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ARTICLE INFO ABSTRACT
ArﬁC{e history: The senescence-accelerated mouse prone10 (SAMP10) strain, a model of aging, exhibits cognitive impair-
Received 4 October 2014 ments and cerebral atrophy. We noticed that SAMP10/TaSIc mice, a SAMP10 substrain, have developed

Available online 17 October 2014 persistent glucosuria over the past few years. In the present study, we characterized SAMP10/TaSIc mice

and further identified a spontaneous mutation in the Slc5a2 gene encoding sodium-glucose co-trans-
’(f’y‘fvord55 porter (SGLT) 2. The mean concentration of urine glucose was high in SAMP10/TaSlc mice and increased
Sodium-glucose co-transporter further with advancing age, whereas other strains of senescence-accelerated mice, including SAMP1/
SGLT2 SkuSlc, SAMP6/TaSIc and SAMP8/TaSIc or normal aging control SAMR1/TaSlc mice, exhibited no detect-
Senescence-accelerated mouse ) . . - .

SAMP10 able glucose in urine. SAMP10/TaSIc mice consumed increasing amounts of food and water compared
Frame-shift mutation to SAMR1/TaSIc mice, suggesting the compensation of polyuria and the loss of glucose. Oral glucose tol-
Glucosuria erance tests showed decreased glucose reabsorption in the kidney of SAMP10/TaSlc mice. In addition,
blood glucose levels decreased in an age-dependent fashion. The kidney was innately larger than that
of control mice with no histological alterations. We examined the expression levels of glucose transport-
ers in the kidney. Among SGLT1, SGLT2, glucose transporter (GLUT) 1 and GLUT2, we found a significant
decrease only in the level of SGLT2. DNA sequencing of SGLT2 in SAMP10/TaSIc mice revealed a single
nucleotide deletion of guanine at 1236, which resulted in a frameshift mutation that produced a trun-
cated protein. We designate this strain as SAMP10/TaSlc-SIc5a2% (SAMP10-ASglt2). Recently, SGLT2
inhibitors have been demonstrated to be effective for the treatment of patients with type 2 diabetes
(T2D). SAMP10-ASglt2 mice may serve as a unique preclinical model to study the link between aging-
related neurodegenerative disorders and T2D.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction different characteristics. Inbred senescence-prone (SAMP) strains
as models of accelerated senescence and senescence-resistant

Senescence-accelerated mice (SAMs) were developed by a (SAMR) strains as the normal aging control were reported in
group at Kyoto University in Japan [1]. Cross-breeding of AKR/] 1981 [2]. Subsequent studies demonstrated aging-related
with a few other strains resulted in several mouse lines with phenotypes in these mice [3,4]. By 1992, substrains of SAMP mice
had been established in Kyoto University based on pathological

phenotypes such as amyloidosis and immune system deficiency
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ceutical Sciences, University of Shizuoka, 52-1 Yada, Suruga-ku, Shizuoka 422-8526, learning and memory (SAMPS) [8], and deficits in learning and
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Thereafter, by 2002, these strains were re-established under
specific pathogen-free (SPF) conditions in Japan SLC
(Hamamatsu-city, Shizuoka, Japan) as SAMP1/SkuSlc, SAMP6/
TaSlc, SAMP8/TaSlc, SAMP10/TaSlc and SAMR1/TaSIc [1,10]. On
the other hand, the SAMP10/Ta strain has been maintained at the
Institute for Developmental Research, Aichi Human Service Center
since 1998 and was renamed as SAMP10/Taldr. Therefore,
SAMP10/TaSIc and SAMP10/Taldr have been bred independently
but are derived from the same SAMP10 strain. Both strains of
SAMP10 mice show age-related brain atrophy, lowered learning
and memory abilities and depressive behavior [11]. In the brains
of SAMP10/Taldr mice, it has been suggested that neuronal DNA
damage [12], loss of synapse [13], impairment of proteasome activ-
ity [14], and microglial impairment [15] are involved in age-related
neurodegeneration. We have demonstrated additional characteris-
tics in SAMP10/TaSlIc, including increased superoxide generation
[16], DNA oxidative damage [17], and a decrease in glutathione
peroxidase [18], and have reported preventive effects of antioxida-
tive agents such as green tea catechin and B-cryptoxanthin on
neurodegeneration in these mice [19-21].

