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Aim and objective: Our recent report showed that soluble T-cadherin promotes pancreatic beta-cell proliferation.
However, how and where the secretion of soluble T-cadherin is regulated remain unclear.

Methods and results: Soluble T-cadherin levels significantly increased in leptin receptor-deficient db/db mice with
hypoinsulinaemia or in wild-type mice treated with insulin receptor blockade by S961. Similar results were
observed in human subjects; Diabetic ketoacidosis patients at the time of hospitalization had increased plasma
soluble T-cadherin levels, which decreased after insulin infusion therapy. Patients with recurrent ovarian cancer
who were administered a phosphatidylinositol-3 kinase (PI3K)-alpha inhibitor (a new anticancer drug) had
increased plasma soluble T-cadherin and plasma C-peptide levels. Endothelial cell-specific T-cadherin knockout
mice, but not skeletal muscle- or cardiac muscle-specific T-cadherin knockout mice, showed a 26 % reduction in
plasma soluble T-cadherin levels and a significant increase in blood glucose levels in streptozocin-induced dia-
betes. The secretion of soluble T-cadherin from human endothelial cells was approximately 20 % decreased by
insulin and this decrease was canceled by blockade of insulin receptor/Akt signalling, not Erk signalling.
Conclusion: We conclude that insulin regulates soluble T-cadherin levels and soluble T-cadherin secretion from
endothelial cells is positively regulated by insulin/insulin receptor/Akt signalling.

1. Introduction

Over the past several decades, the incidence of diabetes mellitus and
its complications has increased worldwide, and diabetes mellitus has
become an urgent health problem. The major characteristic of the
pathophysiology of diabetes is the gradual (sometimes rapid) loss of the
function and mass of pancreatic beta-cells [1]. The supplementation of
insulin, glucagon-like polypeptide-1 receptor agonists and oral hypo-
glycaemic agents are the major treatment methods for diabetes [1,2].
Although bariatric surgery can result in disease remission and the
cessation of medications, this does not mean that the number of
beta-cells in the pancreas has returned to normal. In addition, insulin
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injection therapy is the only therapy controlling type 1 diabetes,
expecting an alternative fundamental therapy [3]. Promoting pancreatic
beta-cell proliferation is considered one of the key mechanisms of
managing diabetes [4,5]. There have been many studies investigating
the factors involved in beta-cell proliferation [6-9], but a substantial
strategy for the clinical translation of these factors is lacking.
T-cadherin is classified as a member of the classical cadherin family,
although it is a unique cadherin with a glycosylphosphatidylinositol
(GPI) anchor on its C-terminus [10,11]. We reported that T-cadherin is
expressed in the heart, muscle, aorta, renal pericytes, and mesenchymal
stem-like cells and that it specifically accumulates adiponectin, an adi-
pose tissue-specific secretory factor [12-16]. Additionally, our previous
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studies showed that adiponectin binds to T-cadherin and enhances the
biogenesis and secretion of small extracellular vesicles (exosomes) in
T-cadherin-expressing cells [17-19].

Recently, we developed new monoclonal antibodies against T-cad-
herin and the ELISA to identify soluble forms of T-cadherin (soluble T-
cadherin) in human and mouse plasma [20,21]. We next showed that
increased levels of soluble T-cadherin in plasma contributed to pancre-
atic beta-cell proliferation under conditions of high-fat diet (HFD)-in-
duced obesity and significantly alleviated streptozocin (STZ)-induced
diabetes in systemic T-cadherin knockout (KO) mice [22]. RNA
sequencing of isolated murine islets indicated that notch signalling was
involved in beta-cell proliferation and that supplementation of recom-
binant soluble T-cadherin to isolated murine islets significantly
increased notch signalling gene expression and the cell cycle [22]. We
concluded that soluble T-cadherin is an endocrine factor involved in
pancreatic beta-cell proliferation that acts by upregulating Notch sig-
nalling [22,23].

Here, we investigated the regulatory mechanisms of soluble T-cad-
herin secretion by evaluating the concentration of soluble T-cadherin
under several diabetic conditions in mice and humans. We also inves-
tigated the source of soluble T-cadherin in tissues from three newly
constructed tissue-specific T-cadherin KO mice. This study aimed to
clarify the significance of soluble T-cadherin on glucose/insulin meta-
bolism by investigating the source tissue/cell and the regulation of
secretion.

