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in a mouse model of type 2 diabetes

Ayumi Kanno', Shun-ichiro Asahara'

Takai', Maki Koyanagi-Kimura', Tomokazu Matsuda', Yuko Okada'

, Mao Kawamura®, Ayuko Furubayashi®, Shoko Tsuchiya®, Emi Suzuki', Tomoko

, Wataru Ogawa'(®), Yoshiaki Kido'**

'Division of Diabetes and Endocrinology, Department of Internal Medicine, Kobe University Graduate School of Medicine, and “Division of Metabolism and Disease, Department of

Biophysics, Kobe University Graduate School of Health Sciences, Kobe, Japan

Keywords ABSTRACT

Pancreatic B-cell, Sodium—glucose
cotransporter 2, Type 2 diabetes
mellitus

Aims/Introduction: The preservation of pancreatic B-cell mass is an essential factor in
the onset and development of type 2 diabetes mellitus. Recently, sodium—glucose
cotransporter 2 inhibitors have been launched as antihyperglycemic agents, and their

organ-protective effects are attracting attention. They are also reported to have favorable
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effects on the preservation of pancreatic B-cell mass, but the appropriate timing for the
administration of sodium-—glucose cotransporter 2 inhibitors is obscure.

Materials and Methods: In the present study, we administered a sodium—glucose
cotransporter 2 inhibitor, dapagliflozin, to an animal model of type 2 diabetes mellitus,
db/db mice, and investigated the adequate timing and duration for its administration. We

also carried out microarray analysis using pancreatic islets from db/db mice.

J Diabetes Investig 2019; 10: 577-590

Results: We found that dapagliflozin preserved pancreatic B-cell mass depending on

the duration of administration and markedly improved blood glucose levels. If the dura-

doi: 10.1111/jdi.12945

tion was the same, the earlier administration of dapagliflozin was more effective in pre-

serving pancreatic B-cell mass, increasing serum insulin levels and improving blood
glucose levels. From microarray analysis, we discovered that the expression of Agr2, T2
and Gkn3 was significantly upregulated after the early administration of dapagliflozin. This
upregulated gene expression might provide a legacy effect for the preservation of pancre-

atic B-cell mass.

Conclusions: We expect that the early administration of dapagliflozin would provide a
long-lasting effect in preserving pancreatic B-cell mass.

INTRODUCTION
The number of patients with type 2 diabetes mellitus is increas-
ing rapidly, and optimal treatment is required to solve this
problem. The pathogenesis of type 2 diabetes mellitus is charac-
terized by “insulin resistance”; that is, reduced peripheral insu-
lin sensitivity, and “impaired insulin secretion™; that is, a
reduction in insulin secretion from pancreatic B-cells. A variety
of medical agents are used to target each of these mechanisms.
Among them, sodium-glucose cotransporter 2 (SGLT2) inhibi-
tors have recently drawn considerable attention.

SGLT?2 inhibitors are antihyperglycemic agents that suppress
the reabsorption of urinary glucose by inhibiting SGLT2 in the
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renal proximal tubules. Since they were first launched in Aus-
tralia in 2012, they have been widely used mainly in Western
countries, as they have a favorable influence not only on glyce-
mic control, but also on bodyweight and blood pressure. How-
ever, in East Asian countries, including Japan, they have not
been widely used compared with other agents because of con-
cerns about dehydration. In 2015, this situation was changed
drastically by the Empagliflozin Cardiovascular Outcome Event
Trial in Type 2 Diabetes Mellitus Patients (EMPA-REG OUT-
COME), which showed a significant reduction in some adverse
events, including cardiovascular mortality'. In 2017, the Cana-
gliflozin Cardiovascular Assessment Study (CANVAS) trial
reported a 3-point suppression in major adverse cardiovascular
events’. SGLT2 inhibitors have shown significant benefits on
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the suppression of cardiovascular complications. In addition to
the suppression of macrovascular complications, it has also
been evident that SGLT2 inhibitors improve the pathogenesis
of non-alcoholic steatohepatitis, preserve renal function and
suppress pancreatic B-cell failure’ °. Pancreatic B-cell failure is
one of the major mechanisms underlying the development of
type 2 diabetes mellitus. The pathogenesis consists of “abnor-
malities in quality,” which is characterized by impaired insulin
secretion, and “abnormalities in quantity,” which is character-
ized by reduced pancreatic B-cell mass. We have previously
shown the importance of maintaining pancreatic PB-cell mass
mainly through animal studies®®. In addition, we have also
shown that a DPP4 inhibitor contributed to the recovery of
pancreatic [-cell mass through the unfolded protein
response”'.

