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Abstract

Aims/hypothesis Sodium—glucose cotransporter 2 (SGLT2) inhibitors, which prevent the renal reabsorption of glucose, decrease
blood glucose levels in an insulin-independent manner. We previously reported creating a mouse model of systemic inhibition of
target receptors for both insulin and IGF-1 by treating animals with OSI-906, a dual insulin/IGF-1 receptor inhibitor, for 7 days.
The OSI-906-treated mice exhibited an increased beta cell mass, hepatic steatosis and adipose tissue atrophy, accompanied by
hyperglycaemia and hyperinsulinaemia. In the present study, we investigated the effects of an SGLT2 inhibitor, luseogliflozin, on
these changes in OSI-906-treated mice.

Methods We treated C57BL/6J male mice either with vehicle, luseogliflozin, OSI-906 or OSI-906 plus luseogliflozin for 7 days,
and phenotyping was performed to determine beta cell mass and proliferation. Subsequently, we tested whether serum-derived
factors have an effect on beta cell proliferation in genetically engineered beta cells, mouse islets or human islets.

Results SGLT2 inhibition with luseogliflozin significantly ameliorated hyperglycaemia, but not hyperinsulinaemia, in the OSI-
906-treated mice. Liver steatosis and adipose tissue atrophy induced by OSI-906 were not altered by treatment with
luseogliflozin. Beta cell mass and proliferation were further increased by SGLT2 inhibition with luseogliflozin in the OSI-
906-treated mice. Luseogliflozin upregulated gene expression related to the forkhead box M1 (FoxM1)/polo-like kinase 1
(PLK1)/centromere protein A (CENP-A) pathway in the islets of OSI-906-treated mice. The increase in beta cell proliferation
was recapitulated in a co-culture of /r:s2 knockout and Ins#/IR knockout (BIRKO) beta cells with serum from both luseogliflozin-
and OSI-906-treated mice, but not after SGLT2 inhibition in beta cells. Circulating factors in both luseogliflozin- and OSI-906-
treated mice promoted beta cell proliferation in both mouse islets and cadaveric human islets.

Conclusions/interpretation These results suggest that luseogliflozin can increase beta cell proliferation through the activation of
the FoxM1/PLK1/CENP-A pathway via humoral factors that act in an insulin/IGF-1 receptor-independent manner.

Keywords Beta cell proliferation - Fox M1 - IGF-1 receptor - Insulin receptor - SGLT?2 inhibitor

Jun Shirakawa and Kazuki Tajima contributed equally to this work.

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s00125-019-05071-w) contains peer-reviewed but
unedited supplementary material, which is available to authorised users.

P4 Jun Shirakawa 2 TIslet Cell and Regenerative Biology, Joslin Diabetes Center,
jshira-tky @umin.ac.jp Department of Medicine, Brigham and Women’s Hospital, Harvard
Stem Cell Institute, Harvard Medical School, Boston, MA, USA

1 Clinical Islet Laboratory and Clinical Islet Transplant Program,

Department of Endocrinology and Metabolism, Graduate School of e
University of Alberta, Edmonton, AB, Canada

Medicine, Yokohama City University, 3-9 Fukuura, Kanazawa-ku,
Yokohama 236-0004, Japan

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-019-05071-w&domain=pdf
http://orcid.org/0000-0002-0822-8750
https://doi.org/10.1007/s00125-019-05071-w
mailto:jshira-tky@umin.ac.jp

578

Diabetologia (2020) 63:577-587

What is already known about this subject?

e Systemic insulin and IGF-1 receptor antagonism induces compensatory beta cell proliferation

e  The FoxM1/PLK1/CENP-A pathway mediates adaptive beta cell proliferation

e Luseogliflozin, an SGLT2 inhibitor, protects beta cell mass and function in diabetic mouse models

What is the key question?

e Does treatment with luseogliflozin modulate the beta cell proliferation that occurs when insulin and IGF-1

receptors are inhibited?

What are the new findings?

e  Luseogliflozin significantly increased beta cell proliferation in mice treated with a dual insulin/IGF-1 receptor

inhibitor

e Luseogliflozin enhanced the FoxM1/PLK1/CENP-A pathway to increase beta cell proliferation

e Serum humoral factors from luseogliflozin-treated mice promote beta cell proliferation in both mouse and human

islets

How might this impact on clinical practice in the foreseeable future?