2. Materials and methods
2.1. Chemicals and reagents

Streptozocin (STZ) (#S0130), dapagliflozin (#SML2804), and
bovine insulin (#10516) were purchased from Sigma-Aldrich. The in-
sulin receptor antagonist S961 (#S6922), Akt inhibitor MK-2206
(#S1078), and Erkl/2 inhibitor SCH772984 (#S7101) were pur-
chased from Selleck. For western blotting, we used precast poly-
acrylamide gels (Bio-Rad, #5671095J10) and these antibodies;
phosphorylated Akt (Cell Signaling Technology, #4060S), total Akt (Cell
Signaling Technology, #9272S), phosphorylated Erk1/2 (Cell Signaling
Technology, #4370S), and total Erkl/2 (Cell Signaling Technology,
#9102S). An osmotic pump, Alzet 1007D was used for continuous
infusion. Blood glucose concentrations were measured using monitoring
kits (Sanwa Kagaku Kenkyusho). Plasma insulin concentrations were
determined using an ELISA kit (Morinaga Institute of Biological Science,
#M1104). The plasma concentrations of soluble T-cadherin were
measured using a human T-cadherin ELISA kit (Immuno-Biological
Laboratories) [20].

2.2. Animals and diets

Cdh13 (T-cadherin) exon 27°%1°% mice were transferred from Boston
Children’s Hospital under a material transfer agreement [22]. We used
the Cre/loxP system to conditionally delete the Cdh13 (T-cadherin)
gene. We crossed T-cadherin exon 2091%%  mice  with
VE-cadherin-CreERT2 mice [24]. These tamoxifen-inducible Cre mice
were administered 200 mg/kg 4-hydroxytamoxifen for five consecutive
days to generate endothelial cell-specific T-cadherin KO mice. We
crossed T-cadherin exon 21°f1°% mice with muscle creatin kinase-Cre
mice [25] or a-myosin heavy chain-Cre mice [26] to generate skeletal
muscle- or cardiac muscle-specific T-cadherin KO mice. We purchased
seven-week-old db/db mice from Japan Clea. Eight-week-old male mice
were used for all experiments. Mice were fed normal chow (Oriental
Yeast) except for an experiment using a high-fat (60 kcal%) diet (HFD)
(Research Diets, #D12492) from 8 weeks of age for 6 weeks. All animal
experiments were performed according the principles of the Guide for
the Care and Use of Experimental Animals of Osaka University Graduate
School of Medicine and were approved by the Animal Care Committee of
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Osaka University (approval no. 03-056-018).
2.3. Streptozocin treatment

Streptozocin (STZ) dissolved in 0.1 mol/L citrate buffer was intra-
peritoneally injected into 8-week-old male mice at 60 mg/kg for 5
consecutive days. The administration of dapagliflozin was conducted
using a stock solution of dapagliflozin (125 mg/mL in 100 % ethanol)
diluted to a final concentration of 0.02 mg/mL in distilled water. Then,
the dapagliflozin solution was added to the drinking water. The water
drinking bottles were changed twice a week [27].

2.4. S961 treatment

Eight-week-old male WT mice were anaesthetized and implanted
Alzet pump with normal saline (control) or the insulin receptor antag-
onist S961 at a dose of 1.43 nmol/day for seven days [28].

2.5. Human blood specimens

We obtained blood specimens from two patients who were diagnosed
with diabetic ketoacidosis and transported to the emergency room at
Osaka University Medical Hospital (Case 1 and 2) and two patients who
were newly administered CYH33, a selective PI3K-alpha inhibitor [29],
for recurrent ovarian clear cell adenocarcinoma in the Department of
Obstetrics and Gynaecology at Osaka University Medical Hospital (Case
3 and 4). This study followed the principles of the Declaration of Hel-
sinki and was approved by the Human Ethics Committees of Osaka
University (no. 885 for Case 1 and 2, no. 23290 for Case 3 and 4).
Informed consent was obtained from the patients or their relatives after
the purpose of the study was explained.