In the present study, we report that SAMP10/TaSIc exhibits per-
sistent glucosuria and lowered expression of Slc5a2. Based on DNA
sequencing, we identified a nucleotide deletion in the Slc5a2 gene
of SAMP10/TaSlc. In contrast, we found that SAMP10/Taldr mice
developed no glucosuria and exhibited no mutation in the Slc5a2
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Fig. 1. Urinal glucose excretion and hypertrophy of kidney in SAMP10-ASglt2 mice.
(A) SAMP10-ASglt2 mice (2-12 months of age) fasted for 24 h were given glucose
(2 g/kg body weight) orally. Total glucose amounts in urine were measured for 24 h
and mean glucose levels were compared (n=3-8). (B) Kidney weight (g/100 g
weight) of SAMP10-ASglt2 (closed column) was compared to SAMR1 (open
column) at 1 and 12 months of age (n=10-21, *p <0.002). (C) Kidney sections of
1-month-old SAMR1 and SAMP10-ASglt2 were stained with hematoxylin-eosin.

gene. These results indicate that the mutation in the Sic5a2 gene
occurred spontaneously in SAMP10/TaSlc. As the Slc5a2 gene
encodes the sodium-glucose co-transporter SGLT2, we designated
this strain as SAMP10/TaSlc-Slc5a2°" (SAMP10-ASglt2).

2. Materials and methods
2.1. Animals

Male SAMP10/TaSIc mice were purchased from Japan SLC
(Hamamatsu-city, Shizuoka, Japan) and bred under conventional
conditions in a temperature- and humidity-controlled room with
a 12-h light/dark cycle (light period, 08.00-20.00 h; temperature,
23 £ 1 °C; relative humidity, 55 + 5%). Experimental mice had free
access to a normal diet (CE-2; Clea Co. Ltd., Tokyo, Japan) and
water. Male SAMR1/TaSlc (SAMR1) mice, which have normal lon-
gevity and a very similar genetic background to SAMP10/TaSIc
mice, were used as control mice. All experimental protocols were
approved by the University of Shizuoka Laboratory Animal Care
Advisory Committee and were in accordance with the guidelines
of the US National Institutes of Health for the care and use of
laboratory animals.

2.2. Measurement of glucose in urine and preparation of kidney tissue
sections

Diagnosis chips were used to check glucosuria (Pretest 5bll,
Wako, Wako Pure Chemicals Industries, Ltd., Osaka, Japan). Mice
were fasted for 24 h. After glucose (2 g/kg body weight) was
administered orally, each mouse was housed singly in a metabolic
cage for 24 h with free access to water but without feeding. Urine
was collected for 24 h. The total volume of urine was recorded and
the concentration of glucose in urine was measured using a glucose
assay kit (Glucose CII Test, Wako). Kidney specimens fixed with
10% formaldehyde in phosphate buffer were embedded in paraffin.
Sections of 5 pum in thickness were stained with hematoxylin—-
eosin.

2.3. Diurnal glucose levels in serum and oral glucose tolerant test
(OGTT)

Diurnal levels of blood glucose were observed for 24 h with free
access to food and water. Blood glucose levels were measured
every 3 h using a blood glucose meter and test tips (Terumo Corp.
Japan, Tokyo, Japan). For OGTT, mice were fasted for 24 h. After
glucose was administered orally (2 g/kg), blood glucose levels were
measured for 2 h.

2.4. Glucose transporters in the kidney

Total RNA was extracted from the kidney using Trizol reagent
(Invitrogen, Tokyo, Japan). cDNA samples were amplified according
to the manufacturer’s protocol using a kit (Ready To-Go You-Prime
First strand beads, GE Healthcare Japan, Tokyo, Japan). The expres-
sion levels of SGLT1, SGLT2, GLUT1 and GLUT2 were measured
using reverse-transcription polymerase chain reaction (RT-PCR).
The following PCR cycles were used: initial denaturation at 95 °C
for 5 min, followed by 20-25 cycles at 95 °C for 1 min, 58 °C for
1 min, and 72 °C for 1 min. PCR products were electrophoresed
on a 1.2% (w/v) agarose gel (Bio-Rad Laboratories, Hercules, CA)
containing ethidium bromide and visualized under UV illumina-
tion. RT-PCR products were measured using Scion Image analysis
software. The amplified SGLT2 cDNA was used for sequencing.