e These results provide an impetus for exploring the potential use of circulating factors induced by SGLT2 inhibitors

to enhance beta cell mass in diabetes

Abbreviations

BIRKO  Beta cell-specific Insr knockout

CENP-A  Centromere protein A

EdU 5-Ethynyl-2-deoxyuridine

FoxM1 Forkhead box M1

IGFIR IGF-1 receptor

IR Insulin receptor

IRS1KO  Irsl knockout

IRS2KO  Irs2 knockout

Luse Luseogliflozin (experimental group)

mTOR Mammalian target of rapamycin

MTT 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide

PLK1 Polo-like kinase 1

SGLT2  Sodium-glucose cotransporter 2

Introduction

Growth factor signalling mediated by activating the insulin
receptor (IR) and the IGF-1 receptor (IGF1R) contributes to
cell growth, survival and ageing and is involved in the patho-
genesis of cancer and metabolic diseases such as diabetes [1,
2]. IR/IGF1R signalling plays a crucial role in the adaptive
beta cell proliferation observed in chronic insulin resistance
models [3, 4]. The forkhead box M1 (FoxM1)/polo-like
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kinase 1 (PLK1)/centromere protein A (CENP-A) pathway
plays a central role in compensatory beta cell proliferation in
response to various metabolic demands including ageing,
pregnancy, high-fat diet-induced obesity, acute insulin resis-
tance induced by S961, or neuronal regulation [5, 6]. OSI-906
(linsitinib) is an orally bioavailable dual IR/IGF1R inhibitor
[7]. We previously reported that beta cell mass and beta cell
proliferation were significantly upregulated after daily admin-
istration of OSI-906 for 1 week in mice [8]. Lipodystrophy
and liver steatosis were also observed after the administration
of OSI-906 for 7 days in mice [9]. Recently, we also reported
that the increase in beta cell proliferation seemed to be medi-
ated by cyclin A2/B1/B2, but not by cyclin D1/D2 [9]. Since
OSI-906 completely blunts the insulin/IGF1 pathway in beta
cells [10], OSI-906-treated mice might serve as a good model
for exploring signalling pathways that act independently of
IR/IGF1R signalling and are involved in beta cell
compensation.

Sodium—glucose cotransporter 2 (SGLT2) inhibitors lower
blood glucose levels by inhibiting the reabsorption of glucose
from urine in the proximal renal tubules [11]. SGLT2 inhibi-
tors trigger multiple mechanisms that could protect against
renal or cardiovascular diseases beyond glucose-lowering
effects [12]. These mechanisms have been shown to preserve
beta cell mass and function in rodent models [13—16] and to
directly or indirectly improve beta cell function in individuals
with type 2 diabetes [17]. Luseogliflozin is a selective potent
SGLT?2 inhibitor [18] and recent studies have shown that it
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preserves beta cell mass in obese diabetic db/db mice by
enhancing beta cell proliferation or survival [19]. However,
the effects of SGLT2 inhibition on beta cell homeostasis
remain unclear. In the present study, we investigated the
effects of luseogliflozin on the regulation of pancreatic beta
cell mass in OSI-906 treated mice.

Methods

Animals and animal care C57BL/6J male mice (CLEA Japan,
Tokyo, Japan) aged 8 weeks old were fed standard chow
(Oriental Yeast, Tokyo, Japan) and allowed free access to food
and water at room temperature (25°C) under a 12 h light/dark
cycle. This study was conducted after the approval of the
Yokohama City University Institutional Animal Care and
Use Committee (IACUC) (Permit Number: F-A-14-041) and
in accordance with the guidelines of the Animal Care
Committee of Yokohama City University.

Drug treatments OSI-906 (linsitinib, #HY-10191) was
purchased from MedChem Express (Monmouth Junction,
NJ, USA). Luseogliflozin was provided by Taisho
Pharmaceutical Co (Tokyo, Japan). The 8-week-old mice
were given 10 pl/g weight of either the vehicle (30% [wt/
vol.] Solutol HS-15; BASF, Ludwigshafen am Rhein,
Germany) or OSI-906 (45 mg/kg) by gavage for 7 days, as
previously described [9], 30 min after the oral administration
of 10 ul/g weight of either water or luseogliflozin (10 mg/kg/
daily, oral gavage) for 7 days between 08:00 and 09:00 hours.

Measurements of biochemical variables Serum insulin,
NEFA, total cholesterol and triacylglycerol levels were
assayed as previously described [9]. Samples were collected
4 h after the last OSI-906 administration on day 7. Serum
insulin levels were also assayed at 8 or 24 h after a single
administration of OSI-906 (45 mg/kg). Blood glucose levels
were checked using Glutest Neo Super (Sanwa Chemical Co.,
Tokyo, Japan) just before and 4 h after the administration of
OSI-906 or vehicle.

Immunoblots The liver was collected at 8 or 24 h after admin-
istration of OSI-906 (45 mg/kg). The proteins in tissue
samples were extracted using T-PER Tissue Protein
Extraction Reagent (with proteases and phosphatase inhibi-
tors) (Thermo Scientific, Waltham, MA, USA). The extracts
were then subjected to immunoblotting with antibodies to p-
IRB-IGFIRB (Tyrl1150/1151, Tyr1135/1136) (#3024,
1/1000), IR (#3015, 1/1000), p-Akt (Serd73) (#9271,
1/1000) and Akt (#9272, 1/1000) (all from Cell Signaling
Technology, Danvers, MA, USA). Densitometry was
performed using ImagelJ software (https://imagej.nih.gov/ij/).

