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Naⴙ-Glucose Transporter-2 Messenger Ribonucleic Acid
Expression in Kidney of Diabetic Rats Correlates with
Glycemic Levels: Involvement of Hepatocyte Nuclear
Factor-1␣ Expression and Activity
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and Diabetes Unit (K.F.S.M.), Division of Endocrinology and Metabolism, Medical School, University of Sao Paulo, 05505900 Sao Paulo, Brazil
Mutations in Naⴙ-glucose transporters (SGLT)-2 and hepatocyte nuclear factor (HNF)-1␣ genes have been related to renal
glycosuria and maturity-onset diabetes of the young 3, respectively. However, the expression of these genes have not been
investigated in type 1 and type 2 diabetes. Here in kidney of
diabetic rats, we tested the hypotheses that SGLT2 mRNA
expression is altered; HNF-1␣ is involved in this regulation;
and glycemic homeostasis is a related mechanism. The in vivo
binding of HNF-1␣ into the SGLT2 promoter region in renal
cortex was confirmed by chromatin immunoprecipitation assay. SGLT2 and HNF-1␣ mRNA expression (by Northern and
RT-PCR analysis) and HNF-1 binding activity of nuclear proteins (by EMSA) were investigated in diabetic rats and treated
or not with insulin or phlorizin (an inhibitor of SGLT2). Results showed that diabetes increases SGLT2 and HNF-1␣

mRNA expression (⬃50%) and binding of nuclear proteins to
a HNF-1 consensus motif (⬃100%). Six days of insulin or phlorizin treatment restores these parameters to nondiabetic-rat
levels. Moreover, both treatments similarly reduced glycemia,
despite the differences in plasma insulin and urinary glucose
concentrations, highlighting the plasma glucose levels as involved in the observed modulations. This study shows that
SGLT2 mRNA expression and HNF-1␣ expression and activity
correlate positively in kidney of diabetic rats. It also shows
that diabetes-induced changes are reversed by lowering glycemia, independently of insulinemia. Our demonstration that
HNF-1␣ binds DNA that encodes SGLT2 supports the hypothesis that HNF-1␣, as a modulator of SGLT2 expression, may be
involved in diabetic kidney disease. (Endocrinology 149:
717–724, 2008)

R

glucose reabsorption maintenance in diabetes (3, 4). In fact,
increased GLUT2 gene expression has been extensively reported in experimental models of spontaneously (5) or pharmacologically induced diabetes (3, 4, 6 –9). However, concerning the SGLT2 cotransporter in experimental diabetes,
there are only a few studies showing unchanged (7) or increased mRNA expression (8).
On the other hand, renal glycosuria, defined by urinary
glucose excretion in the presence of a normal blood glucose
concentration, has been related to defective SGLT2 gene, and
21 different mutations have already been described in families affected by this disease (10), highlighting this cotransporter on the renal glucose reabsorption physiology.
Hepatocyte nuclear factor (HNF)-1␣ was originally characterized as a liver-specific transcription factor that binds to
the promoters of many genes (11); subsequently, it was
shown to be expressed in the pancreatic islet ␤-cell-derived
insulinoma cell line, in which it transactivates the rat insulin
gene (12). Thereafter it was reported that HNF-1␣-deficient
mice have impaired kidney proximal tubular reabsorption of
glucose, phosphate, and amino acids, thus relating this transcription factor with the renal glucose reabsorption function
(13), which was further confirmed to involve decreased
SGLT2 expression in tubular cells (14). Later it was shown
that HNF-1␣ directly controls SGLT2 gene expression in
mouse and man (15). Additionally, since 10 yr ago, the ma-

