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ABSTRACT

Objective: Oxytocin (Oxt) is secreted to the peripheral body through the pituitary gland and can induce insulin
secretion under high glucose conditions. Insulin secretion is regulated by various factors including glucagon-like
peptide (GLP)-1, secreted from intestinal L-cells. GLP-1 is also expressed and secreted within islets and termed
as “intra-islet GLP-1”. The study aims to elucidate the impact of Oxt on insulin secretion in relation to intra-islet
GLP-1.

Methods: We measured changes in blood glucose and insulin levels following Oxt administration in wild-type
(WT) and Oxt receptor knockout (OxtR KO) mice. Additionally, we assessed insulin secretion from islets isolated
from WT and OxtR KO mice under conditions with and without Oxt. Histological analysis of OxtR expression in
islets was performed. The effects of Oxt on factors influencing insulin secretion, such as glucagon, GLP-1
secretion from WT islets and Karr channel activity were also investigated.

Results: Oxt injection induced a temporal rise in blood glucose levels in both WT and OxtR-KO mice at 15-min
post-injection. In WT mice, blood glucose level returned to control levels by 30min and were significantly lower
at 60-min. OxtR KO mice maintained elevated glucose levels at 30-min. WT mice showed a significant increase
in insulin levels at 15-min, while OxtR KO mice did not. OxtR was expressed in both insulin and glucagon-
positive cells with higher expression in glucagon-positive cells. WT islets showed an increase in intra-islet GLP-1
secretion upon Oxt application.

Conclusions: The study indicates that Oxt may enhance insulin secretion by promoting the secretion of intra-
islet GLP-1.

INTRODUCTION peripheral effects include reduction of body fat [1].
However, the effect of Oxt on controlling blood glucose

Oxytocin (Oxt) is a nine-amino-acid neuropeptide and its underlying mechanism, especially the direct

produced in the hypothalamus and secreted both within effect on pancreatic islet, remains to be elucidated.

the brain and into peripheral blood circulation [1].

Therefore, Oxt exerts both central and peripheral In the past, numerous studies have been conducted to

effects, and in the past, we have focused on Oxt’s effect clarify the effect of Oxt on insulin secretion [5-7]. The

on metabolic regulation in both central and peripheral results of these studies have been contradictory,

tissues [2-4]. The central effects of Oxt on metabolic showing increases in blood glucose, insulin levels and

regulation include food intake control while the glucagon levels [5-8]. The contradicting results may be
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explained by complexity of Oxt on receptor bindings.
Oxt exerts its effect by binding to its receptor (OxtR),
but due to its similarity to the structure of vasopressin,
at high concentration Oxt can bind to vasopressin
receptor [9]. We have also shown in the past that when
Oxt is applied directly to isolated islets, it increases
insulin section in high-glucose conditions [2]. However,
insulin secretion from islet is regulated by various
factors such as Katp channel, glucose metabolism, ATP
production capacity, fatty acids, glucagon, and incretins
such as glucagon-like peptide-1 (GLP-1) [10-13].

GLP-1 was originally discovered as a gut hormone
secreted from intestinal L-cells in response to nutrients.
GLP-1 is a potent incretin hormone that contributes to
glucose homeostasis by promoting glucose-induced
insulin secretion from pancreatic B-cells while
simultaneously inhibiting glucagon secretion from a-
cells [14, 15]. Once secreted from intestinal L-cells,
GLP-1 is considered to reach pancreatic islets through
portal circulation to promote insulin secretion [16]. The
effect of incretins on potentiating insulin secretion is
clinically used for the treatment of type 2 diabetes, such
as GLP-1 analogues and DPP4 inhibitors which inhibit
GLP-1 inactivating enzyme, DPP4 [17]. However,
recent evidence suggests that a-cells in pancreatic islet
also synthesize and secrete GLP-1. The a-cells derived
“intra-islet GLP-1” may contribute to the insulin
secretion from B-cells in a paracrine manner [18, 19].
GLP-1 is known to be cleaved from proglucagon. The
proglucagon gene is expressed in both intestinal L-cells
and pancreatic a-cells. The a-cells express prohormone
convertase 2 (PC2) which processes proglucagon to
yield glucagon while L-cells express PC 1/3 which
processes and yields GLP-1 from proglucagon [20, 21].
However, human a-cells were found to be capable of
producing GLP-1 and HPLC analysis of extracts from
a-cells identified a small quantity but the existence of
GLP-1[22]. Also, GLP-1 was identified co-packed with
glucagon granules from a-cells. These reports indicate
that GLP-1 can be produced and secreted within
the islet [23-25]. However, the physiological
contribution of intra-islet GLP-1 to insulin secretion and
the underlying mechanism that regulates intra-islet
GLP-1 secretion remain unclear. Here, we show the
possible involvement of Oxt in intra-islet GLP-1
secretion, which may influence the insulin secretion
from islets.