Histological analysis Mice were injected intraperitoneally with
BrdU (100 mg/kg; Nacalai Tesque, Kyoto, Japan); 5 h later,
the pancreases were harvested for histological analyses. The
dissected pancreases were processed and immunostained with
antibodies to insulin (Santa Cruz, TX, USA) and BrdU (Dako,
Tokyo, Japan). The beta cell mass and number of BrdU-
positive cells were analysed as described previously [20].
All the images were acquired using a BZ-9000 microscope
(Keyence, Osaka, Japan) or a FluoView FV1000-D confocal
laser scanning microscope (Olympus, Tokyo, Japan). The per
cent area of the pancreatic tissue occupied by beta cells was
calculated using BIOREVO software (Keyence). In the BrdU
immunostaining experiment, approximately 50 islets were
analysed using WinROOF software (Mitani, Tokyo, Japan)
to assess the proportion of immunostained nuclei among the
insulin-positive cells in each mouse. Liver and adipose tissue
samples were formalin-fixed, embedded in paraftin, sectioned
and stained with haematoxylin and eosin. The white adipocyte
areas were measured for 1000 or more cells per mouse in each
of the groups using BIOREVO software.

RNA isolation and quantitative RT-PCR Islets were isolated
from 8-week-old wild-type C57BL/6J male mice using the
intraductal collagenase technique [21]. Isolated islets were
handpicked and the total RNA was extracted using RNeasy
Mini Kit (Qiagen, Germantown, MD, USA). One milligram
of RNA was reverse-transcribed using a High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems, Waltham,
MA, USA). Quantitative PCR was performed using an ABI
7900HT system with SYBR Green Supermix (Bio-Rad,
Hercules, CA, USA). 3-Actin and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH) were used as internal
controls. The primers described in electronic supplementary
material (ESM) Table 1 were used for amplification.

Cell and mouse islet cultures Beta cell lines from control, Irs/
knockout (IRS1KO), Irs2 knockout (IRS2KO), or beta cell-
specific Insr knockout (FIRKO) mice were generated as
described previously [22]. The cell lines were obtained from
mice with the original 129Sv/C57BI hybrid background,
which were bred with mice expressing the SV40 T antigen
(RIP1-Tag2) via the beta cell specific insulin promoter.
Mycoplasma contamination was not detected by 16S rRNA-
based mycoplasma group-specific PCR. The control, IRS1KO
or IRS2KO cells were used between passages 11 and 21,
while the BIRKO cells were used between passages 7 and
17. The cells were maintained in DMEM media containing
25 mmol/l glucose, supplemented with 10% FBS (vol./vol.).
The experiments were performed using 80-90% confluent
cells. The cells were treated with 200 nmol/l OSI-906 (IR/
IGF1R dual inhibitor, MedChem Express), 100 nmol/l
luseogliflozin (ICsy =2.26 nmol/l for SGLT2), or serum from
mice treated with vehicle (control), vehicle + luseogliflozin
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(Luse), OSI-906 or OSI-906 plus luseogliflozin (OSI-906+
Luse) (20% vol./vol.). Isolated islets were handpicked and
cultured in RPMI 1640 media containing 5.6 mmol/l or
11.1 mmol/l glucose and 20% serum from control, Luse-,
OSI-906- or OSI-906+Luse-treated mice. The sera were
obtained from mice at day 7 of treatment in each group.

Human islets Human islets were obtained from Clinical Islet
Laboratory and Clinical Islet Transplant Program of
University of Alberta or the Alberta Diabetes Institute Islet
Core of the University of Alberta. All studies and protocols
used were approved by Yokohama City University Ethics
Board (approval B171100025) and the Joslin Diabetes
Center’s Committee on Human Studies (approval CHS#5—
05). Details of human islets are described in the ESM
Human Islet Checklist. Human islets were handpicked and
cultured in Miami Media #1A (Cellgro, Mediatech,
Manassas, VA, USA). For the stimulation with serum, the
islets were cultured in Final Wash/Culture Medium (Cellgro)

containing 20% serum (vol./vol.) from control, Luse-, OSI-
906- or OSI-906+Luse-treated mice treated for 48 h in the
presence of 5-ethynyl-2-deoxyuridine (EdU). The sera were
collected from mice at day 7 of treatment. The islets were
embedded in agarose and used for immunostaining studies.