ENAL GLUCOSE REABSORPTION is a coordinated
process, which takes place in the epithelial cells of the
proximal tubule, involving two classes of glucose transporters, the Na⫹-glucose transporters (SGLTs) and the facilitative
diffusion transporters (GLUTs) (1, 2). In the early S1 segment,
in which the bulk of filtered glucose is reabsorbed, the lowaffinity/high-capacity glucose transporters, SGLT2 and
GLUT2, are coexpressed. SGLT2, at the brush-border membrane, is involved in the glucose uptake from the tubular
fluid into the epithelial cell, for further release into the bloodstream via basolaterally expressed GLUT2-facilitative glucose transporter (2).
Uncontrolled diabetes, by increasing blood and interstitial
glucose concentration, may lower the outwardly directed
glucose gradient, from tubule to blood, impairing the glucose
efflux from the epithelial cells and consequently the glucose
reabsorption process as a whole. Thus, increases in the glucose transporters gene expression are important to renal
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turity-onset diabetes of the young 3 (MODY3) has been related to HNF-1␣ mutations that impair liver and pancreatic
expression of some target genes including insulin (16 –18),
establishing a definitive relationship between diabetes and
HNF-1␣ but not clearly showing direct effects upon renal
glucose reabsorption.
Although SGLT2 and HNF-1␣ genes have been extensively studied in these rare diseases, renal glycosuria and
MODY3, the expression of these genes, as well as the potential role of HNF1-␣ as enhancer of SGLT2 transcription,
has not been investigated in type 1 and type 2 diabetes. We
hypothesized that HNF-1␣-induced change of SGLT2 gene
expression occurs in kidney of diabetic subjects, which may
be related to the development and/or evolution of the nephropathy. Thus, the present study was designed to investigate the HNF-1␣ and SGLT2 mRNA expression in diabetic
rats as well as the effects of insulin and phlorizin treatment,
the latter a specific inhibitor of SGLT2 protein, which blocks
the renal glucose reabsorption. This strategy allowed us to
show the individual effects of insulin or plasma and urinary
glucose levels on the changes of the gene expression. Additionally, HNF-1␣ binding activity was investigated in diabetic and insulin-treated diabetic rats to demonstrate the role
of this transcriptional factor in SGLT2 mRNA expression in
renal cortex. The in vivo binding of HNF-1␣ into the SGLT2
promoter in kidney was confirmed by chromatin immunoprecipitation (ChIP) assay. We observed that diabetes increased both SGLT2 and HNF-1␣ mRNA expression and that
a 6-d treatment with insulin or phlorizin is able to reduce the
increased expression of both genes. Besides, HNF-1␣ binding
activity was seen to be modulated in parallel with its mRNA
expression in diabetic and diabetic insulin-treated rats. This
study shows, for the first time, a correlation between the
expression of SGLT2 and HNF-1␣ binding activity in experimental diabetes, which may be involved in the development
of diabetic renal tubular and glomerular diseases.
Materials and Methods
Experimental animals
Male Wistar rats (⬃260 g of body weight) were individually caged in
an environment maintained at controlled temperature (23 ⫾ 2 C) and
lighting (from 0600 to 1800 h) and allowed free access to water and
standard rodent chow diet (Nuvilab CR-1; Nuvital, Curitiba, Brazil).
One week later, the animals were fasted overnight and rendered diabetic
by a single iv injection (penis vein) of alloxan (40 mg/kg body weight).
Nondiabetic control rats were injected with saline in the same volume.
Animals with polyuria (⬎25 ml/d⫺1), glycosuria (⬎2⫹ but without
ketonuria) were chosen as diabetics. The effects of diabetes were evaluated 20 d after alloxan or saline injection.

Acute effects of insulin or phlorizin treatment
Twenty-day diabetic rats were evaluated 4 or 12 h after a single sc 4-U
NPH insulin injection (Biohulin N, Biobras, Montes Claros, MG, Brazil)
plus 2 U regular insulin (Iolin R; Biobras) or sc phlorizin, 0.4 g kg body
weight⫺1 (Sigma, St. Louis, MO). Phlorizin solution was 0.4 g ml⫺1
propylene glycol. Diabetic placebo-treated rats were injected with the
same volume of saline, in the insulin study, or propylene glycol, in the
phlorizin study. The injections were performed at 0830 h.

Short-term effects of insulin or phlorizin treatment
Twenty-day diabetic rats were evaluated after 1, 4, and 6 d of treatment with sc NPH insulin, 2 U in the morning (0830 h) and 4 U in the

afternoon (1730 h) or sc phlorizin, 0.4 g kg body weight⫺1 each 12 h (0830
and 2030 h). Diabetic placebo-treated rats were injected with the same
volume of saline, in the insulin study, or propylene glycol, in the phlorizin study. Twenty-four-hour urine was collected during the first,
fourth, and sixth days of treatment. Animals were killed at 0830 h. For
diabetes induction and final experimental procedures, animals were
anesthetized with ip injection of sodium pentobarbital (40 mg/kg⫺1
body weight). Experimental procedures were approved by the Ethical
Committee for Animal Research of the Institute of Biomedical Sciences
of the University of Sao Paulo (protocol 165/02).

RNA extraction and purification
Renal outcortices were sampled as previously described (8, 9) and
immediately frozen in liquid nitrogen for further procedures. Total RNA
was extracted using TRIZOL reagent (Invitrogen Life Technologies,
Carlsbad, CA) as described by manufacturer instructions. After this, 1
mg of total RNA was processed for poly(A) RNA (mRNA) purification,
using the PolyATract mRNA isolation systems (Promega, Madison, WI),
and following the manufacturer instructions. In preliminary experiments of Northern blotting, total RNA did not give clear signals, which
was achieved with purified poly(A) RNA.

Northern blotting analysis for SGLT2
One microgram of poly(A) RNA was fractionated by 1% agaroseformaldehyde gel electrophoresis, transferred to nylon membranes, and
probed with a (␣32-P)dCTP-labeled rat SGLT2 cDNA (Random Primers
DNA labeling system kit; Invitrogen Life Technologies). The blots were
analyzed by scanner densitometry (Image Master 1D; Pharmacia Biotech, Uppsala, Sweden). ␤-Actin was used as an internal loading control,
and the results were expressed as fold change relative to untreated
diabetic animals after normalization to ␤-actin.