The following primers were used in the study: SGLT2 forward
5-AGG ATC CAT CTG TGG CA-3/, reverse 5'-ACG GGG CAC AAA
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Fig. 2. Blood glucose levels of SAMP10-ASglt2 and SAMR1 mice. (A) Blood glucose levels were measured in 2-, 6-, 12- and 15-month-old SAMP10-ASglt2 (closed circle) and
SAMR1 (open circle) mice allowed to feed freely. Closed and open bars in a horizontal line depict dark and light condition, respectively. Each point represents mean + SEM
(n=3-15, *p < 0.05). (B) Mice were fasted for 24 h then given glucose (2 g/kg weight) orally when 3 (circle), 6 (square) and 12 months (diamond) old.

GAG T-3' [22]; SGLT1 forward 5'-CTC GTG GTG GAA CTC ATG
CCT-3’, reverse 5'-CAC GTC TGG AAT GGG CTT GGT-3’; GLUT 2
forward 5-GCC CTG ACT TCC TCT TCC AAC-3’, reverse 5-CCT CAT
TCT TTG GTG GGT GGC-3'; GLUT1 forward 5-GCT GGG AAT CGT
CGT TGG CAT-3, reverse 5-ACA GCT CGG CCA CAA TGA ACC-3/;
B-actin forward 5'-TTG TTA CCA ACT GGG ACG ACA TGG-3/, reverse
5'-TGA TCT TGA TCT TCA TGG TGC TAG G-3'.

Genomic DNA eluted from the tail using a kit (Gentra Puregene
Mouse Tail Kit, Qiagen, Tokyo, Japan) was also used for RT-PCR
(sense primer, 5-ATGGTGAGTGAGGGCTGGAAATG-3’; antisense
primer, 5'-CACCTTCTCATTAACACGGGGCA-3').

2.5. Statistical analyses

The data were expressed as the mean + SEM. Significant differ-
ences were determined by one-way analysis of variance (ANOVA)
followed by the Bonferroni test.

3. Results

3.1. Urine glucose levels and alteration in the kidney of SAMP10-
ASglt2

In the urine of SAMP10-ASglt2, a remarkable amount of glucose
was excreted (diagnostic tip color code: +++ (5 mg/mL) <), whereas
no glucose was detected in the urine of SAMR1. Then, the total glu-
cose excretion in urine for 24 h was measured in SAMP10-ASglt2
mice to which glucose was administered orally after 1 day of fast-
ing (Fig. 1A). The total amount of urinary glucose for 24 h was
almost similar among mice at 2-12 months of age. The mean con-
centration increased with age because urine volume was high in 2-
month-old mice (2.7+0.4ml) and low in 12-month-old mice
(0.6 £0.04 ml). In other strains of senescence-accelerated mice
such as SAMP1/SkuSlc, SAMP6/TaSIc and SAMP8/TaSlIc, no glucose
was detected in urine. Similarly, in SAMP10/Taldr, another
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substrain of SAMP10, no glucose was detected in urine. These
results indicate that glucosuria is a specific characteristic of
SAMP10-ASglt2 mice. The kidney was innately larger in SAMP10-
ASglt2 mice than the SAMR1 kidney (Fig. 1B). However, there
was no morphological difference between both strains when
1 month old (Fig. 1C).

3.2. Blood glucose levels in SAMP10-ASglt2

SAMP10-ASglt2 mice consumed 1.24 times more food
(5.91 £0.23 g/day) and 1.45 times more water (7.55 % 0.39 ml/
day) than SAMR1 at 6-16 months of age. The diurnal blood glucose
level measured under free feeding decreased significantly in
SAMP10-ASglt2 mice compared to SAMR1 mice at 6, 12 and
15 months of age, while the level did not differ between the two
strains when they were 2 months old (Fig. 2A).