Several reports have shown that SGLT2 inhibitors contribute
to the preservation of pancreatic B-cell function, and almost all
of them explain its mechanism through the reduction of glu-
cose toxicity'*'*. Others report that the molecular mechanism
by which SGLT2 inhibitors preserve pancreatic -cell function
is the inhibition of inflammation or oxidative stress. However,
there have been no reports discussing the adequate duration
and timing for the administration of SGLT2 inhibitors. In addi-
tion, in the clinical setting, it has not been concluded whether
SGLT?2 inhibitors should be the first drug of choice for type 2
diabetes mellitus or should be considered as additional drugs to
other antihyperglycemic agents. In the present study, we
administered an SGLT2 inhibitor, dapagliflozin, to leptin

http://onlinelibrary.wiley.com/journal/jdi

receptor-deficient db/db mice, a model of obesity and type 2
diabetes mellitus, to examine the effect of preserving pancreatic
B-cells depending on the timing of dapagliflozin administration.
We divided the mice into four groups: (i) dapagliflozin admin-
istration for 12 weeks; (ii) dapagliflozin administration for the
first 6 weeks; (iii) dapagliflozin administration for the last
6 weeks; and (iv) normal saline administration. We bred all
groups in the same condition and analyzed the effect of dapa-
gliflozin on pancreatic B-cell mass.

In the present study, our objective was to elucidate the
appropriate timing for the initiation of SGLT2 inhibitor treat-
ment, and to examine the changes of gene expression in pan-
creatic B-cells induced by an SGLT?2 inhibitor.

METHODS

Animals

We obtained db/db and db/m mice on a C57BL/Ks] back-
ground from CLEA Japan, Inc. (Tokyo, Japan). The mice were
maintained on a 12-h light-dark cycle and fed normal chow.
Blood glucose and plasma insulin concentrations were deter-
mined as described previously'’. Measurement of urine volume,
urinary glucose excretion and food intake was carried out using
individual metabolic cages (CLEA Japan) in a 24-h period. All
experiments were carried out with male mice. The Animal
Ethics Committee of Kobe University Graduate School of Med-
icine approved all protocols involving the mice. All animal
experiments were carried out following the national guidelines
and the relevant national laws on the protection of animals.
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Figure 1 | Schedule of dapaglifiozin administration. Pancreatic B-cell mass was measured at 20 and 26 weeks-of-age, and microarray analysis using
pancreatic islets was carried out at 20 weeks-of-age. G1, group 1; G2, group 2; G3, group 3; G4, group 4.

Figure 2 | Characteristics of db/db mice and db/m mice divided according to the duration and timing of dapaglifiozin administration. (a)
Bodyweight for each group of db/db and db/m mice at various ages. (b) Blood glucose levels in the fed state for each group of db/db and db/m
mice at 8, 14 and 20 weeks-of-age (w). () Blood glucose levels in the fed state for each group of db/db and db/m mice at various ages. (d) Serum
insulin levels in the fed state for each group of db/db and db/m mice at 8 and 20 weeks-of-age. (e) Urine volume for each group of db/db mice
at 8 and 20 weeks-of-age. (f) Urinary glucose excretion for each group of db/db mice at 8 and 20 weeks-of-age. (g) Food intake for each group of
db/db mice at 8 and 20 weeks-of-age. G1, group 1; G2, group 2; G3, group 3; G4, group 4. All quantitative data are the mean + standard error of
the mean for (a—d) 8-10 and (e—g) four mice of each group. *P < 005, **P < 001.
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Figure 2 | Continued.
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Administration of Dapagliflozin to Mice
Type 2 diabetes db/db mice were classified into the following
four groups, and the SGLT?2 inhibitor dapagliflozin and saline
were administered accordingly: group 1, saline was adminis-
tered from 9 to 20 weeks-of-age; group 2, 1 mg/kg dapagliflo-
zin was administered orally from 9 to 14 weeks-of-age, and
saline was administered from 15 to 20 weeks-of-age; group 3,
saline was administered from 9 to 14 weeks-of-age and 1 mg/
kg dapagliflozin was administered orally from 15 to 20 weeks-
of-age; and group 4, 1 mg/kg dapagliflozin was administered
orally from 9 to 20 weeks-of-age. Fed blood glucose level, fed
serum insulin value and bodyweight were measured from
8 weeks-of-age at an interval of 2 weeks.

Pancreatic B-cell mass measurement and microarray analysis
of isolated pancreatic islets were carried out at 20 weeks-of-age

(Figure 1). Experiments were also carried out on four groups of
db/m mice as the control.

All db/db mice groups were administered 1 mg/kg dapagliflo-
zin orally for 6 weeks from 21 weeks-of-age for further analysis.