Analysis of cell proliferation For a modified 3-(4,5-dimethyl-
thiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay,
cells were plated in 96-well plates (10* cells in each well).
The cell number was determined using the CellTiter 96 Non-
Radioactive Cell Proliferation Assay (Promega, Madison, W1,
USA) according to the manufacturer’s instructions. For the
EdU incorporation assay, islets were treated with 10 umol/l
EdU (24 h for mouse islets and 48 h for human islets) and
stained with anti-insulin antibody (Abcam, Cambridge, MA,
USA, ab7842, x400) and the Click-iT Plus EdU Alexa Fluor
488 Imaging Kit (Thermo Fisher, Waltham, MA, USA).
TUNEL staining was performed using the ApopTag
Fluorescein In Situ Apoptosis Detection Kit (EMD

a b -O- Control T3 0S1-906 O Control [ 0SI-906
Day 1 Day 7 - Luse A 0SI-906+Luse B Luse O 0sl-906+Luse
@ @ 30 * 30
—_ _ 0 o —_
N e - 2, i
= £ 20 e 20
=) 5 5
" . o [0) [}
> > 10 > 10
) ) )
X ’ 5]
0SI1-906 0OSI-906 8 8 8
0OSI-906 + 15 0
luseogliflozin OSI-906+Luse 012346567 Day 3
Time (days)
c -O- Control -} OSI-906
40~ O Luse A OSI-906+Luse -
= o 150 — = [ Control
° @ akal @ Luse
€ ]
£ 5= [ osl-906
@ .8 100 [ 0S1-906+Luse
9 °
Q o X
< o=
= Q o
8 o0&
ke] =)
o <
0 .

d e f
2500

S 2000 5 =

£ 1500 € 2

£ 1000 < £

> ®

2 500 g et

Fig. 1 Luseogliflozin improved hyperglycaemia induced by OSI-906. (a)
Experimental protocol (n=6). (b) Body weight gain in the four groups
over 7 days of treatment, and shown in separate graphs on days 3 and 4;
data represent the mean = SEM. *p < 0.05, OSI-906+Luse vs control by
one-way ANOVA, followed by the Tukey—Kramer post hoc test (n=6
per group). (¢) Blood glucose levels over 7 days of treatment, with AUC
for blood glucose. Measurements were taken twice a day, just before and
4 h after the treatment; data represent the mean = SEM. **p <0.01, OSI-
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906 vs control, Luse and OSI-906+Luse groups, or as shown; T p<0.01,
OSI-906+Luse vs both control and Luse; 1p< 0.05, OSI-906+Luse vs
Luse; by one-way ANOVA, followed by the Tukey—Kramer post hoc test
(n=6 per group). (d) Serum insulin, (¢) NEFA, (f) triacylglycerol (TG)
and (g) total cholesterol (TChol) levels. (d-g) The measurements were
performed at day 7 of treatment. Data in (d—g) represent the mean + SEM.
*p <0.05, ¥*p<0.01 as shown, by one-way ANOVA, followed by the
Tukey—Kramer post hoc test (n =6 per group)
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Millipore, Temecula, CA, USA). The images were taken using
a FluoView FV1000-D confocal laser scanning microscope.
The proliferating beta cells were measured for 500 or more
insulin-positive islet cells per mouse, or 50 or more human
islets (containing more than 12,000 beta cells) per donor in
each of the groups. For TUNEL staining, at least 10,000 cells
per group were analysed.

Replicates and inclusion criteria For the animal study, two
independent cohort studies were performed. For experiments
using beta cells or mouse islets, more than three independent
experiments were conducted. For the human islets study, three
distinct samples for each donor were assessed. All the results
were taken from distinct samples. The outcomes were
substantiated by each repetition of experiments. The mice
with abnormality of teeth or human islets with less than 50%
viability were omitted from the study.

Fig. 2 Luseogliflozin augmented
beta cell proliferation in OSI-906-
treated mice. (a) Pancreas
sections, treated as indicated,
were immunostained for insulin
(brown; representative
micrograph shown) and used to
measure beta cell mass; scale bar,
300 pm (n = 6 per group). (b)
Pancreatic sections, treated as
indicated, were stained with
DAPI (blue), antibodies to insulin
(green) and BrdU (red)
(representative micrograph
shown) and used to calculate the
percentage of BrdU" beta cells in
the islets; white arrows indicate
BrdU-incorporating proliferating
beta cells; scale bar, 50 um (n=6
per group). (c-1) Relative mRNA
expression levels of Foxml (c),
Cenpa (d), Plkl (e), Ccnbl (f),
Cenb2 (), Cdkl (h), Survivin (i),
Irs2 (j), Cendl (k) and Cend?2 (1),
normalised to (3-actin and plotted
as fold change vs control, in the
islets (n = 6 per group). All data
represent the mean + SEM.