An OGTT was carried out in SAMP10-ASglt2 and SAMR1 mice at
3, 6 and 12 months of age. After glucose administration to
SAMP10-ASglt2 mice fasted for 24 h, the blood glucose level
increased immediately, peaked at 30 min then gradually decreased
to 120 min (Fig. 2B). In SAMR1, the blood glucose level increased
up to 60 min after glucose administration then decreased. The
highest glucose level was about 150 mg/dL in SAMP10-ASglt2 mice
at 30 min, and 200-280 mg/dL in SAMR1 mice at 60 min. The area

scur [
B-actin m

scLr2

1.5 1.5
1.0 1.0
2 £
0.5 0.5
0.0 - 0.0
SAMR1 SAMP10- SAMR1 SAMP10-
ASglt2 ASglt2
GLUT2 ‘ GLUT1 -
P-actin m ﬁ-ucliu
1.5 1.5
1.0 1.0
° 2
8 &
0.5 0.5
0.0 0.0
SAMR1  SAMP10- SAMR1  SAMP10-
ASglt2 ASglt2

Fig. 3. Glucose transporter mRNA levels in the kidney of SAMP10-ASglt2 and
SAMR1 mice. Representative blots of SGLT2, GLUT2, SGLT1, GLUT1 and B-actin.
Relative levels of target mRNA expression were determined by normalizing
individual band intensity to that of B-actin. Each column represents the
mean = SEM (n =3, *p <0.05).

under the curve (AUC) for blood glucose concentration as a
function of time was significantly lower in SAMP10-ASglt2
(64 £ 11 mg/mL/120 min) than in SAMR1 mice (152 = 11 mg/mL/
120 min).

3.3. Glucose transporters in the kidney of SAMP10-ASglt2

In order to determine which glucose transporter is responsible
for glucosuria in SAMP10-ASglt2 mice, we examined the expres-
sion levels of four glucose transporters in the kidney: SGLT1,
SGLT2, GLUT1 and GLUT2. We identified SGLT2 as the causal factor
based on significantly reduced mRNA expression in SAMP10-
ASglt2 compared to SAMR1 mice (SAMP10-ASglt2, 0.34 £ 0.06;
SAMR1, 1.00 + 0.05, n =3, p < 0.001; Fig. 3).

3.4. Identification of a single nucleotide deletion in SGLT2
in SAMP10-ASglt2 mice

DNA sequencing of SGLT2 in SAMP10-ASglt2 mice indicated a
single nucleotide deletion of guanine at 1236 (Fig. 4A), which
resulted in a frameshift mutation with a stop codon at 1264 with
the production of a truncated protein of 421 amino acids (Fig. 4B).
A deduced protein truncated from the 8th transmembrane domain
is shown in Fig. 4C.

4. Discussion

A mutation in the Slc5a2 gene encoding SGLT?2 is responsible for
primary renal glucosuria in humans [23]. There are two kinds of
glucose transporters, GLUT and SGLT transporter families, present
in the kidney. SGLTs have a role in the first step of transcellular glu-
cose transport in the intestine and kidney. At least two sodium-
coupled glucose transporters, SGLT1 and SGLT2, play an important
role in the apical membrane of proximal tubular cells in the kidney
[24-26]. The low-affinity/high-capacity SGLT2 mediates the bulk
uptake of glucose at the early proximal tubule, and the high-affin-
ity/low-capacity SGLT1 reduces glucose to very low concentrations
in the further distal parts of the proximal tubule. After apical
uptake, glucose transporters GLUT2 and GLUT1 facilitate the baso-
lateral exit of glucose. The mutations in SGLT1 have little or no
association with glucosuria [25].