Immunostaining and Morphometric Analysis

The pancreas was immersed in Bouin’s solution, embedded in
paraffin and sectioned at a thickness of 45 pm. The sections
were stained with antibodies to insulin and glucagon (Agilent
Technologies, Santa Clara, CA, USA). Immune complexes were
detected with secondary antibodies conjugated with either cya-
nine 3 or fluorescein isothiocyanate (Jackson ImmunoResearch
Laboratories, West Grove, PA, USA). Quantitation of a-cell and
B-cell mass was described previously'*'*. For terminal deoxynu-
cleotidyl transferase dUTP nick end labeling (TUNEL) staining,
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Figure 3 | Immunostaining of db/db mice and db/m mice divided according to the duration and timing of dapagliflozin administration. (@) The -
cell area was determined as the ratio of the area positive for insulin immunostaining to the total pancreatic area in sections from 20-week-old db/
db and db/m mice. (b) Immunostaining of pancreatic sections from 20-week-old db/db and db/m mice with antibodies to insulin (red) and
glucagon (green). Scale bars, 100 pm. (c) The o-cell area was determined as the ratio of the area positive for glucagon immunostaining to the
insulin and glucagon-positive area in sections from 20-week-old db/db mice. (d) The islet area was determined as the ratio of the area positive for
chromogranin A immunostaining to the total pancreatic area in sections from 20-week-old (20w) db/db mice. (e) Ratio of Ki67-positive cells in
insulin-positive cells observed in 20-week-old db/db mice from each group. (f) Ratio of terminal deoxynucleotidy! transferase dUTP nick end
labeling (TUNEL)-positive cells in insulin-positive cells observed in 20-week-old db/db mice from each group. G1, group 1; G2, group 2; G3, group 3;
G4, group 4. All quantitative data are the mean * standard error of the mean for (a, ) four mice of each group. *P < 005, **P < 001.

© 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd J Diabetes Investig Vol. 10 No. 3 May 2019 581



ORIGINAL ARTICLE

Kanno et al. http://onlinelibrary.wiley.com/journal/jdi

(a)

*% * *

350 ¥ r . (b) 3000 =

300
250
200 [
150
100

50

2500 I
2000
1500
1000

500

Blood glucose levels (mg/dL)
Serum insulin levels (pg/mL)

G1 G2 G3 G4 G1 G2 G3 G4
db/db db/db

=
g

0.3 4

*¥

—_
n
-

25 — —

0.25 4

0.2 { 2%

0.1 1

0.5
0.05 4

Pancreatic beta cell area (%)
Pancreatic alpha cell area (%)
o
G

¥

G1 G2 G3 G4 0

G1 G2 G3 G4
db/db db/db

26 week 26 week

X% *

0.5 1 I 1
045 4
0.4 1
0.35 4
0.3 1
0.25 4
0.2 1
0.15 4
0.1 1
0.05 4

0 g
G1 G2 G3 G4 0 G1 G2 G3 G4

db/db db/db
26 week

—_
0

=
_
o)
=

*%

30 ' o

25

X%

2.0 1

Endocrine cell area (%)
&
Ki67 positive cells (/islet)

—
Q
=3

[}

0.8

06

04

TUNEL positive cells (/islet)

0.2

G1 G2 G3 G4

582 J Diabetes Investig Vol. 10 No. 3 May 2019 © 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



http://onlinelibrary.wiley.com/journal/jdi

ORIGINAL ARTICLE
Dapagliflozin preserves p-cell mass

Figure 4 | Longitudinal effect of early or late dapagliflozin administration on db/db mice. (a) Blood glucose levels and (b) serum insulin levels in
the fed state for each group of db/db mice at 26 weeks-of-age. () Pancreatic B-cell area in each group of db/db mice at 26 weeks-of-age. (d) The
a-cell area was determined as the ratio of the area positive for glucagon immunostaining to the insulin and glucagon-positive area in sections
from 26-week-old (w) db/db mice. (e) The islet area was determined as the ratio of the area positive for chromogranin A immunostaining to the
total pancreatic area in sections from 26-week-old db/db mice. (f) Ratio of Ki67-positive cells in insulin-positive cells observed in 26-week-old db/db
mice from each group. (g) Ratio of terminal deoxynucleotidy! transferase dUTP nick end labeling (TUNEL)-positive cells in insulin-positive cells
observed in 26-week-old db/db mice from each group. G1, group 1; G2, group 2; G3, group 3; G4, group 4. All quantitative data are the

mean * standard error of the mean for four mice of each group. *P < 005, **P < 0.01.