Case 1: A 48-year-old man who had been diagnosed with type 1
diabetes mellitus (the year of diagnosis was unknown) and had been
receiving multiple daily insulin injections. He had also been diagnosed
with chronic kidney disease. He had not visited the hospital for the last
four months. He was transported to the emergency room and diagnosed
with diabetic ketoacidosis. Blood specimens were collected on the day of
hospitalization and 14 days after hospitalization.

Case 2: A 79-year-old woman who had been diagnosed with type 2
diabetes (approximately 13 years before the onset of ketoacidosis) and
had been receiving basal-supported oral therapy using insulin degludec
and sitagliptin. She had not visited the hospital for the last three months.
She was transported to the emergency room and diagnosed with diabetic
ketoacidosis. Blood specimens were collected on the day of hospitali-
zation and three days after hospitalization.

Case 3: A 69-year-old woman who had been diagnosed with recur-
rent ovarian clear cell adenocarcinoma with lung metastasis was treated
with CYH33. The day before the administration of CYH33, blood spec-
imens were collected, and the patient was given metformin and empa-
gliflozin to prevent adverse effects of CYH33 (increased plasma glucose).
One day after the administration of CYH33, blood specimens were
collected.

Case 4: A 60-year-old woman who had been diagnosed with recur-
rent ovarian clear cell adenocarcinoma with multiple lymph nodes,
adrenal, and L4 vertebral metastases was treated with CYH33. Similar to
Patient 3, the day before the administration of CYH33, blood specimens
were collected, and she was given metformin and empagliflozin. One
day after the administration of CYH33, blood specimens were collected.

2.6. Measurement of soluble T-cadherin in the supernatants of cell lines

Human umbilical vein endothelial cells (HUVECs, Takara Bio, #C-
12208) were cultured in standard media supplemented with 2 % FBS
and growth factors (Kurabo, #KE-2170S) in 24-well collagen-coated
plates for 48 h. After discarding the standard media, the experimental
media without FBS and growth factors containing 0 or 100 nM bovine
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insulin, 0 or 1 pM S961, 0 or 5 pM Akt inhibitor MK-2206, and O or 1 pM
Erk1/2 inhibitor SCH772984 were added to the wells and incubated for
24 h. After incubation, the supernatants were collected, and the con-
centrations of soluble T-cadherin were measured using an ELISA kit
(described above). Although several hours or overnight serum starvation
will be performed before supplementation of the reagents, the viability
of HUVECs was impaired by the starvation. Thus we added the reagents
just after discarding the standard media.

2.7. Insulin signalling assays

We cultured HUVECs in standard media (described above) in 12-well
collagen-coated plates for 48 h. After discarding the standard media, the
experimental media without FBS and growth factors containing 0 or 100
nM insulin, 0 or 1 pM S961, 0 or 5 pM of the Akt inhibitor MK-2206, and
0 or 1 pM of the Erk1/2 inhibitor SCH772984 were added to the wells
and incubated for 15 min. After incubation, the supernatants were dis-
carded, and the cells were lysed with RIPA buffer containing protease
and phosphatase inhibitors.
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2.8. Western blotting

We performed Western blot analyses as previously reported [17].
Three micrograms of whole-cell lysates were loaded onto 4-20 %
gradient SDS-PAGE gels and transferred to nitrocellulose membranes.
The membranes were incubated in the blocking buffer for detecting
phosphorylation of proteins, Blocking One-P (Nacalai), for 1 h. After
washing, the membranes were incubated with primary antibodies
overnight at 4 °C and followed by incubation with secondary antibodies
for 1 h at room temperature. The signals were developed by Chemi-Lumi
One Super (Nacalai) and detected with ChemiDoc Touch (Bio-Rad).

2.9. Statistical analyses

We performed the statistical analyses using JMP Pro 15 (SAS Insti-
tute). p values less than 0.05 were considered to indicate statistical
significance. The results are expressed as the mean + SEM from at least
three independent biological experiments unless otherwise specified.
The methods used for the statistical tests and sample sizes are provided
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Fig. 1. Soluble T-cadherin levels are increased in STZ-induced diabetic mice and db/db mice and by the administration of S961.

A) Protocol for the administration of STZ and dapagliflozin. Two weeks after the initial injection of STZ, the oral administration of dapagliflozin was initiated.
B) Blood glucose levels 35 days after the initial administration of dapagliflozin in STZ-induced diabetic mice (n = 8-9. ***p < 0.001; Tukey—-Kramer test).