*p <0.05, **p < 0.01 as shown,
by one-way ANOVA, followed
by the Tukey—Kramer post hoc
test
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Statistical analyses All the data are expressed as the mean +
SEM and were tested for a normal distribution using
GraphPad Prism 8 (GraphPad Software, San Diego, CA,
USA, https://www.graphpad.com/scientific-software/prism/)
and SPSS software (IBM, Armonk, NY, USA, https://www.
ibm.com/analytics/spss-statistics-software). The statistical
significance of the differences was calculated using two-
tailed Student’s ¢ test or a one-way ANOVA followed by the
Tukey—Kramer post hoc test. Differences with p values of
<0.05 (*) or <0.01 (**) were considered significant.
Randomisation and blinding were not carried out.

Results

Luseogliflozin ameliorated hyperglycaemia induced by OSI-
906 In this study, we administered OSI-906 to mice at a dose
of 45 mg/kg, which is known to inhibit IR and IGFIR in the
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liver and white adipose tissue [9]. We performed a 7 day study
followed by systematic phenotyping to compare mice treated
with vehicle (control), Luse, OSI-906 or OSI-906+Luse (Fig.
la). Hyperinsulinaemia and the reduction in the phosphoryla-
tion of IR/IGFIR or Akt in the liver was sustained until 8 or
24 h after an administration of OSI-906 at 45 mg/kg, although
hyperglycaemia had disappeared by 24 h (ESM Fig. la—). No
differences were observed in body weight between the OSI-
906-treated mice compared with control or OSI-906+Luse
groups, throughout the study (Fig. 1b). The OSI-906+Luse
group exhibited a significant reduction in body weight from
day 3 to day 4, compared with the control group; however, by
day 7 the body weights were similar between the two groups
(Fig. 1b). The OSI-906 group showed hyperglycaemia at 4 h
after each administration and normoglycaemia at 24 h (just
before the next administration), and luseogliflozin treatment
significantly ameliorated the OSI-906-induced
hyperglycaemia (Fig. 1c). Significant increases in plasma
insulin (Fig. 1d), NEFA (Fig. le) and triacylglycerol (Fig.
1f) levels were observed at day 7 in the OSI-906 group, while
the serum total cholesterol (Fig. 1g) remained unaltered; these
changes were comparable between the OSI-906 and OSI-
906+Luse groups.

Liver steatosis and adipose tissue atrophy were not amelio-
rated by luseogliflozin in 0SI-906-treated mice The adminis-
tration of OSI-906 increased the liver size, accompanied by an
increased liver weight, and induced hepatic steatosis by day 7
(ESM Fig. 2a—c); these values were not altered in the OSI-
906+Luse group (ESM Fig. 2a—). Luseogliflozin also had no

Fig.3  Humoral factors in both “O-Control - Luse i 0SI-906
luseogliflozin- and OSI-906- a b
treated mice evoked beta cell 12 - -
replication independent of insulin E E
signalling. (a—d) MTT assay P 101 P
(absorbance at 570 nm) in control, g 081 K]
BIRKO, IRS1KO and IRS2KO £ o6 g
beta cells in the presence/absence 2 04 2
of OSI-906 and/or luseogliflozin % 02 f 2
(n =6 per group). (e-h) MTT 8§ 7 z
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C . . 0 24 48 76 96
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medium containing 20% serum
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significant effects on the increase in hepatic triacylglycerol
content in OSI-906-treated mice observed on day 7 (ESM
Fig. 2d). The atrophic changes in visceral adipose tissue
induced by OSI-906 were confirmed using computer tomog-
raphy imaging (ESM Fig. 3a) and by histological analysis of
adipocyte size in epididymal fat (ESM Fig. 3b). The adminis-
tration of luseogliflozin to the OSI-906-treated mice did not
improve the fat atrophy or the reduced adipocyte size (ESM
Fig. 3a, b). Thus, liver steatosis and adipose tissue atrophy by
IR and IGFIR inhibition were not ameliorated in the OSI-
906+Luse group, even though the hyperglycaemia was
corrected in these mice.