pancreas sections were labeled with an Apoptosis in situ Detec-
tion Kit (Wako, Osaka, Japan). For Ki67 staining, pancreas sec-
tions were incubated with an anti-Ki67 antibody (Abcam,
Cambridge, UK) and a secondary antibody conjugated to cya-
nine 3 staining. For anterior gradient 2 (AGR2), trefoil factor 2
(TFF2) and gastrokine 3 (GKN3) staining, pancreas sections
were incubated with an anti-AGR2 antibody (Proteintech, Chi-
cago, IL, USA), anti-TFF2 antibody (Proteintech) or anti-GKN3
antibody (Cloud-Clone Corp., Katy, TX, USA), respectively, and
a secondary antibody conjugated to cyanine 3 staining,

Ribonucleic Acid Isolation from Isolated Pancreatic Islets

Islets were isolated from four db/db and four db/m mice as
described previously'®. Total ribonucleic acid was extracted and
purified using an RNeasy Mini Kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. Ribonucleic acid
quantity and quality were determined using a NanoDrop One
Spectrophotometer (Thermo Fisher Scientific, Inc., Waltham,
MA, USA) and an Agilent Bioanalyzer (Agilent Technologies),
as recommended'”. Combined samples were used for microar-
ray analysis.

Analysis of Microarray Data

The intensity values of each scanned feature were quantified
using Agilent feature extraction software version 11.5.1.1 (Agi-
lent Technologies), Agilent GeneSpring software version 14.8
(Agilent Technologies), which carries out background subtrac-
tions. We only used features that were flagged as no errors
(Detected Flags), and excluded features that were not positive,
not significant, not uniform, not above background, saturated
and population outliers (Not Detected and Compromised
Flags). Normalization was carried out using Agilent GeneSpring
software version 14.8 (per chip: normalization to 75th per-
centile shift).

Statistical Analysis

Data are presented as the mean + standard error of the mean,
and were compared by analysis of variance followed by two-
tailed Student’s t-tests. A P-value <0.05 was considered statisti-
cally significant.

RESULTS

Early Administration of Dapagliflozin Maintains Blood Glucose
Improvement Even After Medication is Discontinued

The bodyweight of mice administered dapagliflozin from
9 weeks-of-age, groups 2 and 4, was significantly decreased at

10 weeks-of-age. However, at 20 weeks-of-age, they showed a
remarkable increase in bodyweight compared with group 1
mice (Figure 2a). Ad libitum blood glucose levels were approxi-
mately 350 mg/dL in all groups of mice before 9 weeks-of-age,
when dapagliflozin administration was started, and dapagliflozin
decreased blood glucose levels in group 2 and group 4 mice
<200 mg/dL after administration for 1 week. At 14 weeks-of-
age, the blood glucose levels in group 1 and group 3 mice
increased to approximately 600 mg/dL, but those in group 2
and group 4 mice were maintained at approximately 200 mg/
dL. After we switched the administration of saline to dapagliflo-
zin in group 3 mice at 15 weeks-of-age, their blood glucose
levels immediately became as low as those in group 4 mice. In
contrast, the blood glucose levels in group 2 mice elevated
rapidly after dapagliflozin administration was stopped, but they
were still significantly lower than those of group 1 mice (Fig-
ure 2b,c). No difference was seen in the blood glucose levels of
any group of db/m mice after dapagliflozin administration.
Serum insulin levels were not altered in any group of mice
before dapagliflozin administration. However, when we finished
dapagliflozin administration at 20 weeks-of-age, serum insulin
levels were significantly lower in group 1 mice than in the
other groups, and they were maintained at a higher level in
group 2, 3 and 4 mice, indicating that insulin secretion was
maintained in these groups of mice (Figure 2d). We also exam-
ined alterations of urine volume, urinary glucose excretion and
food intake. With respect to urine volume, there was no signifi-
cant difference among the groups at 8 weeks-of-age before
dapagliflozin treatment. In good agreement with previous find-
ings®, urine volume was significantly reduced with blood glu-
cose improvement at 20 weeks-of-age in group 4 mice
(Figure 2e). There was no significant difference in urinary glu-
cose excretion because of large individual differences (Fig-
ure 2f). Significant differences in food intake were not found at
both 8 and 20 weeks-of-age, in good agreement with previous
findings (Figure 2g)°.

The Longer the Dapagliflozin Administration, the More
Pancreatic f-Cell Mass is Retained

We next evaluated pancreatic B-cell mass in each group of
mice. Pancreatic B-cells in younger db/db mice are known show
compensatory hyperplasia in response to insulin resistance'’.
However, pancreatic B-cell mass in group 1 db/db mice was
almost as small as that in db/m mice at 20 weeks-of-age. In
contrast, pancreatic B-cell mass in group 4 mice was

© 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd
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maintained at almost threefold this level after 12 weeks-of-
dapagliflozin administration, indicating the beneficial effect of
dapagliflozin on pancreatic B-cells by reducing glucose toxicity.
Interestingly, pancreatic B-cell mass in group 2 and group 3
mice, which were administered dapagliflozin for just 6 weeks,
was significantly larger than that in group 1 mice (Figure 3a).
Notably, in group 2 mice, their significantly improved blood
glucose levels were considered to be due to the increase in pan-
creatic B-cell mass at 6 weeks after the termination of dapagli-
flozin administration (Figure 2c), suggesting that dapagliflozin
administration from an early stage is beneficial for maintaining
pancreatic -cell mass and blood glucose levels.