In the kidney of SAMP10-ASgIt2 mice, we found the decreased
expression of SGLT2 bearing a mutation in Slc5a2, which may be
mediated by the action of the nonsense-mediated mRNA decay
pathway that eliminates mRNA transcripts containing premature
stop codons. The deduced truncated form of SGLT2 in SAMP10-
ASglt2 is speculated to be inactive. The elevation of blood glucose
during OGTT was suppressed by more than an 80% reduction of the
transport maximum for glucose in the kidney using a SGLT2 inhib-
itor [27], suggesting that glucose absorption is lowered to less than
20% in SAMP10-ASglt2 mice. In euglycemia, renal glucose reab-
sorption is mainly mediated by SGLT2 (~97%), although, under
malfunction of SGLT2, the contribution of SGLT1 increases from
3% to 40-50% [28]. The defect in SGLT2 did not affect glucose
homeostasis in young SAMP10-ASglt2 mice at 2 months of age.
However, blood glucose levels significantly decreased in an age-
dependent manner when mice were more than 6-15 months old.
It would be interesting to study whether such compensation of
SGLT1 in SAMP10-ASglt2 mice is compromised with aging.

Although the SGLT2 malfunction leads to a decrease in blood
glucose due to renal glucose excretion, patients with primary
glucosuria show a reduction in the renal tubular reabsorption of
glucose with normal serum glucose levels and no impairments of
tubular function [29,30]. Indeed, the discovery of SGLT2 inhibitors
has offered a new therapeutic regimen for the treatment of
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Fig. 4. Sequence of Sic5a2 and deduced SGLT2 in SAMP10-ASglt2 mice. (A) DNA sequence of Slc5a2 in SAMR1 and SAMP10-ASglt2 mice. (B) Amino acid sequence of SGLT2 in
SAMR1 and SAMP10-ASglt2 mice. Asterisk depicts a stop codon. (C) Structure of SGLT2 protein in SAMR1 and a deduced model in SAMP10-ASglt2 mice.

patients with T2D by increasing urinary glucose excretion to
remove excess glucose from the blood and help control hypergly-
cemia [31-34]. Insulin not only regulates blood sugar levels but
also acts as a growth factor on all cells, including neurons in the
central nervous system [35]. Insulin resistance is common in T2D
and Alzheimer’s disease (AD) [36]. Patients with T2D have a 2- to
3-fold higher risk of developing AD [37]. Cognitive deterioration
is more marked in patients with AD and T2D than AD alone [38].
Furthermore, in patients with diabetes, the mean onset of demen-
tia is 2 years earlier and survival outcomes are reported to be gen-
erally poorer [39]. These observations suggest that the treatment
of T2D is critical for delaying the onset and development of AD
and maintaining cognitive function. SAMP10-ASglt2 mice with
both cognitive dysfunction and a SGLT2 mutation may serve as a
unique model for studying AD and T2D.

5. Disclosures

There are no conflicts of interest to declare. All authors contrib-
uted extensively to the work presented in this paper. The conception
and design of the study; K.U. Acquisition of data; H.Y., M.T., S.H., K1,
F.T., S.H.I. and M.H. Analysis and interpretation of data; K.U., M.H.,
K.H. and M.M. Drafting the article; K.U., M.T., A.S. and M.M.

Acknowledgments

This work was supported by The Japan Health Foundation and
intramural support from the University of Shizuoka. The authors
thank Dr. Hara at the University of Chicago for her valuable
discussion.

References

[1] T. Takeda, M. Hosokawa, K. Higuchi, Senescence-accelerated mouse (SAM), in:
T. Takeda (Ed.), The Senescence-Accelerated Mouse (SAM): Achievement and
Future Directions, Elsevier, Amsterdam, 2013, pp. 3-14.

[2] T. Takeda, M. Hosokawa, S. Takeshita, M. Irino, K. Higuchi, T. Matsushita, Y.
Tomita, K. Yasuhira, H. Hamamoto, K. Shimizu, M. Ishii, T. Yamamuro, A new
murine model of accelerated senescence, Mech. Ageing Dev. 17 (1981) 183-
194.

[3] T. Takeda, K. Higuchi, M. Hosokawa, Senescence-accelerated mouse (SAM):
with special reference to development and pathological phenotypes, ILAR J. 38
(1997) 109-118.