RESULTS

Blood glucose after intraperitoneal (IP) injection of
Oxt

In wild type mice, the IP injection of Oxt resulted in a
significantly elevated blood glucose level at t = 15 min

post-injection, followed by lower blood glucose level at
t = 60 min compared to IP saline-injected control mice
(time x treatment, F4, 108 = 23.86, P < 0.01) (Figure 1A).
Conversely, in OxtR KO mice, the same IP Oxt
injection led to a significantly higher blood glucose
level at both t = 15 and 30 min compared to OxtR KO
mice injected with saline (time x treatment, Fa, 4 =
8.997, P < 0.01) (Figure 1A).

Furthermore, in wild type mice, IP injection of Oxt
significantly increased insulin levels at t = 15 min
compared to IP saline injected control mice (time x
treatment, Fs 27 = 13.39, P < 0.01) (Figure 1B).
However, in OxtR KO mice, Oxt treated mice showed
no significant difference in insulin levels at any time
point compared to OxtR KO mice injected with saline
(time x treatment, Fs, 27 = 4.39) (Figure 1B).

The results indicate that the effect of Oxt injection on
increasing blood glucose levels at t = 15 min is
independent of the OxtR mediated Oxt signalling
pathway. Additionally, since insulin levels were
increased only at 15 min after IP injection of Oxt in
wild type mice, the reduction in blood glucose levels at
t = 30 and 60 min observed only in wild type mice
should be attributed to the elevated insulin levels
induced by the Oxt IP injection.

Effect of Oxt on insulin secretion from isolated islets

To further investigate the effect of Oxt on increasing
blood glucose levels at t = 15 min in both WT and OxtR
KO mice, we performed a 15-minute batch incubation
under 10 mM glucose conditions with islets isolated
from WT and OxtR KO mice and measured insulin
secretion. As shown in Figure 1C, the insulin secretion
was not affected by the presence of Oxt in both islets
from WT and OxtR KO mice, indicating that the blood
glucose increasing effects observed by Oxt treatment at
the 15 min time point in both WT and OxtR KO mice
are independent of insulin secretion.

Next, we investigated the effect of Oxt on insulin
secretion after 30 min of application. After 30 min of
batch incubation of WT islets under 10 mM glucose
conditions, Oxt failed to increase insulin secretion
compared to the control group. However, when WT
islets were incubated in 20 mM glucose conditions for
30 min, Oxt significantly increased insulin secretion
compared to the control (Figure 1D). In contrast, in
islets isolated from OxtR KO mice, Oxt failed to
increase insulin secretion in both 10 mM and 20 mM
glucose condition (Figure 1D). These results indicate
that Oxt enhances insulin secretion from islets only
under high glucose conditions in islets from WT mice,
corresponding to the blood glucose-lowering and
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Figure 1. Blood glucose change and insulin secretion after Oxt injection. (A) Change of blood glucose after Oxt (400 pg/kg) injection
in wild type mice (left, n = 14, 15) and OxtR KO mice (right, n = 6, 6). (B) Changes of insulin levels after Oxt (400 pg/kg) injection in wild type
mice (left, n = 5, 5) and OxtR KO mice (right, n = 5, 5). *: p < 0.05, **: p < 0.01, repeated measures two-way ANOVA followed by Sidak’s
multiple range test. (C) Insulin secretion from isolated islets after 15 min from wild type and OxtR KO mice (open bar: control, grey bar: with
Oxt, n = 5 wells for each condition). n.s: not significant. unpaired t-test. (D) Top panel: Insulin secretion from isolated WT mice islets after
30 min in control medium (open bar; 10 mM glucose: n =5 wells, 20 mM glucose: n = 5 wells) and medium with Oxt (grey bar 10 mM glucose:
n =5 wells, 20 mM glucose: n = 6 wells). Bottom panel: Insulin secretion from isolated OxtR KO mice islets after 30 min in control medium
(open bar; 10 mM glucose: n = 6 wells, 20 mM glucose: n = 8 wells) and medium with Oxt (grey barl0 mM glucose: n = 6 wells, 20 mM
glucose: n = 8 wells). *: p < 0.05, unpaired t-test.
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insulin-increasing effects of Oxt observed in WT
mice, but not in OxtR KO mice, as shown in Figure
1A, 1B.