Observations on the morphology of the islets of mice in each
group showed increased pancreatic o-cell mass and collapsed
islet structures in addition to reduced pancreatic -cell mass in
group 1 db/db mice. Group 4 db/db mice were found to have
highly preserved islet structures, as well as preserved pancreatic
B-cell mass. In group 2 and group 3 db/db mice, islet structures
were preserved, but unlike group 4 db/db mice, some pancre-
atic o-cells were located in the center of the islets (Figure 3b).
Quantitation of pancreatic o-cell mass at 20 weeks-of-age
showed that the o-cell areas were significantly smaller in
groups 2, 3 and 4 db/db mice compared with group 1 db/db
mice (Figure 3c). To elucidate islet volume in the pancreas, we
carried out chromogranin A staining of pancreatic islets. Pan-
creatic islets were found to be largest in group 4 mice (Fig-
ure 3d).

To elucidate the effects of dapagliflozin on pancreatic -cell
proliferation and apoptosis, we carried out Ki67 and TUNEL
staining of insulin-positive cells, respectively. Ki67 staining
showed that B-cell proliferation at 20 weeks-of-age was highest
in group 4, whereas it was lowest in group 1 (Figure 3e). Con-
versely, TUNEL staining showed that the number of TUNEL-
positive B-cells was highest in group 1, and it was lowest in

group 4 (Figure 3f).

Early Administration of Dapagliflozin has a Positive Effect on
the Retention of Pancreatic p-Cell Mass

Although it was evident that the duration and timing of dapa-
gliflozin administration had an effect on pancreatic 3-cell mass,
it was difficult to compare the four groups for the longitudinal
effect of dapagliflozin administration. Therefore, we adminis-
tered dapagliflozin for an additional 6 weeks to the four groups
of mice, measured their blood glucose levels, serum insulin
levels, and pancreatic a-cell and B-cell mass at 26 weeks-of-age.
We found that blood glucose levels were highest in group 1
mice, and improved the most in group 4 mice. Interestingly,
compared with the blood glucose levels in group 3 mice, those
of group 2 mice showed a notable improvement (Figure 4a).
Serum insulin levels were prominently elevated in group 2
mice, which were considered to contribute to the improvement
in blood glucose levels (Figure 4b). Quantitative measurement
showed that pancreatic a-cell mass was the largest in group 1
mice, whereas it was the smallest in group 4 mice (Figure 4c).

http://onlinelibrary.wiley.com/journal/jdi

In contrast, the smallest pancreatic B-cell mass was found in
group 1 mice, whereas the largest was in group 4 mice. It was
notable that pancreatic B-cell mass in group 2 mice tended to
be increased compared with group 3 mice (Figure 4d). Similar
to pancreatic PB-cell mass, pancreatic islets in group 2 mice
tended to be increased compared with those in group 3 mice
(Figure 4e). Ki67 staining at 26 weeks-of-age also showed that
pancreatic B-cell proliferation tended to be increased in group 2
mice compared with group 3 mice (Figure 4f). In TUNEL
staining, the smallest number of TUNEL-positive cells was
found in group 4 mice, and the number of TUNEL-positive
cells tended to be lower in group 2 mice compared with
group 3 mice (Figure 4g). Reducing glucose toxicity from
20 weeks-of-age was more effective in group 2 than in group 3
for the retention of pancreatic -cell mass, indicating that the
early administration of dapagliflozin could have a positive effect
on later treatment.

Increased Expression of Agr2, Tff2 and Gkn3 in Pancreatic
Islets After the Early Administration of Dapagliflozin

To elucidate the molecular mechanisms underlying these phe-
notypic differences, we carried out microarray analysis using
pancreatic islets from the four groups of mice at 20 weeks-
of-age. We extracted genes whose expression was more than
doubled. As a result, in group 2 mice, 209 genes were upregu-
lated and 1,826 genes were downregulated; in group 3 mice,
237 genes were upregulated and 3,015 genes were downregu-
lated; and in group 4 mice, 203 genes were upregulated and
547 genes were downregulated.