RT-PCR analysis for HNF-1␣
Reverse transcription was done with 2 g of total RNA using ImProm-II reverse transcriptase and random primers, according to manufacturer’s instructions (Promega). RT-PCR assays were done in quadruplicate using recombinant GoTaq DNA polymerase (Promega) and
10 pmol of each primer in a master mix of 50 l. The cycle numbers for
each gene was defined after titration using 18 and 40 cycles and was
within the logarithmic phase of amplification. The PCR primers for
HNF-1␣ (forward, 5⬘-AAGATGACACGGATGACGATGG-3⬘; reverse,
5⬘-TGTTGAGGTGCTGGGACAGG-3⬘) amplified a 237-bp cDNA fragment with a melting temperature of 58.5 C, and those for rat ␤-actin
(forward, 5⬘-ATGAAGATCCTGACCGAGCGTG-3⬘; reverse, 5⬘-CTTGCTGATCCACATCTGCTGG-3⬘) amplified a 510-bp fragment with a
melting temperature of 55.5 C. The number of cycles was 33 for HNF-1␣
and 31 for ␤-actin. PCR products were resolved on 1.2% ethidium bromide-agarose gels, and the band intensities were determined by digital
scanning followed by quantification using Scion Image analysis software (Scion Corp., Frederick, MD). Total RNA used for RT-PCR analysis
was the same used for poly(A) RNA purification. ␤-Actin was used as
an internal control, and the results were expressed as fold change relative to untreated diabetic animals after normalization to ␤-actin.

EMSA
Additional groups of nondiabetic, diabetic, and diabetic insulintreated rats were prepared for renal cortex nuclear protein extraction as
previously described (19). A double-stranded oligonucleotide corresponding to a sequence of rat GLUT2 promoter that contains the potential consensus binding site of HNF-1␣ (5⬘-AAAGGTATATTGATTGAATTACCATC-3⬘) (20) was end labeled using T4 PNK and (␥-32P)ATP
(Amersham Pharmacia Biotech, Amersham, UK). Binding reactions of
the probes (30,000 cpm) were performed with 15 g protein from nuclear
extract, at room temperature for 20 min, in 20 l of the binding buffer
[20 mm HEPES (pH 7.6), 50 mm KCl, 10% glycerol, 0.2 mm EDTA, 1 mm
dithiothreitol, and 2 g polydeoxyinosinic-deoxycytidylic acid; Amersham Pharmacia Biotech]. Competitive binding assays were conducted
under the same conditions, with the addition of 10-, 20-, and 30-fold
molar excess of unlabeled oligonucleotide. The DNA-protein complexes
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were electrophoresed on 4% nondenaturing polyacrylamide gels at 4 C
in 45 mm Tris, 45 mm borate, and 1 mm EDTA buffer. The gels were dried
and subjected to autoradiography. The blots were analyzed by scanner
densitometry (Image Master 1D; Pharmacia Biotech), and the results of
the binding activity were expressed as fold change relative to untreated
diabetic animals.

ChIP assay
Renal outcortices samples were processed using buffers and reagents
from EZ ChIP chromatin immunoprecipitation kit (Upstate, Lake Placid,
NY; catalog no. 17-371), according to manufacturer instructions. Briefly,
the fixed tissue fragments were transferred to lysis buffer after crosslinking and DNA shearing was performed by sonication. Equal amounts
of protein from each sample were diluted in dilution buffer in duplicate
and precleared with protein G-agarose saturated with salmon sperm.
Agarose was precipitated and supernatants were transferred into a new
tube. Ten microliters were picked up to be used as input, and samples
were incubated with 3 g of anti-HNF-1␣ antibody (sc-6547; Santa Cruz
Biotechnology, Santa Cruz, CA) or 1 g of anti-RNA polymerase II
overnight at 4 C. In parallel, one precleared sample was incubated in the
same conditions without antibody (no-AB control). Next, samples were
incubated with protein G-agarose saturated with salmon sperm for 1 h
at 4 C. Protein G-agarose was collected and the pellets were extensively
washed. Cross-linked DNA was eluted from protein G-agarose and
incubated for 6 h at 65 C for cross-linking reversal. Next, samples were
treated with RNase A, purified by using spin filters, and recovered in
elution buffer. DNA from input-, no-AB-, and HNF-1␣-precipitated
samples were submitted to PCR for the detection of the SGLT2 gene.
Because the sequence of rat SGLT2 promoter is not available, we designed a primer set that amplifies an early fragment of the gene codifying
region (U29881), between the nucleotides 10 and 172, originating a
product of 163 bp. The sequences of the primers are AGGGACACGTAGAGGAAGGCTC (sense) and GCCAAGAAGTAGCCACCAACTG
(antisense) with an annealing temperature of 55 C. DNA from RNA
polymerase II-precipitated samples were used for glyceraldehyde-3phosphate dehydrogenase (GAPDH) promoter amplification, using
primers provided in the kit (annealing temperature of 59 C). The amplification reactions consisted of an initial denaturation (94 C for 3 min)
and 32 cycles (94 C for 20 sec, annealing temperature for 30 sec, and 72
C for 30 sec) followed by a final extension of 2 min at 72 C. The products
were visualized as described in RT-PCR analysis for HNF-1␣.
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TABLE 1. Effects of diabetes induction in rats

