedmice. Expression levels were determined
by quantitative RT-PCR, normalized againstGapdh, and plotted relative to
those of control mice. Control, untreated mice fed a basal diet; STZ, STZ-
treated mice fed a basal diet; STZ-PLZ 0.1, STZ-treated mice fed a 0.1%
phloridzin diet; STZ-PLZ 0.5, STZ-treated mice fed a 0.5% phloridzin diet.
Data are expression as themeans(SE of 6mice in each group. **p < 0.01
(two-sided), significant difference from the STZ group; #p < 0.01 (two-
sided), significant difference from the control group.
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type 1 and type 2 diabetic models (21-23). In this study, we show
that dietary phloridzin improves hyperglycemia but not hypoin-
sulinemia and tissue lipid peroxidation in STZ-induced diabetic
mice. Although it has been reported that ingested phloridzin is
mostly hydrolyzed in the small intestine (24, 25), we show here, to
our knowledge for the first time, that phloridzin is present in the
plasmaof STZ-induced diabeticmice fed a 0.1 or 0.5%phloridzin
diet for 14days. Phloridzinhas been reported tobe transported by
SGLT1 (30 ). Therefore, dietary phloridzin may be partly
absorbed by SGLT1 in the small intestine of the STZ-induced
diabetic mice. The plasma concentrations of phloridzin in STZ-
treated mice fed a 0.5% phloridzin diet was about 3 times higher
than that in the mice fed a 0.1% phloridzin diet. The plasma
concentration of phloretin and its derivatives is 30 times higher
than that of phloridzin in the STZ-treated mice fed phloridzin
diets. Phloridzin was reported to be a competitive inhibitor of
SGLT1 in the small intestine and SGLT2 in kidneys (18-20).
Since the concentration of phloridzin was low in the plasma,

phloridzin probably suppressed the glucose absorption by
SGLT1 in the small intestine but not by SGLT2 in the kidneys.

In our previous study, STZ-treated diabetic mice fed an
AIN93G diet containing 0.5% quercetin significantly improved
hypoinsulinemia and suppressed hepatic and pancreatic lipid
peroxidation (28 ). This diet also suppressed the STZ-induced
change in hepatic gene expression (28 ). DNA microarray and
RT-PCR analysis suggested that quercetin ameliorated liver and
pancreas injury in STZ-induced diabetic mice by promoting cell
proliferation following the suppression of Cdkn1a expression
induced by oxidative stress (28 ). Phloridzin has been shown to
possess antioxidant properties (11, 17). However, unlike querce-
tin, 0.5% phloridzin did not suppress STZ-induced lipid perox-
idation in the liver in the current study, indicating that the
antioxidant ability of dietary phloridzin is less pronounced than
that of dietary quercetin in STZ-induced diabetic mice. More-
over, the 0.5% phloridzin diet fails to improve hypoinsulinemia
and has no effect on the alteration of hepatic gene expression in
STZ-induced diabetic mice.

Phloridzin has been reported to inhibit SGLT1, which trans-
ports glucose from the small intestinal brush-border membrane
(18, 31), and a likely mechanism for the phloridzin-mediated
reduction in blood glucose levels in STZ-induced diabetic mice is
through its inhibition of SGLT1 in the small intestine. In order to
examine global gene expression responses to a phloridzin diet, we
performed DNA microarray analysis of the small intestine of
STZ-treated diabetic and untreated control mice. The arrays
indicated that mean values of the Sglt1, Cyp2b10, and Ephx1
expressions were increased in STZ-treated control mice (Sglt1;
1.6-fold,Cyp2b10; 6.2-fold,Ephx1; 5.8-fold) compared to those in
untreated control mice and decreased in STZ-treated mice fed a
0.5% phloridzin diet (Sglt1; 1.4-fold, Cyp2b10; 4.4-fold, Ephx1;
2.9-fold) compared to those in untreated control mice. RT-PCR
analysis showed that STZ significantly induced the expressions of
Sglt1, Cyp2b10, and Ephx1 in the small intestine and that the
expressions were reversed by a 0.5% phloridzin diet.