Luseogliflozin further increased beta cell proliferation in OSI-
906-treated mice The pancreas weights showed no significant
changes after treatment with OSI-906 or luseogliflozin (ESM
Fig. 4). The beta cell mass and beta cell proliferation were
comparable between the control and Luse groups (Fig.
2a, b). The OSI-906 group exhibited an increase in both the
beta cell mass and beta cell proliferation on day 7 (Fig. 2a, b).
The OSI-906+Luse group had a significantly greater beta cell
mass than the OSI-906 group (Fig. 2a) consistent with a
significant increase in the beta cell proliferation in the OSI-
906+Luse-treated animals (Fig. 2b). Interestingly, islets from
the OSI-906 group showed a significant upregulation of
Foxml (Fig. 2¢), Cenpa (Fig. 2d) and Plkl (Fig. 2¢) expres-
sion, compared with the levels observed in islets from control
mice. An increased expression of downstream genes of the
FoxM1/PLK1/CENP-A pathway, such as Ccnbl (Fig. 2f),
Cenb?2 (Fig. 2g), Cdkl (Fig. 2h) and Survivin (also known as
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Fig. 4 Circulating factors in both luseogliflozin- and OSI-906-treated
mice increase beta cell proliferation in mouse islets via the FoxM1/
PLK1/CENP-A pathway. (a) The sera were collected from mice at day
7 of treatment. Mouse islets, treated with 20% serum from OSI-906- or
OSI-906+Luse-treated mice, under 5.6 or 11.1 mmol/l glucose-containing
media for 24 h, were stained with DAPI (blue), antibodies to insulin (red)
and EdU (green) (representative micrograph shown) and used to calculate
the percentage of EdU" beta cells in the cultured islets; white arrows
indicate EdU-incorporating proliferating beta cells; scale bar, 50 um
(n=06 per group). (b) The sera were collected from mice at day 7 of
treatment. Relative mRNA expression levels of Foxmi, Cenpa, Plkl,
Cenbl and Cenb2, normalised to (3-actin and plotted as fold change vs
the +20% OSI-906 serum group, in the islets cultured with 20% serum
from OSI-906- or OSI-906+Luse-treated mice, under 11.1 mmol/l
glucose-containing media for 24 h (n=6 per group). All data represent
the mean + SEM. *p < 0.05 as shown, by one-way ANOVA, followed by
the Tukey—Kramer post hoc test

Birc5; Fig. 21), was observed in islets from the OSI-906 group,
compared with the control group, whereas the expression of
Irs2 (Fig. 2j), Cendl (Fig. 2k) and Cend?2 (Fig. 21), which are
downstream molecules of insulin signalling in beta cells, were
unchanged. Treatment with luseogliflozin further augmented
the gene expression of Foxml, Cenpa, Plkl, Ccnbl, Ccnb?2
and Cdkl in the OSI-906 treated mice (Fig. 2c—h). However,
the expression of Irs2, Cendl and Cend2 were comparable
between the OSI-906 and OSI-906+Luse groups (Fig. 2j-1).
These results indicated that insulin-independent signals
induced by luseogliflozin enhanced the FoxM1/PLK1/
CENP-A pathway, increasing beta cell proliferation in
response to acute insulin resistance due to IR and IGF1R
inhibition.

Humoral factors mediate luseogliflozin-induced beta cell
proliferation in 0SI-906-treated mice independent of insulin
signalling BIRKO (beta cell-specific Insr/IR knockout) beta
cells possess an impaired proliferation capacity, compared
with control beta cells [22]. IRS2 plays a pivotal role in

glucose-induced beta cell proliferation [23]. The evaluation
of an MTT assay revealed that the control, 3IRKO, IRSIKO
and IRS2KO beta cells all demonstrated similar cell viabilities
even in the presence of OSI-906 or luseogliflozin (Fig. 3a—d),
suggesting that neither OSI-906 nor luseogliflozin has direct
effects on cell proliferation. Next, treating cells with serum
from the OSI-906 or OSI-906+Luse group led to significantly
increased cell viability in the latter group in the control,
IRS1KO, IRS2KO, as well as the IR-deficient FIRKO beta
cells (Fig. 3e-h).

Since the blood glucose level was corrected by
luseogliflozin in the OSI-906-treated mice, we cultured isolat-
ed mouse islets with sera under normal (5.6 mmol/l) or high
(11.1 mmol/l) glucose conditions. High glucose stimulation
significantly enhanced the incorporation of EdU in proliferat-
ing beta cells in the islets (Fig. 4a). Notably, serum from the
OSI-906+Luse group significantly potentiated beta cell prolif-
eration, compared with serum from the OSI-906 group, under
both normal and high glucose conditions (Fig. 4a). In islets co-
cultured with serum from the OSI-906+Luse group, the gene
expression levels of Foxml, Cenpa, Plkl and Ccnbl were
significantly upregulated (Fig. 4b). These results suggested
that luseogliflozin induces beta cell proliferation via a humoral
factor-mediated FoxM1/PLK1/CENP-A pathway that acts
independently of insulin signalling.

The cell viability of control beta cells, the beta cell prolif-
eration in mouse islets, and the expression of Foxm I, Cenpa,
Plkl, Cenbl and Cenb2 in mouse islets, after the treatment
with serum, did not differ between control and Luse-treated
groups (ESM Fig. 5a—c). Therefore, the OSI-906-induced
metabolic alterations such as hyperglycaemia,
hyperinsulinaemia, or tissue insulin resistance are a potential
prerequisite for induction of circulating mitogenic factors for
beta cells following SGLT?2 inhibition. SerpinB1 and IGFBP1
have been reported as liver-derived circulating factors with the
ability to promote beta cell proliferation in response to insulin
resistance [24, 25]. The expression levels of Serpinbl (also
known as Serpinbla) and Igfbpl were significantly upregu-
lated in the livers of the OSI-906 group (ESM Fig. 6a, b).
However, the administration of luseogliflozin did not further
alter the hepatic expression of these growth factors in OSI-
906-treated mice (ESM Fig. 6a, b), suggesting that SerpinB1
and IGFBP1 are unlikely to be primary causal factors promot-
ing beta cell proliferation induced by luseogliflozin.