Body weight (g)
Plasma glucose (mM)
Plasma insulin (ng/ml)
Urinary glucose (mg per 24 h)

Nondiabetic rats

Diabetic rats

324.7 ⫾ 5.3
8.6 ⫾ 0.58
0.42 ⫾ 0.03
1.5 ⫾ 0.5

272.3 ⫾ 8.6a
22.6 ⫾ 1.03a
0.09 ⫾ 0.008a
408.1 ⫾ 33.8a

Data are mean ⫾ SEM of 10 animals in each group.
a
P ⬍ 0.0001 vs. nondiabetic rats, Student’s t test.

SGLT2 (Fig. 1A) and HNF-1␣ (Fig. 1B) mRNAs, respectively,
by 51% (P ⬍ 0.01) and 30% (P ⬍ 0.05).
Acute effects of insulin and phlorizin treatment

Twenty-day diabetic rats were studied 4 and 12 h after a
single injection of insulin, phlorizin, or placebo. Because all
the results of each placebo group, saline- or propylene glycoltreated, respectively, for insulin or phlorizin showed no differences between 4 and 12 h, they were pooled. Twentyfour-hour urinary glucose before the injections was similar
in all groups, showing a similar diabetic condition
Table 2 shows that the insulin injection induced a 4-h
decreased (P ⬍ 0.001) plasma glucose, which remained low
at 12 h (P ⬍ 0.01). Similarly, phlorizin induced a significant
(P ⬍ 0.001) decrease in plasma glucose. Insulin-treated rats

Analytical procedures
Plasma, obtained from blood sampled (tail vein) at the time the
animals were killed, and urine, obtained by 24-h urine sampling, were
assayed for glucose by the glucose-oxidase method (Analisa Diagnostica, Sao Paulo, Brazil). Insulin was also determined in plasma samples
(RIE, Coat-a-Count; Diagnostic Products, Los Angeles, CA).

Data analysis
Results from each group of saline- or propylene glycol-treated rats
were pooled into placebo groups because there were no differences
according to the period of treatment. All values were reported as mean ⫾
sem. At least three different experiments were performed, evaluating at
least five different animals in each group. Detailed data of sample size
were informed in the legends of figures and tables. For comparison of
the mean values, one-way ANOVA, with Student-Newman-Keuls posttest, or Student t test was performed, using GraphPad InStat version 3.01
(GraphPad Software, San Diego, CA).

Results
Effects of diabetes

Compared with nondiabetic rats (Table 1), diabetic rats
had lower body weight (P ⬍ 0.001), as expected. Diabetic rats
showed (Table 1) very high plasma and urinary glucose
levels (P ⬍ 0.0001) as well as very low plasma insulin (P ⬍
0.0001). Figure 1 shows that diabetic rats increased both the

FIG. 1. SGLT2 (A) and HNF-1␣ (B) mRNA analysis in renal cortex of
nondiabetic (open bars) and diabetic (closed bars) rats. A, SGLT2
mRNA analysis performed by Northern blotting of poly(A) RNA: at
the top, typical images of the SGLT2 and respective ␤-actin mRNAs,
at the bottom, the abundance of the SGLT2 mRNA normalized to
␤-actin. B, HNF-1␣ mRNA analysis performed by RT-PCR: at the top,
typical images of the HNF-1␣ and respective ␤-actin amplicons, at the
bottom, the estimated abundance of the HNF-1␣ mRNA normalized
to ␤-actin value. Data are mean ⫾ SEM of five animals in each group,
evaluated in three different experiments. *, P ⬍ 0.05; **, P ⬍ 0.01 vs.
nondiabetic rats; Student’s t test.
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TABLE 2. Acute effects of insulin and phlorizin treatment of
diabetic rats

Insulin treatment
Placebo (4 ⫹ 12 h)
4h
12 h
Phlorizin treatment
Placebo (4 ⫹ 12 h)
4h
12 h

Insulin (ng/ml)

Glucose (mM)

0.16 ⫾ 0.09
18.1 ⫾ 2.3a
7.4 ⫾ 1.7b,c

18.8 ⫾ 0.8
7.4 ⫾ 0.9a
13.4 ⫾ 0.9d,e

0.23 ⫾ 0.08
0.16 ⫾ 0.02
0.18 ⫾ 0.09

20.2 ⫾ 0.97
11.7 ⫾ 0.8a
13.1 ⫾ 0.6a

Diabetic rats were studied 4 and 12 h after a single injection of
insulin or phlorizin. Placebo was saline for insulin treatment or propyleneglycol for phlorizin treatment. Results from 4- and 12-h placebo-treated rats were pooled. Data are mean ⫾ SEM of 10 and 14
animals in saline- and propylenoglycol-placebo groups, respectively,
and of six to eight animals in each insulin- or phlorizin-treated groups.
a
P ⬍ 0.001 vs. respective placebo.
b
P ⬍ 0.05 vs. respective placebo.
c
P ⬍ 0.01 vs. 4 h; one-way ANOVA, Student-Newman-Keuls.
d
P ⬍ 0.01 vs. respective placebo.
e
P ⬍ 0.001 vs. 4 h; one-way ANOVA, Student-Newman-Keuls.