C) Soluble T-cadherin levels 35 days after the initial administration of dapagliflozin in STZ-induced diabetic mice (n = 8-9. ***p < 0.001; Tukey—-Kramer test).
D) Plasma glucose, insulin, and soluble T-cadherin levels in db/db mice (n = 8. *p < 0.05, **p < 0.01, ***p < 0.001; Dunnett test).

E) Plasma glucose, insulin, and soluble T-cadherin levels in WT mice fed a high-fat diet for six weeks (n = 6. *p < 0.05; Dunnett test).

F) Blood glucose levels in WT mice administered saline or S961 for seven days (n = 6.
G) Plasma insulin levels in WT mice administered saline or S961 for seven days (n = 6

< 0.001; unpaired t-test).
“p < 0.001; unpaired t-test).

H) Plasma soluble T-cadherin levels in WT mice administered saline or S961 for seven days (n = 6. ***p < 0.001; unpaired t-test).

Data are shown as the mean + sem.
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in the figure legends.
3. Results

3.1. Insulin depletion or insulin signalling deficiency increases plasma
soluble T-cadherin levels in mice

We previously reported that after the administration of STZ, the
plasma concentration of soluble T-cadherin increased as blood glucose
increased [22]. Therefore, we speculated that plasma soluble T-cadherin
levels increase in response to insulin deficiency or high glucose con-
centrations. First, WT mice that were injected with multiple doses of STZ
for 5 days were orally administered dapagliflozin (Fig. 1A). Consistent
with our previous report, both blood glucose and plasma soluble
T-cadherin levels were significantly increased after the administration of
STZ, and the increase in soluble T-cadherin induced by STZ treatment
was significantly decreased by the administration of dapagliflozin [27]
(Fig. 1B and C).

Second, we examined the responses to these treatments in db/db
mice, which is an obese diabetic mouse model. Plasma soluble T-cad-
herin levels were significantly increased in db/db mice after 11 weeks of
age, plasma insulin levels were markedly reduced (Fig. 1D). This finding
contrasted with that in HFD-induced obese mice. In this mouse model,
insulin levels were consistently increased but soluble T-cadherin was not
increased. These findings suggest that a lack of plasma insulin but not
insulin resistance increases plasma soluble T-cadherin (Fig. 1E).

Third, we evaluated soluble T-cadherin under conditions in which
insulin signalling was inhibited. WT mice administered S961, an insulin
receptor inhibitor, by continuous infusion for one week [28,30]. At the
end of S961 treatment, plasma soluble T-cadherin levels were signifi-
cantly increased, and plasma insulin levels were also increased by S961
administration (Fig. 1F-H), suggesting that deficient insulin signalling is
likely important for the increase in plasma soluble T-cadherin.

3.2. Plasma soluble T-cadherin levels are increased in diabetic
ketoacidosis patients and ovarial cancer patients administered PI3K-alpha

inhibitor

Furthermore, we evaluated human patients who were transported to
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the emergency room due to diabetic ketoacidosis.

Case 1 was a 48-year-old man who had been diagnosed with type 1
diabetes mellitus and had received multiple daily insulin injections. He
had not visited the hospital for the last four months. He was transported
to the emergency room and diagnosed with diabetic ketoacidosis. On the
day of hospitalization, plasma glucose was severely elevated (927 mg/
dL), and soluble T-cadherin was also markedly elevated (3.74 nM). Ten
days after continuous insulin infusion therapy, his plasma glucose level
decreased (189 mg/dL), and his soluble T-cadherin level decreased
(1.35 nM).

Case 2 was a 79-year-old woman who had been diagnosed with type
2 diabetes and dementia and received basal-supported oral therapy
using insulin degludec. She had not visited the hospital for the last three
months. She was transported to the emergency room and diagnosed with
diabetic ketoacidosis. On the day of hospitalization, plasma glucose was
severely elevated (835 mg/dL), and soluble T-cadherin was also
elevated (1.33 nM). Three days after continuous insulin infusion ther-
apy, her plasma glucose level decreased (258 mg/dL), and her soluble T-
cadherin level decreased (1.04 nM).

In these two patients, soluble T-cadherin was elevated at the point of
insulin depletion due to severe diabetic ketoacidosis and decreased after
insulin infusion therapy was administered (Fig. 2A).