The expression ofSglt1 in the small intestine has been reported
to be increased in diabetic animals and humans (32, 33). GLUT2
is a low-affinity high-capacity facilitative glucose transporter
expressed on the basolateral membrane of renal tubules and
intestinal basolateral membrane, andGlut2 has been shown to be
induced in STZ-treated diabetic mice (33 ). Adachi et al. reported
that a diet containing the phloridzin derivative T-1095, which is
absorbed into the circulation via oral administration, suppressed
the STZ-mediated induction of Sglt1 and Glut2 in rat small
intestines (34 ). Our result confirms that STZ induces the expres-
sion of Sglt1and Glut2 in the small intestine. Phloridzin reverses
the expression of Sglt1 but not that ofGlut2 in the small intestine.

The drug-metabolizing enzyme Cyp2b10 was shown to be an
inducible gene in the small intestine by phenobarbital (35 ) and in
the liver of STZ-induced diabetic mice (36 ). The expression of
both Cyp2b10 and Ephx1 is significantly induced in the livers by
STZ (data not shown).We have shown in this study thatCyp2b10
and Ephx1 are induced in the small intestine of STZ-induced
diabetic mice and that phloridzin reverses these effects.

SGLT2 is the major renal glucose transporter and is inhibited
by phloridzin. It has been reported that neither STZ nor the 0.1%
T-1095 diet affected renal Sglt2 expression in rats (34 ). Expres-
sion of renal Glut2 has been shown to be increased in STZ-
induced diabetic rats (34, 37). The 0.1%T-1095 diet was shown to
reverse the renal Glut2 expression induced by STZ (32 ). Our
results show that STZ induces Glut2 in the kidney but has no
effect on renal Sglt2 and that a diet containing 0.5% phloridzin
reverses this effect on Glut2. The expression of Glut2 is regulated
by glucose (38 ), and we speculate that the 0.5% phloridzin diet

Figure 3. Effects of phloridzin diets on the expression of the drug
metabolizing enzyme genes Cyp2b10 and Ehpx1 in the small intestine
of STZ-treated mice. Expression levels were determined by quantitative
RT-PCR, normalized againstGapdh, and plotted relative to those of control
mice. Control, untreatedmice fed a basal diet; STZ, STZ-treatedmice fed a
basal diet; STZ-PLZ 0.1, STZ-treated mice fed a 0.1% phloridzin diet; STZ-
PLZ 0.5, STZ-treated mice fed a 0.5% phloridzin diet. Data are expressed
as the means ( SE of 6 mice in each group. **p < 0.01 (two-sided),
significant difference from the STZ group; #p < 0.01 (two-sided), significant
difference from the control group.

Figure 4. Effects of phloridzin diets on the expression of the Sglt2 and
Glut2 in the kidneys of STZ-treated mice. Expression levels were deter-
mined by quantitative RT-PCR, normalized against Gapdh, and plotted
relative to those of control mice. Control, untreated mice fed a basal diet;
STZ, STZ-treatedmice fed a basal diet; STZ-PLZ 0.1, STZ-treatedmice fed
a 0.1% phloridzin diet; STZ-PLZ 0.5, STZ-treated mice fed a 0.5%
phloridzin diet. Data are expressed as the means( SE of 6 mice in each
group. *p < 0.05 (two-sided), significant difference from the STZ group;
#p < 0.01 (two-sided), significant difference from the control group.
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reverses Glut2 induction by reducing the blood glucose levels in
STZ-treated mice.

In conclusion, we show that dietary phloridzin improves
hyperglycemia but not hypoinsulinemia and tissue lipid perox-
idation in STZ-induced diabetic mice. Although the concentra-
tion is much lower than that of the metabolites, we find that
phloridzin is present in the plasma of STZ-treated mice fed both
0.1% and 0.5% phloridzin diets for 14 days. Dietary phloridzin
reverses the abnormal overexpression of Sglt1, Cyp2b10, and
Ephx1 in the small intestine aswell as that ofGlut2 in the kidney in
STZ-induced diabetic mice.

ABBREVIATIONS USED

STZ, streptozptocin; SGLT, sodium/glucose cotransporter;
GLUT, glucose transporter; TBARS, thiobarbituric acid reactive
substances; RT-PCR, reverse transcription PCR; GAPDH,
glyceraldehyde-3-phosphate dehydrogenase; FDR, false dis-
covery rate.
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