showed hyperinsulinemia; however, as expected, insulin levels of the phlorizin-treated diabetic rats remained very low.
Figure 2 shows the SGLT2 and HNF-1␣ mRNA analysis.
Because no changes in SGLT2 mRNA expression were observed in 4-h insulin- or phlorizin-treated rats, the HNF-1␣
mRNA was investigated only in placebo and 12-h-treated
diabetic rats. Twelve hours after the insulin injection, significant decrease (P ⬍ 0.05) in SGLT2 mRNA was observed,
compared with both placebo- or 4-h insulin-treated rats (Fig.
2A); however, no difference in HNF-1␣ mRNA was observed
at this time (Fig. 2C). Acute phlorizin treatment did not
change SGLT2 (Fig. 2B) and HNF-1␣ (Figs. 2D) mRNA
expression.
Short-term effects of insulin and phlorizin treatment

Diabetic rats were submitted to insulin, phlorizin, or placebo
treatment, as described in research design. Again, because the
results of each placebo group (treated for 1, 4, or 6 d) showed
no differences, they were pooled. On the day before the beginning of treatments, diabetic rats were randomly placed in the
different groups, and 24-h glycosuria was evaluated, showing
a similar diabetic state (data not shown).
Insulin treatment induced a rapid body weight gain, and 4and 6-d insulin-treated rats were, respectively, 16 and 20%
heavier than their placebo-treated rats (P ⬍ 0.05) (data not
shown). Plasma insulin concentration of insulin-treated rats
remained around 10 times higher (P ⬍ 0.001) than the value of
the placebo-treated rats (Table 3). Phlorizin-treated rats did not
change their body weight (data not shown) or their insulin
concentration (Table 3). One day of insulin treatment induced
a plasma glucose decrease of 24% (P ⬍ 0.01), and in the 6-d
insulin-treated diabetic rats, the value was 60% lower (P ⬍
0.001). Phlorizin treatment decreased (P ⬍ 0.001) the plasma
glucose by 56% after 1 d (Table 3), and in the 4- and 6-d phlorizin-treated diabetic rats, the plasma glucose levels remained
approximately 55% that of placebo-treated rats (P ⬍ 0.001).
These similar glycemic profiles were accompanied by completely opposite urinary glucose excretion (Table 3).
The results of SGLT2 and HNF-1␣ mRNA expression are

FIG. 2. SGLT2 (A and B) and HNF-1␣ (C and D) mRNA analysis in
renal cortex of diabetic rats submitted to acute treatment with insulin
(A and C) or phlorizin (B and D). Diabetic rats were studied 4 and 12 h
after injection of insulin or phlorizin (shaded bars). Placebo treatment
(P) was saline for insulin study and propylene glycol for phlorizin
study. Four- and 12-h data of each placebo treatment were pooled
(closed bars). A and B, SGLT2 mRNA analysis performed by Northern
blotting of poly(A) RNA: at the top, typical images of the SGLT2 and
respective ␤-actin mRNAs, at the bottom, the abundance of the SGLT2
mRNA normalized to ␤-actin value. C and D, HNF-1␣ mRNA analysis
performed by RT-PCR: at the top, typical images of the HNF-1␣ and
respective ␤-actin amplicons, at the bottom, the estimated abundance
of the HNF-1␣ mRNA normalized to ␤-actin. Data are mean ⫾ SEM of
six or five animals in each group, respectively, for SGLT2 and HNF-1␣
analysis, evaluated in three different experiments. *, P ⬍ 0.05 vs. P
(placebo); †, P ⬍ 0.05 vs. 4 h; ANOVA, Student-Newman-Keuls. No
significant differences were observed in HNF-1␣ means tested by
Student’s t test.

shown in Fig. 3. Because no changes in SGLT2 mRNA expression were observed in 1-d insulin- or phlorizin-treated rats, the
HNF-1␣ mRNA was investigated only in placebo and 4- and
6-d-treated diabetic rats. The SGLT2 mRNA content (Fig. 3A)
remained unchanged until 4 d of insulin treatment. However,
in 6-d insulin-treated diabetic rats, the SGLT2 mRNA reduced
to approximately 55% (P ⬍ 0.001 vs. placebo), a value that is
similar to that of nondiabetic rats, which was accompanied by
25% reduction (P ⬍ 0.05 vs. placebo) in HNF-1␣ mRNA (Fig.
3C). Similarly, a 6-d phlorizin treatment reduced (P ⬍ 0.01) both
the SGLT2 mRNA (36%, Fig. 3B) and HNF-1␣ mRNA (⬃25%,
Fig. 3D). Besides, effects of phlorizin treatment could also be
seen in 4-d-treated diabetic rats, when SGLT2 and HNF-1␣
mRNAs were already reduced by 34% (P ⬍ 0.01) and 11% (P ⬍
0.05), respectively.
EMSA for HNF-1