We next examined patients who had been diagnosed with recurrent
ovarian cancer with metastasis and were newly treated with CYH33.
CYH33 is a selective phosphatidylinositol-3 kinase (PI3K)-alpha inhib-
itor that inhibits insulin/PI3K/Akt signalling [29].

Case 3 was a 69-year-old woman who had been diagnosed with
recurrent ovarian cancer with lung metastasis was treated with CYH33.
The previous day before starting the administration of CYH33, metfor-
min and empagliflozin treatments were initiated to prevent an adverse
increase in plasma glucose levels. One day after the start of CYH33
treatment, her plasma glucose was mildly elevated (from 97 to 133 mg/
dL), and her plasma C-peptide was markedly elevated (from 1.3 to 9.1
ng/mL). The soluble T-cadherin concentration increased from 1.36 to
1.52 nM.

Case 4 was a 60-year-old woman who had been diagnosed with
recurrent ovarian cancer with multiple lymph node, adrenal, and L4
vertebral metastases and was treated with CYH33. The previous day
before starting the administration of CYH33, metformin and
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1.2 1000 1 r 1.4
N L2
_ 800 A . s
208 1 %\ 700 4 I E
) 5 600 1 L o8 g
206 {E 500 1 5
2 RS
2 3 400 7
S04 18 =
2 > 300 A L0422
S O 200 4 2
0.2 023
e / @
0 0 0
At hospitalization Post insulin therapy
Case 4: 69 years old, female
20 160 - r16
18 140 A P14 -
61z Z
Sa ] 21204 12 <
£ 2 100 - F18
912 1 E %
- Q
2 10 2 80 4 r 0.8 .8
= 8 g ] [ -
2913 60 06
o640 2
&) 40 04 3
4 <]
2 20 Lo2®
0 0 0
PI3Ka- Pre Post
inhibitor

Fig. 2. Soluble T-cadherin in human patients diagnosed with diabetic ketoacidosis or administered a PI3K-alpha inhibitor.
A) Plasma glucose, C-peptide, and soluble T-cadherin levels in two patients diagnosed with diabetic ketoacidosis.
B) Plasma glucose, C-peptide, and soluble T-cadherin levels in two patients treated with CYH33(PI3K-alpha inhibitor) due to recurrent ovarian cancer.
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empagliflozin treatments were initiated. One day after the start of
CYH33 treatment, her plasma glucose was mildly elevated (from 97 to
135 mg/dL), and her plasma C-peptide was markedly elevated (from 3.6
to 17.5 ng/mL). The soluble T-cadherin concentration increased from
1.17 to 1.47 nM.

In these two cases, soluble T-cadherin was elevated after the phar-
macological inhibition of the insulin receptor by CYH33 (Fig. 2B).

These findings suggest that the depletion of insulin or the deficiency
of insulin signalling leads to an increase in plasma soluble T-cadherin
levels.

3.3. Endothelial cell is one of the sources of plasma-soluble T-cadherin

We next evaluated which tissues produced soluble T-cadherin.
Among the T-cadherin-expressing tissues or cells, we focused on skeletal
muscle cells, cardiac muscle cells, and endothelial cells, which are
considered important for glucose metabolism in response to insulin and
for sensing whole-body insulin “demand”.

We crossed VE-cadherin-CreERT2- [24], muscle creatine kinase
(MCK)-Cre- [24], and a-myosin heavy chain (aMyHC)-Cre mice [26]
with T-cadherin®/f°* mice (control) [22] and generated endothelial
cell-, skeletal muscle-, and cardiac muscle-specific T-cadherin-KO mice,
respectively. The concentration of plasma soluble T-cadherin was
significantly reduced in endothelial cell-specific KO mice (26 % reduc-
tion, Fig. 3A) and skeletal muscle-specific KO mice (10 % reduction,
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Fig. 3B). This concentration was not significantly changed in cardiac
muscle-specific KO mice (Fig. 3C). Next, we administered multiple low
doses of STZ to these mice at eight weeks of age [6]. In a previous study
performed under similar conditions, we reported that conventional
T-cadherin KO mice had higher blood glucose levels than control mice
after STZ treatment and that supplementation with soluble T-cadherin
via liver-specific expression significantly reduced blood glucose and
pancreatic insulin levels to almost equal levels as those in control mice
[22]. Similar to the findings in conventional T-cadherin KO mice, blood
glucose levels in endothelial cell-specific KO mice were significantly
greater than those in control mice (Fig. 3D), although they were not
changed in skeletal muscle-specific KO mice (Fig. 3E). These results
suggest that endothelial cells are important sources of plasma-soluble
T-cadherin, which may be related to the amelioration of STZ-induced
diabetes.