One of the most significant findings in the present study was
that the early administration of the SGLT?2 inhibitor, dapagliflo-
zin, was exceedingly effective at maintaining pancreatic B-cell
mass. Thus, the earlier administration of an SGLT2 inhibitor
might be able to maintain pancreatic B-cell mass over time
even though the mice were administered the drug for the same
length of time. To verify this hypothesis, we tried to identify
similarities between group 2 and group 4 mice, both of which
were administered dapagliflozin from 9 weeks-of-age, and eluci-
date their differences from group 3 mice, which were adminis-
tered dapagliflozin from 15 weeks-of-age. From the microarray
analysis, we searched for genes whose expression was more
than doubled in both group 2 and group 4 mice, and extracted
nine candidate genes (Table 1). The number of extracted genes
was unexpectedly small. We believe that this was because of
the differences in gene expression influenced by the differences
in blood glucose levels between group 2 and group 4 mice, as
blood glucose levels in group 3 and group 4 mice were approx-
imately 250 mg/dL, whereas they were as high as 582 mg/dL
in group 2 mice. This means that there is a high possibility that
the nine extracted genes that were commonly upregulated in
group 2 and group 4 mice are related to the early administra-
tion of dapagliflozin.

From these nine genes, we searched for genes that were not
upregulated in group 3 mice, and extracted three genes: Agr2,

584 J Diabetes Investig Vol. 10 No. 3 May 2019

© 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



w
-
v
-
(-4
<
-l
<
4
[U)
-5
o

w
7]
(]
£

]
[v]

&
4
e
Q
0
e
[-%

=
8

&

Fy
o
(]

(=}

I/jdi

brary.wiley.com/journa

://onlinel

http:

dn £/98090 198YTS L dn LUl a1z dn 9609101 9195k207 uled uup  8T6/ved LSV
7 9U3b pareposse
an  60S5/7T 7£9195°G an €51 687 dn  88zrIs0l  80EI9LLT SISeISeIS| Zbowy 8091154 ISV
an 615061 Y8EVL'E an 0l €0¢ dn plyele0l  8909LELT  LSOWL 2usb paipald  [SOFIWD  L9SKOLd 99V
D) ssepp
‘SISaLUASOIq
Joydue uedA|b
dn  €zossst L 1829/9 dn 671 08¢ dn g/leverl  T0£9ESkT [ousouApneydsoyd bbid  695/Cld ¢SV
an  LgstLLL 8r/091°C dan /8] S9°¢ dn  6v19S1  €585156¢ ¢ ulfedodr Zu7 95101547 LSV
4 Uw>:mblpm_m_
dn  881991C 65£8811 dn 9ze SS6 dn  ¥59¢9¢0¢ 6€/01 Bupelousbay 7bay  6¥SEEEd 1SV
umog  9¢5850— 879990 an VAS 80°€l an  90zsole 6090/6'8 ¢ auponsen cUYD  00//9¢d 1SV
(1 u0id
JnAjowseds)
umodg  7/S90' |- YELLIYO an 8CE S/6 dn  zessl/Te €016596 ¢ 10108} [10fo1]. YL T0908Fd LSV
umog  §/7ec0— 8769580 dn [T 344 dn  679r195¢€ 61190811 ¢ usIpelb Jousiuy by zzie0ed LSV
([L7gpgp]  ([Lgpgp] ([Lgpqp] ([Lgpqp]
SA SA ([Lapgp] SA ([Lgpgp] ([17apap]  ([L7apap] sA SA ([1gpap]
[€apap))  [€ dpap)) sA- [Zapap)) SA SA v apap)) [ gpap) SA [oquuAs
uonenbay D4 607 [£7gpgp]) D4 uonenbay  [Zapqgp]) D4 o1 [ggpapl) D4 uopeinbay D4 607 [ gpapl) O auleu au dUdDH  Alleu 7ol

sisjeue Aedeoniw Ul 20w | dnoib yum pasedwod 201w  dnoib pue 7 dnoib jo s19jst dneanued syi Ul Lo paleinbaidn s1ss auso) | | ajqeL

585

J Diabetes Investig Vol. 10 No. 3 May 2019

© 2018 The Authors. Journal of Diabetes Investigation published by AASD and John Wiley & Sons Australia, Ltd



ORIGINAL ARTICLE

Kanno et al. http://onlinelibrary.wiley.com/journal/jdi

(a) Agr2 Tff2 Gkn3
600 2,500 2,500
500 2,000 2,000
400
1,500 1,500
300
1,000 1,000
200
100 I 500 500
O .I O Ew O
Gl G2 G3 G4 Gl G2 G3 4 Gl G2 G3 G4
green: insulin
(b) red: AGR2
8 week
AGR2
100 um SRS 100 um
—— — i
green: insulin
red: TFF2
TFF2
100 um 100 um
green: insulin
red: GKN3
GKN3