EMSA analysis was performed to reinforce the correlation
between HNF1-␣ and SGLT2 mRNA transcription in diabetes as well as in the effect of insulin treatment of diabetic rats.
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TABLE 3. Short-term effects of insulin and phlorizin treatment of
diabetic rats
Insulin
(ng/ml)

Glucose
(mM)

Insulin treatment
Placebo (1 ⫹ 4 ⫹ 6 d) 0.18 ⫾ 0.05 19.9 ⫾ 0.8
1d
9.7 ⫾ 0.8a 15.1 ⫾ 1.4b
4d
9.3 ⫾ 1.3a
9.9 ⫾ 1.3a,c
6d
10.1 ⫾ 1.1a
8.3 ⫾ 1.5a,c
Phlorizin treatment
Placebo (1 ⫹ 4 ⫹ 6 d) 0.11 ⫾ 0.05 21.1 ⫾ 1.0
1d
0.20 ⫾ 0.08
9.3 ⫾ 1.1a
4d
0.17 ⫾ 0.05 12.1 ⫾ 0.7a,c
6d
0.15 ⫾ 0.06 12.3 ⫾ 0.6a,c

Glycosuria
(mg per 24 h)

317.8 ⫾ 37.3
156.6 ⫾ 18.9a
21.7 ⫾ 9.2a,c
10.7 ⫾ 3.6a,c
315.2 ⫾ 20.1
323.8 ⫾ 20.8
369.8 ⫾ 7.4
486.2 ⫾ 17.8d

Diabetic rats were treated with insulin or phlorizin for 1, 4, and 6 d.
Placebo was saline for insulin treatment or propyleneglycol for phlorizin treatment. Results from 1-, 4- and 6-d placebo-treated rats were
pooled. Data are mean ⫾ SEM of 10 animals in each placebo group, and
six to eight animals in each insulin or phlorizin treated group.
a
P ⬍ 0.001 vs. respective placebo.
b
P ⬍ 0.01 vs. respective placebo.
c
P ⬍ 0.01 vs. 1 d.
d
P ⬍ 0.001 vs. all groups; one-way ANOVA, vs. 4 h; one-way
ANOVA, Student-Newman-Keuls.

Specificity of the binding was confirmed by adding 50- or
100-fold molar excess of unlabeled oligonucleotide (Fig. 4A).
Diabetes induced an approximately 2-fold increase (Fig. 4B)
in the HNF1 binding activity (P ⬍ 0.01). Analyzing the 12-h
insulin-treated diabetic rats and the HNF-1␣ mRNA, its
binding activity was shown to be unchanged (Fig. 4C). Finally 6 d of insulin treatment (Fig. 4B) reduced the binding
activity to a value similar to that of nondiabetic rats (P ⬍ 0.01
vs. diabetic and 1- and 4-d insulin-treated diabetic rats; and
P ⫽ 0.2347 vs. nondiabetic rats).
HNF-1␣ ChIP assay

To confirm the relationship between the HNF1-␣ transcriptional factor and SGLT2 gene expression in renal cortex,
ChIP assay was performed in samples from nondiabetic and
7-d saline-treated diabetic rats (Fig. 5). ChIP assay results
showed an increase of 77% in HNF1-␣ binding into the promoter region of SGLT2 gene in kidneys from diabetic rats
(Fig. 5, B and C). No differences were found when GAPDH
promoter amplification was performed from RNA polymerase II-precipitated duplicates (Fig. 5A), indicating the presence of equal amounts of DNA among samples before the
immunoprecipitation procedure. This result is in accordance
with EMSA results demonstrated herein.
Discussion

In the present study, we provide evidences that HNF-1␣
may be involved in the SGLT2 mRNA expression in renal
cortex of diabetic rats. The SGLT2 mRNA increases in diabetic rats and decreases after insulin or phlorizin treatments,
correlating with the plasma glucose levels, despite the strong
differences in plasma insulin and urinary glucose excretion
between both treatments. Additionally, the nuclear proteins
binding to a HNF-1␣ consensus motif increased in diabetic
rats and reduced in 6-d insulin-treated diabetic rat, suggesting that this transcription factor modulates SGLT2 expression in kidney of diabetic rats. In vivo binding of HNF-1␣ into