3.4. The secretion of soluble T-cadherin from endothelial cells is
negatively regulated by insulin-Akt signalling

To clarify how soluble T-cadherin secretion is regulated by insulin,
we employed primary human umbilical vein endothelial cells (HUVECs)
and measured soluble T-cadherin in the supernatants. Soluble T-cad-
herin was significantly reduced as the concentration of insulin in the
media increased (Fig. 4A), whereas was not statistically affected by the
concentration of glucose in the media without insulin (Sup. Fig. 1),

C
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Fig. 3. Endothelial cell-specific T-cadherin KO mice exhibit decreased plasma soluble T-cadherin levels and worsened STZ-induced diabetes. A) Plasma soluble T-

cadherin levels in endothelial cell-specific T-cadherin KO mice (n = 9).

B) Plasma soluble T-cadherin levels in skeletal muscle-specific T-cadherin KO mice (n = 13 Cre-, n = 7 Cre+).

C) Plasma soluble T-cadherin levels in cardiac muscle-specific T-cadherin KO mice (n = 10).

D) Blood glucose levels in endothelial cell-specific T-cadherin KO mice administered multiple doses of STZ (n = 9).

E) Blood glucose levels in skeletal muscle-specific T-cadherin KO mice administered multiple doses of STZ (n = 13 Cre-, n = 7 Cre+).
*p < 0.05, ***p < 0.001; unpaired t-test. The data are shown as the means + sems.
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Fig. 4. Soluble T-cadherin in the supernatant of human endothelial cells is regulated by insulin/Akt signalling.

A) Soluble T-cadherin in the supernatants of HUVECs treated with 0, 10, or 100 nM bovine insulin.

B) Soluble T-cadherin in the supernatants of HUVECs treated with 0 or 100 nM bovine insulin, 0 or 1 uM S961, 0 or 5 pM MK-2206 and 0 or 1 pM SCH772984.
C) Western blotting showing the activity of Akt and Erk1/2 signalling in HUVEC lysates.

D) The activity of p-Akt/Akt in the HUVEC lysate. The relative signal volume was calculated.

E) The activity of p-Erk1/2/Erk1/2 in HUVEC lysates. The relative signal volume was calculated.

n = 3 in each group. *p < 0.05, **p < 0.01, ***p < 0.001; unpaired t-test. The data are shown as the means + sems.

concordant with the observed results in the db/db mice (Fig. 1D). The
reduction in soluble T-cadherin by insulin was eliminated with the
addition of S961, an insulin receptor inhibitor, or MK-2206, an Akt in-
hibitor [31] (Fig. 4B). In contrast, SCH772984, an Erk1/2 inhibitor [32],
did not influence the reduction in soluble T-cadherin (Fig. 4B). Next, we
examined the activity of Akt and Erk1/2 signalling in the lysates of
HUVEGCs. The phosphorylation of Akt (p-Akt) by insulin was significantly
decreased by S961 but not by MK-2206, although this effect was not
significantly reduced by SCH772984 (Fig. 4C and D). However, phos-
phorylated Erk1/2 signalling (p-Erk1/2) was not significantly elevated
by insulin or decreased by S961 (Fig. 4C and E). These results suggest
that the amount of soluble T-cadherin secreted from endothelial cells is
negatively related to the activity of Akt signalling but not Erk1/2 sig-
nalling, consistent with the changes in plasma soluble T-cadherin caused
by insulin signalling in mice and humans.

4. Discussion

In this study, we demonstrated that soluble T-cadherin in plasma was
increased under conditions of insulin insufficiency or the inhibition of

insulin/Akt signalling in mice. Soluble T-cadherin was also increased
under conditions of severe insulin insufficiency in diabetes patients or
pharmacological insulin signal blockade in patients. Among T-cadherin-
expressing tissues/cells, the endothelial cells secrete soluble T-cadherin
in response to the downregulation of insulin/Akt signalling.