Circulating factors induced by luseogliflozin in 0SI-906-
treated mice promoted beta cell proliferation in human islets
The proliferative ability of putative circulating factors in the
OSI-906+Luse group was also tested in human beta cells from
six donors without diabetes (donor characteristics are
described in the ESM Human Islet Checklist). EdU-
incorporated proliferating human beta cells significantly
increased in islets cultured in media containing serum from
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a  +20% 0OSI-906 serum

Human islets

+20% OSI-906+Luse serum
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EdU* beta cells (%)

b O -+20% 0s1-906 serum W +20% 0SI-906+Luse serum

mRNA levels in islets
(fold)

Fig. 5 Humoral factors in both luseogliflozin- and OSI-906-treated mice
increased beta cell proliferation in human islets. (a) The sera were collect-
ed from mice at day 7 of treatment. Human islets from non-diabetic
donors, treated with 20% serum from OSI-906- or OSI-906+Luse-treated
mice, for 24 h, were stained with DAPI (blue), antibodies to insulin (red)
and EdU (green) (representative micrograph shown) and used to calculate
the percentage of EdU" beta cells in the cultured islets; white arrows
indicate EdU-incorporating proliferating beta cells; scale bar, 50 pm

the OSI-906+Luse group, compared with that from the OSI-
906 group (Fig. 5a) and the proportion of proliferating human
beta cells was similar to that in the previous report [24]. The
analysis of gene expression data showed that PLK/ and
CCNB1 were significantly increased in human islets co-
cultured with serum from the OSI-906+Luse group, compared
with human islets treated with serum from the OSI-906 group
(Fig. 5b). The expression of FOXM1 (p=0.07), CENPA (p =

0.08) and CCNB2 (p =0.12) were not significantly different
between the OSI-906 and OSI-906+Luse serum-treated islets.
However, the proportion of TUNEL-positive apoptotic beta
cells was comparable between the two groups (ESM Fig. 7).
Thus, circulating factors induced by luseogliflozin in OSI-
906-treated mice can enhance the proliferative capacity of
human beta cells, probably as a result of activation of
FoxM1/PLK/CENP-A pathway.

Discussion

In this study, we report the effects of an SGLT2 inhibitor,
luseogliflozin, on hepatic steatosis, visceral fat atrophy and
beta cell proliferation in OSI-906-treated mice. SGLT?2 inhi-
bition with luseogliflozin improved glucose levels and
increased the beta cell proliferation, while the
hyperinsulinaemia, fatty liver and lipoatrophy were unaffect-
ed. We further investigated how luseogliflozin facilitates cell
replication in beta cells using IRS1KO, IRS2KO and 3IRKO
beta cells or mouse and human islets.

@ Springer

FOXM1 CENPA PLK1

CCNB1 CCNB2

(n=06 per group). (b) The sera were collected from mice at day 7 of
treatment. Relative mRNA expression levels of FOXMI, CENPA,
PLK1, CCNBI and CCNB2, normalised to GAPDH and plotted as fold
change vs the +20% OSI-906 serum group, in human islets cultured with
20% serum from OSI-906- or OSI-906+Luse-treated mice, for24 h (n=5
per group). All data represent the mean + SEM. *p <0.05 as shown, by
two-tailed Student’s  test

The physiological mechanisms underlying the compensa-
tory beta cell growth in response to insulin resistance are not
yet fully understood. Insulin signalling, including via IRS2,
mammalian target of rapamycin (mTOR) and cyclin D2, a
downstream factor of insulin signalling, have been demon-
strated to be required for beta cell expansion in response to a
high-fat diet (HFD) [26-29]. Interestingly, we have previously
reported that GLP-1 is able to enhance beta cell proliferation
in BIRKO mice [30]. Furthermore, short-term HFD-feeding
induces beta cell proliferation without increased expression of
cyclin D2 [31]. Intriguingly, a recent study, albeit using a
partial IR knockdown model, reported that glucose induces
beta cell proliferation by modulating IRS2, mTOR and cyclin
D2 signalling independent of activating the IR [23]. One inter-
pretation of these collective findings is that factors acting inde-
pendent of IR/IGFIR signalling can promote short-term
compensatory beta cell growth.