FIG. 3. SGLT2 (A and B) and HNF-1␣ (C and D) mRNA analysis in
renal cortex of diabetic rats submitted to short-term treatment with
insulin (A and C) or phlorizin (B and D). Diabetic rats were studied
after 1, 4, and 6 d of treatment with insulin or phlorizin. Placebo
treatment (P) was saline for insulin study and propylene glycol for
phlorizin treatment. One-, 4- and 6-d data of each placebo treatment
were pooled. A and B, SGLT2 mRNA analysis performed by Northern
blotting of poly(A) RNA: at the top, typical images of the SGLT2 and
respective ␤-actin mRNAs, at the bottom, the abundance of the SGLT2
mRNA normalized to ␤-actin. C and D, HNF-1␣ mRNA analysis
performed by RT-PCR: at the top, typical images of the HNF-1␣ and
respective ␤-actin amplicons, at the bottom, the estimated abundance
of the HNF-1␣ mRNA normalized to ␤-actin. Data are mean ⫾ SEM of
six and five animals in each group, respectively, for SGLT2 and
HNF-1␣ analysis, evaluated in three different experiments. *, P ⬍
0.05 vs. P (placebo); †, P ⬍ 0.05; ††, P ⬍ 0.01 vs. P (placebo) and 4 d;
‡‡, P ⬍ 0.01 vs. P (placebo) and 1 d; §§§, P ⬍ 0.001 vs. all groups;
ANOVA, Student-Newman-Keuls.

renal SGLT2 gene promoter region, observed in ChIP assay,
reinforced this correlation.
Increased glucose reabsorption in the renal proximal tubule of diabetic rats is an adaptive condition in uncontrolled
diabetes (3, 4, 21), which, in addition to hyperglycemia, contributes to a further elevation in the interstitial renal glucose
concentration. High interstitial glucose concentration increases GLUT1 expression and glucose metabolism in mesangial cells, which is involved in nephropathy development
(22–26). In this process, up-regulation of GLUT2 gene expression is considered fundamental and has also been related
to the development of nephropathy (3, 4, 8, 9, 23, 24, 27).
On the other hand, the glucose cotransporter SGLT2,
which coexpresses with GLUT2 in proximal tubular cells, has
not been studied in kidney of diabetic subjects, which may
be related to methodological difficulties (2). However, in the
human nondiabetic renal glycosuria, different mutations in
SGLT2 gene were already reported, highlighting the important role of this cotransporter in renal glucose reabsorption
(10, 28). In diabetic rats, SGLT2 mRNA was first reported as
unchanged (7) in a study with different methodological approach. Later we suggested increased SGLT2 mRNA in di-
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FIG. 5. In vivo binding of HNF-1␣ to SGLT2 gene in kidney. Chromatin was immunoprecipitated from renal cortex of nondiabetic (lane
1) and diabetic (lane 2) rats using anti-RNA polymerase II (A) or
anti-HNF-1␣ (B) antibodies. Anti-RNA polymerase II-precipitated
chromatin was used to analyze GAPDH promoter as a control (A).
Anti-HNF-1␣-precipitated DNA was amplified by PCR with primers
flanking nucleotides 10 –172 of the rat SGLT2 codifying region. The
SGLT2 fragment was also amplified (B) from the total sheared DNA
from renal cortex of nondiabetic rats (lane 3), the no-antibody sample
(lane 4), and a rat kidney cDNA (lane 5). After the amplification, the
reactions were visualized in a 2% agarose gel containing ethidium
bromide exposed to UV light. The graph (C) represents HNF-1␣bound SGLT2 from kidney of nondiabetic and diabetic rats (mean ⫾
SEM of three different experiments). *, P ⬍ 0.05 vs. nondiabetic; Student’s t test.

FIG. 4. EMSA of renal cortex nuclear proteins of nondiabetic (ND),
placebo-treated diabetic (D), and acutely (4 and 12 h) or short-term
(4, 1, and 6 d) insulin-treated diabetic rats. Acute effect of insulin was
studied 4 (4 h) and 12 (12 h) h after a single injection, and short-term
effect of insulin was studied in 1- (1d), 4- (4d), and 6-d (6d)-treated
rats. EMSA was performed using a consensus motif for HNF-1. For
details see Materials and Methods. A, Effect of 50- or 100-fold molar
excess of unlabeled oligoniglucleotide. B, Effect of diabetes state and
1, 4, and 6 d of insulin treatment: at the top, typical image, at the
bottom, quantification of the data. C, Effect of 4 and 12 h of insulin
treatment: at the top, typical images from two experiments, at the
bottom, quantification of the data. Each square of autoradiogram
shows images from the same gel, and vertical line inside the square
indicates that the lanes were not contiguous. Values in graphs were
expressed as fold change relative to untreated diabetic rats. Data are
mean ⫾ SEM of six animals (D group) or four animals (other groups),
evaluated at least in three different experiments. **, P ⬍ 0.01 vs. ND
and 6d, ANOVA, Student-Newman-Keuls.

abetic rats by using SGLT1 probe and low stringency conditions (8). Now we are definitively showing that diabetes
induces an increase in the SGLT2 mRNA expression using a
full-length SGLT2 probe and poly(A) mRNA from renal cortex. In addition, a recent and elegant study reported that the