GPI-anchored T-cadherin specifically binds to high-molecular-
weight adiponectin, promoting the biogenesis and secretion of extra-
cellular vesicles [16,17]. Moreover, soluble T-cadherin is a monomeric
protein in plasma [20] and can improve glucose metabolism under
diabetic conditions by promoting beta-cell proliferation through the
upregulation of Notch signalling [22]. However, how and where soluble
T-cadherin secretion is regulated remains to be determined.

First, we speculated that blood glucose levels might regulate soluble
T-cadherin levels based on the results obtained in STZ-induced hyper-
glycaemic mice and dapagliflozin treatment (Fig. 1A and B). However,
soluble T-cadherin levels were not elevated in hyperglycaemic condi-
tions resulting from HFD-induced obesity. Furthermore, in db/db mice,
which develop obesity and hyperglycaemia with later loss of pancreatic
beta-cells and insulin deficiency, soluble T-cadherin levels were signif-
icantly elevated after the depletion of plasma insulin (Fig. 1D).
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Moreover, the administration of STZ or S961 resulted in severe insulin
insufficiency or pharmacological insulin receptor blockade, both of
which led to an increase in soluble T-cadherin in plasma accompanied
by severe hyperglycaemia. Therefore, we considered that insulin “de-
mand” but not insulin resistance with hyperinsulinaemia might accel-
erate soluble T-cadherin secretion. This mechanistic hypothesis is
consistent with our original report that soluble T-cadherin levels were
elevated under STZ conditions but not under HFD conditions [22].

We determined that endothelial cells are one of the important con-
tributors to plasma soluble T-cadherin levels among T-cadherin-
expressing tissues/cells, and even a lack of T-cadherin in endothelial
cells significantly affected glucose levels after sequential STZ treatments
compared to those in the control group. Furthermore, the secretion of
soluble T-cadherin from cultured endothelial cells in response to insulin
decreased, and this decrease was dependent on insulin/Akt signalling.
The molecules or mechanisms downstream of insulin/Akt signalling
may be related to the secretion of T-cadherin (e.g. membrane shedding,
truncated isoforms, and/or reaction efficacy of GPI transamidase).

We showed that plasma soluble T-cadherin levels were significantly
reduced by 26 % and that endothelial cell-specific T-cadherin KO mice
exhibited significantly increased blood glucose levels. We have shown
that the expression of T-cadherin in the pancreas is restricted to endo-
thelial cells [22], which may play an important role in the local con-
centration of soluble T-cadherin in the pancreas, such as in a paracrine
manner. Moreover, endothelial cells transport circulating insulin to
target tissues outside the vasculature, in addition to receiving insulin
and signalling within the cell [33]. Delayed transendothelial transport of
insulin signalling results in hyperphagia and insulin resistance in mice
[33]. Insulin is also important for endothelial nitric oxide synthase
(eNOS) production in endothelial cells, which maintains vascular ho-
meostasis [34]. Endothelial cells in the whole body may sense insulin
demand and provide feedback to pancreatic beta cells by secreting sol-
uble T-cadherin.

We revealed that Akt activation attenuated soluble T-cadherin
secretion from endothelial cells. However, the molecular mechanism
through which Akt signalling regulates soluble T-cadherin secretion is
still unclear. Insulin signalling is known to be downregulated in diet-
induced obese mice. However, plasma soluble T-cadherin levels were
not significantly different between HFD-induced obese mice and normal
mice. Thus, the energy status of the catabolic state due to an insulin
receptor signalling blockade, but not the anabolic state of HFD-induced
obese mice, may accelerate soluble T-cadherin secretion.

There are several limitations in this study. It is uncertain that insulin
is the only factor regulating systemic soluble T-cadherin levels. The data
from human patients are limited and still not adequate to statistically
determine the relationship between the concentration of soluble T-
cadherin and insulin levels. Although our tissue-specific T-cadherin KO
mice exhibited a total of 40 % reduction in soluble T-cadherin, the tissue
sources of the remaining plasma soluble T-cadherin and their regulation
have not been identified.

In conclusion, soluble T-cadherin secreted from endothelial cells is
regulated by insulin/PI3K/Akt signalling.
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