100 pm 100 um

Figure 5 | Agr2, Tff2 and Gkn3 expression levels of each group of db/db mice administered dapagliflozin. (a) Microarray analysis for Agr2, Tf2 and
Gkn3 expression levels in each group of db/db mice. (b,c) Immunostaining for anterior gradient 2 (AGR2; red), trefoil factor 2 (TFF2; red) and
gastrokine 3 (GKN3; red) and insulin (green) in each group of db/db mice at (b) 8 and (c) 26 weeks-of-age (w). (d) Immunostaining for AGR2, TFF2
and GKN3 (red) and insulin (green) in group 1 db/db mice at 26 weeks-of-age. (e) Immunostaining for AGR2, TFF2 and GKN3 (red) and glucagon
(green) in group 1 db/db mice at 26 weeks-of-age. G1, group 1; G2, group 2; G3, group 3; G4, group 4.
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Tff2 and Gkn3 (Figure 5a). It was previously reported that AGR2
is induced by endoplasmic reticulum (ER) stress and is involved
in cell proliferation'®'®. We believe that the other two genes are
more important in relation to the effect of early dapagliflozin
administration. TFF2 has been reported to positively regulate
pancreatic B-cell growth®. GKN3 has been reported to be coex-
pressed and interact with TFF2 in stomach mucosal cells for cell
proliferation®'. Furthermore, it is noteworthy that T2 and Gkn3

were significantly upregulated in group 2 and group 4 mice. The
upregulated expression of these three genes in the islets at
20 weeks-of-age is considered to have contributed to the increase
in pancreatic [3-cell mass at 26 weeks-of-age.

Immunostaining for AGR2, TFF2 and GKN3 in pancreatic
islets of each group of db/db mice at 8 weeks-of-age showed
they were not expressed before dapagliflozin treatment (Fig-
ure 5b). After treatment, their expression was increased in
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pancreatic B-cells, especially those of group 2 and group 4 db/
db mice at 26 weeks-of-age (Figure 5c). Their expression was
found mainly in pancreatic B-cells and partly in pancreatic o-
cells (Figure 5de).

DISCUSSION

The percentage of type 2 diabetes mellitus patients who are
prescribed SGLT2 inhibitors is increasing rapidly due to their
positive effect on macrovascular complications, which became
apparent in the EMPA-REG OUTCOME and CANVAS tri-
als'"”. SGLT2 inhibitors also have other favorable effects, such
as blood pressure reduction, weight loss and lower risk of
hypoglycemia. They are expected to play important roles in the
treatment of diabetes, and their effects on pancreatic B-cell pro-
tection should be appraised thoroughly to evaluate their longi-
tudinal glucose-lowering effects. It has already been shown that
SGLT2 inhibitors improve insulin secretion in patients with
type 2 diabetes mellitus and they restore pancreatic B-cell mass
in animal models of diabetes®*. The reduction of glucose toxi-
city is considered to be an important mechanism for their
effect. However, there have been no reports analyzing the pre-
cise duration and timing for the administration of SGLT?2 inhi-
bitors to preserve pancreatic B-cells. We can easily presume
that the early start of treatment for diabetes provides organ
protection and the duration of treatment definitely influences
its effectiveness, so study participants can be divided into two
groups whose durations are the same, but were started at
different times, namely, “early administration” and “late
administration.”

Recently, Takahashi et al*> administered the SGLT?2 inhibi-
tor luseogliflozin to 6-, 10-, 14- and 24-week-old db/db mice
for 4 weeks, and found that Mafa and PdxI expression levels
were increased, and the increased proliferation and suppressed
apoptosis of pancreatic B-cells were more evident in mice that
were administered the drug earlier. These results support the
present findings and are of great importance, because they
showed that SGLT2 inhibitors protect pancreatic B-cells more
effectively when administered at the early phase. However, it
was not investigated whether such an effect of early administra-
tion persisted over time. Thus, in the present study, we investi-
gated the long-term effect of the administration of SGLT2
inhibitors.

In the present study, we administered the SGLT?2 inhibitor,
dapagliflozin, to a representative mouse model of type 2 dia-
betes mellitus, db/db mice, and investigated its effects on pan-
creatic P-cell mass. For 12 weeks from 9 weeks-of-age, we
administered dapagliflozin for the first 6 weeks to group 2
mice, the last 6 weeks to group 3 mice and the entire period to
group 4 mice, and compared their pancreatic B-cell mass with
those in group 1 mice, which were administered saline. As a
result, in group 4 mice, pancreatic B-cell mass was threefold
higher than that of group 1 mice. In group 3 mice, pancreatic
fB-cell mass was 1.6-fold as high as that of group 1 mice. Inter-
estingly, in group 2 mice, pancreatic PB-cell mass was almost

http://onlinelibrary.wiley.com/journal/jdi

the same as that in group 3 mice. These results showed that
the earlier administration of dapagliflozin had an impact on
pancreatic B-cell proliferation, apoptosis and transdifferentia-
tion.