SGLT2 mRNA was increased in human renal proximal tubular cells isolated from the urine of patients with type 2
diabetes (29).
The HNF-1␣ transcription factor was described as an activator of the SGLT2 gene (15), but its expression or activation
in kidney of diabetic animals or human type 1 or type 2
diabetes has never been studied. However, mutations in
HNF-1␣ gene are a feature of MODY3 patients (16 –18, 30),
in whom precocious nephropathy (31, 32) and renal malformations (33) were described.
In the present study, parallel increase of SGLT2 and
HNF-1␣ mRNA expression in diabetic rats was observed.
Furthermore, 6-d treatment of diabetic rats with both insulin
and phlorizin induced a suppression of both mRNAs, which
returned to similar values of nondiabetic rats, suggesting that
HNF-1␣ transcription factor has an important role in the
diabetes-induced modulations of its target gene SGLT2. Additionally, EMSA analysis showed that HNF-1 binding activity increased in diabetic rats and decreased in 6-d insulintreated diabetic rats, suggesting an important role for this
transcriptional factor on SGLT2 gene expression in diabetes.
ChIP assay data reinforced these correlations.
Considering that insulin or phlorizin treatment induced a
similar reduction in plasma glucose 6 d later but accompanied by completely different plasma insulin and urinary
glucose levels, the expression of the genes must be correlated
with the plasma glucose levels only. Thus, it seems that
plasma glucose concentration is an important modulator of
the HNF-1␣ transcription factor expression and activity and
consequently of the SGLT2 expression.
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The present results also show two interesting responses: 1)
in insulin-treated rats, an acute (12 h) reduction of SGLT2
mRNA, with no changes of HNF-1␣ mRNA or its nuclear
protein binding activity; and 2) in phlorizin-treated rats, an
earlier reduction of SGLT2 and HNF-1␣ mRNAs (4 d), as
compared with insulin treatment.
Concerning the 12-h effect of insulin, although we did not
observe any change in HNF-1 binding activity in EMSA, we
cannot discard a HNF-1-induced reduction of SGLT2 mRNA.
Interestingly, the intestinal SGLT1 gene transcription, which
is also enhanced by HNF-1␣, was shown to be suppressed by
heterodimerization of HNF-1␣ and HNF-1␤, with a higher
band shift in EMSA (34). In the present study, in some experiments, a band shift was noted in samples from 12-h
insulin-treated diabetic rats, and thus, we could hypothesize
a transitory heterodimerization of HNF-1, thus reducing
SGLT2 mRNA. Using the same protocol of treatment, we
already reported a rapid (from 4 to 12 h), transitory, and
converse modulation of GLUT2 gene expression in kidney of
insulin-treated diabetic rats (9). These rapid effects of insulin
on SGLT2 and GLUT2 expression needs further investigations to clarify whether they have some functional role as
well as the involved mechanisms.
Concerning the reduction of SGLT2 and HNF-1␣ mRNAs
observed in 4-d phlorizin-treated diabetic rats, it seems not
to be related to the plasma glucose lowering, as it is later (6
d) because the plasma glucose levels were similar in insulinand phlorizin-treated diabetic rats. However, this may be
related to some intracellular glucose effect. It is known that
diabetes induces increased renal glucose production (35),
which is achieved by high gluconeogenic activity in renal
proximal tubule (36), and is suppressed by insulin as in liver
(35, 37). In the present study, the tubular gluconeogenic
activity of the diabetic rats should be reduced with the insulin treatment, but it should remain increased with the
phlorizin treatment, which could induce different intracellular concentration of frutose-2,6-biphosphate. In this regard,
HNF-1␣ expression has already been reported as modulated
by the intracellular frutose-2,6-biphosphate content, independently of insulin concentration (38). Thus, in 4-d phlorizin-treated diabetic rats, it is possible that an intracellular
signal on HNF-1␣ expression and activation is preceding the
effect of plasma glucose lowering observed after 6 d of
treatment.
Finally, we cannot exclude the participation of other transcriptional factors in the observed modulations of SGLT2
mRNA. In fact, the EMSA analysis also revealed the HNF-3
[␣, ␤, and ␥, also called forkhead box A (Foxa) 1, 2, and 3,
respectively] nuclear protein binding (lower band in EMSA
images), which was expected because Foxa consensus-responsive element has been shown inside the sequence of the
HNF-1 binding site (20). However, although the Foxa transcription factors have been described as important modulators of GLUT2 (20, 39), they have never been related to SGLT2
expression.
In summary, this study provides evidence that experimental diabetes induces increased mRNA expression of
SGLT2 and HNF-1␣ in renal cortex. Moreover, 6-d treatment
with insulin or phlorizin improves the glycemic control, and
that is accompanied by reduction of SGLT2 and HNF-1␣
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mRNAs to levels similar to those observed in nondiabetic
rats. Because a similar regulation was observed in insulin- or
phlorizin-treated diabetic rats, despite their controversial effects on plasma insulin and renal tubular glucose rate, reduction in plasma glucose levels seems to be involved in the
observed modulations. Additionally, HNF-1␣ mRNA modulations observed in diabetic and insulin-treated diabetic rats
were accompanied by parallel changes in HNF-1 binding
activity to nuclear proteins, and in vivo HNF-1␣ binding into
SGLT2 promoter was shown, pointing out the HNF-1␣ regulation of SGLT2 gene. These results unravel mechanisms
involved in SGLT2 expression and suggest that its enhanced
expression may contribute to the development of the kidney
tubule-glomerular disease in diabetes.
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