[4] M. Hosokawa, A higher oxidative status accelerates senescence and aggravates
age-dependent disorders in SAMP strains of mice, Mech. Ageing Dev. 123
(2002) 1553-1561.

[5] A. Matsumura, K. Higuchi, K. Shimizu, M. Hosokawa, K. Hashimoto, K. Yasuhira,
T. Takeda, A novel amyloid fibril protein isolated from senescence-accelerated
mice, Lab. Invest. 47 (1982) 270-275.

[6] T. Hosokawa, M. Hosono, K. Higuchi, A. Aoike, K. Kawai, T. Takeda, Immune
responses in newly developed short-lived SAM mice. I. Age-associated early


http://refhub.elsevier.com/S0006-291X(14)01837-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0005
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0010
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0015
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0015
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0015
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0020
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0025
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0030

94 K. Unno et al./Biochemical and Biophysical Research Communications 454 (2014) 89-94

decline in immune activities of cultured spleen cells, Immunology 62 (1987)
419-423.

[7] M. Matsushita, T. Tsuboyama, R. Kasai, H. Okumura, T. Yamamuro, K. Higuchi,
K. Higuchi, A. Kohno, T. Yonezu, A. Utani, M. Umezawa, T. Takeda, Age-related
changes in bone mass in the senescence-accelerated mouse (SAM). SAM-R/3
and SAM-P/6 as new murine models for senile osteoporosis, Am. ]. Pathol. 125
(1986) 276-283.

[8] M. Miyamoto, Y. Kiyota, N. Yamazaki, A. Nagaoka, T. Matsuo, Y. Nagawa, T.
Takeda, Age-related changes in learning and memory in the senescence-
accelerated mouse (SAM), Physiol. Behav. 38 (1986) 399-406.

[9] A. Shimada, A. Ohta, I. Akiguchi, T. Takeda, Inbred SAM-P/10 as a mouse model
of spontaneous, inherited brain atrophy, J. Neuropathol. Exp. Neurol. 51 (1992)
440-450.

[10] H. Takagi, Characteristics of a SAM breeding colony at Japan SLC, Inc., in: T.
Takeda (Ed.), The Senescence-Accelerated Mouse (SAM): Achievement and
Future Directions, Elsevier, Amsterdam, 2013, pp. 15-23.

[11] T. Takeda, Senescence-accelerated mouse (SAM) with special references to
neurodegeneration models, SAMP8 and SAMP10 mice, Neurochem. Res. 34
(2009) 639-659.

[12] A. Shimada, H. Keino, M. Satoh, M. Kishikawa, N. Seriu, M. Hosokawa, Age-
related progressive neuronal DNA damage associated with cerebral
degeneration in a mouse model of accelerated senescence, ]. Gerontol. A
Biol. Sci. Med. Sci. 57 (2002) B415-421.

[13] A. Shimada, H. Keino, M. Satoh, M. Kishikawa, M. Hosokawa, Age-related loss
of synapses in the frontal cortex of SAMP10 mouse: a model of cerebral
degeneration, Synapse 48 (2003) 198-204.

[14] A. Shimada, H. Keino, N. Kawamura, Y. Chiba, M. Hosokawa, Limbic structures
are prone to age-related impairments in proteasome activity and neuronal
ubiquitinated inclusions in SAMP10 mouse: a model of cerebral degeneration,
Neuropathol. Appl. Neurobiol. 34 (2008) 33-51.

[15] S. Hasegawa-Ishii, S. Takei, Y. Chiba, A. Furukawa, H. Umegaki, A. Iguchi, N.
Kawamura, K. Yoshikawa, M. Hosokawa, A. Shimada, Morphological
impairments in microglia precede age-related neuronal degeneration in
senescence-accelerated mice, Neuropathology 31 (2011) 20-28.

[16] T. Sasaki, K. Unno, S. Tahara, A. Shimada, Y. Chiba, M. Hoshino, T. Kaneko, Age-
related increase of superoxide generation in the brains of mammals and birds,
Aging Cell 7 (2008) 459-469.

[17] K. Unno, F. Takabayashi, T. Kishido, N. Oku, Suppressive effect of green tea
catechins on morphologic and functional regression of the brain in aged mice
with accelerated senescence (SAMP10), Exp. Gerontol. 39 (2004)
1027-1034.