We previously reported that acute inhibition of IR/IGFIR
signalling is able to induce hyperglycaemia, hyperinsulinaemia
and increased beta cell mass and proliferation in OSI-906-treated
mice [8, 9]. These results suggested that the beta cell proliferation
was mediated by an insulin signalling-independent pathway, as
no change in the cyclin D2 expression was observed in the
mouse islets [9]. Hence, this model of acute inhibition of IR/
IGF1R signalling is useful for investigating potential insulin
signalling-independent expansion of beta cell mass. In the pres-
ent study, both the OSI-906 and the OSI-906+Luse groups
showed increased beta cell proliferation. Since luseogliflozin
improved glucose levels without altering serum insulin levels
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in the OSI-906-treated mice, sustained hyperglycaemia is unlike-
ly to contribute to the beta cell proliferation observed in the OSI-
906-treated mice as suggested by other studies [26].

The OSI-906+Luse-treated group exhibited improved
glycaemic control and augmented beta cell mass and prolifer-
ation, compared with the OSI-906 group. SGLT2 knockout in
db/db mice preserved beta cell function, in accordance with an
increase in the beta cell mass and a reduction in beta cell
apoptosis [32]. SGLT?2 inhibitors have been shown to increase
beta cell proliferation and to decrease beta cell apoptosis in
rodent models of type 1 and type 2 diabetes [13—16, 19]; thus,
the amelioration of glucotoxicity by SGLT?2 inhibitors is likely
to contribute to beta cell protection. Because beta cell prolif-
eration in isolated islets was induced by serum from OSI-906+
Luse mice independent of the glucose levels, signals activated
by glucose are dispensable for beta cell proliferation induced
by SGLT?2 inhibition in this study.

Previous studies have reported that treatment with SGLT2
inhibitors can ameliorate hepatic steatosis in diet-induced
obese mice and in individuals with type 2 diabetes and non-
alcoholic fatty liver disease [33, 34]. In the present study,
however, the OSI-906+Luse group showed no changes in
hepatic steatosis and hepatic triacylglycerol content when
compared with the OSI-906 group. These results suggest that
the improvement in fatty liver induced by SGLT?2 inhibition is
mediated through a modification of hepatic insulin signalling.
OSI-906 also induced lipoatrophy, which is represented by
visceral fat atrophy and a reduction in adipocyte size possibly
by promotion of lipolysis [9]. Because luseogliflozin did not
affect lipoatrophy, the inhibition of insulin signalling by OSI-
906 should be unaffected by SGLT2 inhibition in those mice.
Hence, luseogliflozin-induced beta cell proliferation probably
acts independent of the impact of luseogliflozin on hepatic
steatosis and/or fat atrophy.

We recently reported that insulin signalling potentiates the
signalling pathway of FoxM1/PLK1/CENP-A to promote
beta cell proliferation in response to various metabolic
demands [5]. In this study, the FoxM1/PLK1/CENP-A path-
way contributed to beta cell proliferation in both the OSI-906
and OSI-906+Luse groups. This finding is consistent with the
result that CENP-A is indispensable for beta cell proliferation
in mice treated with S961, a peptide that antagonises the IR [5,
35]. Since IRS2KO and BIRKO beta cells both showed an
increase in cell replication in response to serum from the OSI-
906+Luse group, elevated insulin levels as a result of
hyperinsulinaemia are unlikely to be necessary to increase
beta cell proliferation in our model. It is also likely that
luseogliflozin indirectly increased the beta cell proliferation
by humoral circulating factors other than SerpinB1 or
IGFBPI in this study. Glucose stimulation was able to further
increase beta cell proliferation in mouse islets treated with
serum from the OSI-906+Luse group. Thus, it is possible that
activation of signalling proteins in response to

hyperglycaemia acts additively to promote beta cell replica-
tion in our model. Further investigation is necessary to clarify
the target organs and factors involved in the inter-organ regu-
lation of beta cell proliferation by OSI-906 or SGLT?2 inhibi-
tion. We also observed that circulating factors in serum from
OSI-906+Luse mice enhanced beta cell proliferation in human
islets. These results were consistent with a previous observa-
tion: CENP-A and PLK1 are crucial for adaptive beta cell
proliferation in human beta cells [5].

Taken together, the present findings suggest that
luseogliflozin increases beta cell proliferation through humor-
al factors that stimulate an insulin signalling-independent
FoxM1/PLK1/CENP-A pathway in OSI-906-treated mice.
Insulin/IR-mediated signalling is reportedly impaired in islets
from donors with type 2 diabetes, compared with those from
donors without diabetes [36, 37]. Therefore, the elucidation of
a pathway to enhance beta cell mass independently of insulin
signalling represents an attractive therapeutic strategy for type
2 diabetes. Identifying the circulating factors that are regulated
by SGLT2 inhibitors and defining how those factors contrib-
ute to beta cell proliferation offers a potential approach to
compensate for the loss of beta cell mass in diabetes.
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