From these results, it is evident that pancreatic f-cells were
prominently preserved by the early start of dapagliflozin admin-
istration, as expected. In contrast, when dapagliflozin was
started earlier and discontinued, a certain level of effect
remained. As the pancreatic B-cell mass of group 2 mice was
the same as that of group 3 mice at 20 weeks-of-age, we subse-
quently bred two groups of mice in the same condition and
investigated the differences that developed between the groups.
As a result, we discovered a greater improvement in insulin
secretion, blood glucose levels and pancreatic B-cell mass in
group 2 mice.

In recent studies, the fact that dedifferentiation plays an
important role in the regulation of pancreatic B-cell mass has
drawn attention. Pancreatic endocrine cells are considered to be
associated with a high degree of plasticity, and stresses, such as
glucose toxicity, greatly affect their plasticity”**. It has been
reported that environmental stresses, such as hyperglycemia
and undernutrition, influence epigenetic modifications, and
affect pancreatic B-cell mass and function®® *®, From the pre-
sent results, in group 2 mice, which were administered dapagli-
flozin for 6 weeks from 9 weeks-of-age, pancreatic -cell mass
was increased by the reduction of glucose toxicity at a younger
age when plasticity is high. As a legacy effect of the early
administration of SGLT?2 inhibitors was shown to be important,
we carried out microarray analysis to determine the changes in
gene expression that contributed to this effect. After we ana-
lyzed pancreatic islets from all groups of mice at 20 weeks-of-
age, we examined the genes that were commonly upregulated
in group 2 and group 4 mice, which were administered dapa-
gliflozin from 9 weeks-of-age, and extracted nine genes. The
number of extracted genes was unexpectedly small, which
might be because the blood glucose levels in both groups of
mice at 20 weeks-of-age were considerably different. Further-
more, to identify genes that were important for early adminis-
tration from those involved in late administration, out of the
nine genes, we searched for genes that were not upregulated in
group 3 mice, and extracted just three genes, namely, Agr2,
T2 and Gkn3.

AGR2 is a member of the disulfide isomerase family that is
reported to be induced by ER stress'®. Higa et al." reported
that AGR2 expression was partly regulated by IREla in HepG2
cells. It is considered to play a role in regulating the unfolded
protein response, and alleviates ER stress through the activity
of ATF6 and XBP1'. Research groups, including ours, have
reported that pancreatic B-cells in diabetes conditions are
exposed to an enormous level of ER stress, leading to pancre-
atic B-cell failure®>. Therefore, it is important that pancreatic
[-cells are resistant to ER stress for their protection. The main-
tained pancreatic B-cell mass in group 2 and group 4 db/db
mice might be attributed to the increased expression of the ER
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stress-resistant protein, AGR2, after the early administration of
dapagliflozin.

TFF2 is a peptide secreted from the gastrointestinal tract and
is dominantly expressed on the surface epithelium of the gas-
trointestinal tract”. Tu et al.>® reported that gastrin regulated
TFF2 transcription through PKC-, MEK1- and PI3K-dependent
pathways. It has also been reported to be expressed in pancre-
atic B-cells, and its messenger ribonucleic acid expression levels
in the normal state are very low. However, it has been reported
that the forced expression of TFF2 in pancreatic islets or pan-
creatic P-cells upregulates cell proliferation®. Orime et al.
showed that TFF2 enhances pancreatic B-cell proliferation
through CX-chemokine receptor 4-mediated extracellular sig-
nal-regulated kinase 1/2 phosphorylation. Together with the
present data, these observations suggest that the early reduction
of glucose toxicity might upregulate TFF2 expression in pancre-
atic B-cells, which could lead to the retention of pancreatic B-
cell mass through an autocrine mechanism.

GKN3 is a gastrokine that is expressed specifically in the
stomach, but its function is obscure. GKN3 expression has been
found to be upregulated in gastric antral tumorigenesis and
Japanese encephalitis virus-infected brain tissues®”. It was
reported that GKN2 forms heterodimers with TFF1 in stomach
mucosal cells and regulates the extracellular function of TFFs™*,
GKN3 was also shown to colocalize with TFF2*'. It is interest-
ing that both GKN3 and TFF2 expression was upregulated in
group 2 and group 4 mice in our microarray data. However,
the underlying mechanism has not been identified yet, and fur-
ther study is require.

In the present study, we showed that the early administration
of dapagliflozin generated highly protective effects on pancreatic
B-cells through a “legacy effect.” SGLT2 inhibitors might
become the first-choice drug for the treatment of diabetes not
only because they have beneficial effects on the cardiovascular
system, but also because they are expected to exert protective
effects on pancreatic p-cells.
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