[18] T. Kishido, K. Unno, H. Yoshida, D. Choba, R. Fukutomi, S. Asahina, K. Iguchi, N.
Oku, M. Hoshino, Decline in glutathione peroxidase activity is a reason for
brain senescence: consumption of green tea catechin prevents the decline in
its activity and protein oxidative damage in ageing mouse brain,
Biogerontology 8 (2007) 423-430.

[19] K. Unno, F. Takabayashi, H. Yoshida, D. Choba, R. Fukutomi, N. Kikunaga, T.
Kishido, N. Oku, M. Hoshino, Daily consumption of green tea catechin delays
memory regression in aged mice, Biogerontology 8 (2007) 89-95.

[20] K. Unno, Y. Ishikawa, F. Takabayashi, T. Sasaki, N. Takamori, K. Iguchi, M.
Hoshino, Daily ingestion of green tea catechins from adulthood suppressed
brain dysfunction in aged mice, BioFactors 34 (2008) 263-271.

[21] K. Unno, M. Sugiura, K. Ogawa, F. Takabayashi, M. Toda, M. Sakuma, K. Maeda,
K. Fujitani, H. Miyazaki, H. Yamamoto, M. Hoshino, Beta-cryptoxanthin,
plentiful in Japanese mandarin orange, prevents age-related cognitive
dysfunction and oxidative damage in senescence-accelerated mouse brain,
Biol. Pharm. Bull. 34 (2011) 311-317.

[22] N.M. Tabatabai, S.S. Blumenthal, D.L. Lewand, D.H. Petering, Differential
regulation of mouse kidney sodium-dependent transporters mRNA by
cadmium, Toxicol. Appl. Pharmacol. 177 (2001) 163-173.

[23] R. Santer, J. Calado, Familial renal glucosuria and SGLT2: from a Mendelian
trait to a therapeutic target, Clin. J. Am. Soc. Nephrol. 5 (2010) 133-141.

[24] C.S. Hummel, C. Lu, D.D. Loo, B.A. Hirayama, A.A. Voss, E.M. Wright, Glucose
transport by human renal Na+/p-glucose cotransporters SGLT1 and SGLT2, Am.
J. Physiol. Cell Physiol. 300 (2011) C14-21.

[25] E.M. Wright, D.D. Loo, B.A. Hirayama, Biology of human sodium glucose
transporters, Physiol Rev 91 (2011) 733-794.

[26] V. Vallon, K.A. Platt, R. Cunard, J. Schroth, J. Whaley, S.C. Thomson, H. Koepsell,
T. Rieg, SGLT2 mediates glucose reabsorption in the early proximal tubule, J.
Am. Soc. Nephrol. 22 (2011) 104-112.

[27] K. Ueta, H. Yoneda, A. Oku, S. Nishiyama, A. Saito, K. Arakawa, Reduction of
renal transport maximum for glucose by inhibition of Na‘-glucose
cotransporter suppresses blood glucose elevation in dogs, Biol. Pharm. Bull.
29 (2006) 114-118.

[28] T. Rieg, T. Masuda, M. Gerasimova, E. Mayoux, K. Platt, D.R. Powell, S.C.
Thomson, H. Koepsell, V. Vallon, Increase in SGLT1-mediated transport
explains renal glucose reabsorption during genetic and pharmacological
SGLT2 inhibition in euglycemia, Am. ]. Physiol. Renal Physiol. 306 (2014)
F188-193.

[29] H. Lee, K.H. Han, HW. Park, J.I. Shin, CJ. Kim, M.K. Namgung, K.H. Kim, J.JW.
Koo, W.Y. Chung, D.Y. Lee, S.Y. Kim, H.I. Cheong, Familial renal glucosuria: a
clinicogenetic study of 23 additional cases, Pediatr. Nephrol. 27 (2012) 1091~
1095.

[30] L. Yu, J.C. Lv, XJ. Zhou, L. Zhu, P. Hou, H. Zhang, Abnormal expression and
dysfunction of novel SGLT2 mutations identified in familial renal glucosuria
patients, Hum. Genet. 129 (2011) 335-344.

[31] J.P. Wilding, The role of the kidneys in glucose homeostasis in type 2 diabetes:
clinical implications and therapeutic significance through sodium glucose co-
transporter 2 inhibitors, Metabolism 63 (2014) 1228-1237.

[32] M. Orme, P. Fenici, L.D. Lomon, G. Wygant, R. Townsend, M. Roudaut, A
systematic review and mixed-treatment comparison of dapagliflozin with
existing anti-diabetes treatments for those with type 2 diabetes mellitus
inadequately controlled by sulfonylurea monotherapy, Diabetol. Metab. Syndr.
6 (2014) 73.

[33] S. Cangoz, Y.Y. Chang, S.J. Chempakaseril, R.C. Guduru, L.M. Huynh, J.S. John, S.T.
John, M.E. Joseph, R. Judge, R. Kimmey, K. Kudratov, PJ. Lee, 1.C. Madhani, P.J.
Shim, S. Singh, S. Singh, C. Ruchalski, R.B. Raffa, The kidney as a new target for
antidiabetic drugs: SGLT2 inhibitors, J. Clin. Pharm. Ther. 38 (2013) 350-359.

[34] L.H. Chen, P.S. Leung, Inhibition of the sodium glucose co-transporter-2: its
beneficial action and potential combination therapy for type 2 diabetes
mellitus, Diabetes Obes. Metab. 15 (2013) 392-402.

[35] L. Li, C. Holscher, Common pathological processes in Alzheimer disease and
type 2 diabetes: a review, Brain Res. Rev. 56 (2007) 384-402.

[36] J. Janson, T. Laedtke, J.E. Parisi, P. O'Brien, R.C. Petersen, P.C. Butler, Increased
risk of type 2 diabetes in Alzheimer disease, Diabetes 53 (2004) 474-481.

[37] G. Accardi, C. Caruso, G. Colonna-Romano, C. Camarda, R. Monastero, G.
Candore, Can Alzheimer disease be a form of type 3 diabetes?, Rejuvenation
Res 15 (2012) 217-221.

[38] R.0. Dominguez, E.R. Marschoff, S.E. Gonzalez, M.G. Repetto, J.A. Serra, Type 2
diabetes and/or its treatment leads to less cognitive impairment in
Alzheimer’s disease patients, Diabetes Res. Clin. Pract. 98 (2012) 68-74.

[39] R.R. Zilkens, W.A. Davis, K. Spilsbury, J.B. Semmens, D.G. Bruce, Earlier age of
dementia onset and shorter survival times in dementia patients with diabetes,
Am. ]. Epidemiol. 177 (2013) 1246-1254.


http://refhub.elsevier.com/S0006-291X(14)01837-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0030
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0035
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0040
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0040
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0040
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0045
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0050
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0055
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0060
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0065
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0070
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0075
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0080
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0085
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0090
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0095
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0100
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0105
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0110
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0115
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0120
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0125
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0130
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0135
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0140
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0145
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0145
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0145
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0145
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0150
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0155
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0160
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0165
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0165
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0165
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0165
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0170
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0175
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0180
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0180
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0185
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0185
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0185
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0190
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0190
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0190
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0195
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0195
http://refhub.elsevier.com/S0006-291X(14)01837-3/h0195

	Novel frame-shift mutation in Slc5a2 encoding SGLT2 in a strain  of senescence-accelerated mouse SAMP10
	1 Introduction
	2 Materials and methods
	2.1 Animals
	2.2 Measurement of glucose in urine and preparation of kidney tissue sections
	2.3 Diurnal glucose levels in serum and oral glucose tolerant test (OGTT)
	2.4 Glucose transporters in the kidney
	2.5 Statistical analyses

	3 Results
	3.1 Urine glucose levels and alteration in the k
	3.2 Blood glucose levels in SAMP10-ΔSglt2
	3.3 Glucose transporters in the kidney of SAMP10
	3.4 Identification of a single nucleotide deleti

	4 Discussion
	5 Disclosures
	Acknowledgments
	References