Effect of Oxt on glucagon secretion

To investigate the possible underlying mechanism of
Oxt on increasing insulin secretion, we checked whether
Oxt can influence the factors that may influence the
insulin secretion.

First, we have investigated the possible involvement of
glucagon secretion. As shown in Figure 2A, OxtR KO
are expressed in both insulin and glucagon positive
cells, and histological study showed the intensities of
OxtR KO were higher in glucagon positive cells than
insulin positive cells (Figure 2B), indicating the

Insulin OxtR

abundant expression of OxtR KO on glucagon secreting
pancreatic a-cells. 95.1 + 1.5 % of glucagon positive
cells were found to be positive with OxtR KO (Figure
2C). Therefore, we have applied Oxt for 30 min to islets
under 10 mM and 20 mM glucose conditions in islets
isolated from WT mice. However, Oxt failed to affect
glucagon secretion in both glucose conditions indicating
that Oxt has no direct effect on glucagon secretion
(Figure 2D), regardless of glucose level.

Effect of Oxt on GLP-1 secretion

Next, we investigated the effect of Oxt on GLP-1
secretion from islets isolated from WT mice. When
performing the GLP-1 secretion analysis with batch
incubation of isolated islets, Oxt showed no effect under
10 mM glucose condition but significantly increased
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Figure 2. Relation of Oxt and glucagon. (A) Representative images of immunostaining for glucagon, insulin and OxtR in an islet (upper
panels). Bottom panels are enlarged images of white square in each upper panel. Scale bars in the image indicate 10 um. (B) The ratio of OxtR
intensity in glucagon positive cells and insulin positive cells. The average intensities of OxtR in glucagon was adjusted to 100%. (Glucagon; n =
335, Insulin; n = 626). **: p < 0.01. unpaired t-test. (C) The pie chart shows percentage of OxtR positive cells in glucagon positive cells (n = 13
islets). (D) Glucagon secretion from WT mice islets after 30 min in control (open bar, 10 mM glucose: n = 5 wells, 20 mM glucose: n =5 wells)
and in the presence of Oxt (grey bar, 10 mM glucose: n = 5 wells, 20 mM glucose: n = 6 wells). n.s: not significant. unpaired t-test.
(E) Secretion of GLP-1 from isolated WT mice islets after 30 min in control medium (open bar, n = 6 wells) and medium with Oxt (grey bar, n =
6 wells). *:p < 0.05. unpaired t-test. (F) Left: Karp channel current from MING6 cells in control medium (open bar, n = 5 cells) and after
application of Oxt (107 M) (grey bar, n = 5 cells). n.s: not significant. unpaired t-test. Right: The representative Karp channel current with Oxt
(107 M) application. Dotted line indicates zero current level. The line on top of current indicates the Oxt application period.
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GLP-1 secretion after 30 min of incubation under 20
mM glucose conditions (Figure 2E).

Effect of Oxt on Kate channel activity

Another factor that affects the insulin secretion within
short period such as 15-30 min is the ATP sensitive
potassium (Katp) channel. Therefore, we measured the
activity of the Kartp channel using patch-clamp
technique and investigated whether Oxt has direct effect
on Katp channel activity.

As shown in Figure 2F, we checked in five different
MING cells, but Oxt failed to show any effect on Karp
channel activity (1.16 + 1.2x compared to control
current level).

DISCUSSION

Oxt is reported to have various effects on controlling
body metabolism, including insulin secretion and blood
glucose regulation [2, 5-8].

Interestingly, we found that blood glucose levels
increase after Oxt IP injection in both WT and OxtR
KO mice. Several previous studies reported that IP
injection of Oxt increases blood glucose levels [5, 6].
However, by using OxtR KO mice, our present study
demonstrated that insulin levels are increased after IP
injection of Oxt in WT mice but not in OxtR KO mice
and increased blood glucose after IP injection of Oxt is
likely to be independent of the OxtR system. Further
study is required to clarify the underlying mechanisms.

In our previous studies, we demonstrated that Oxt can
enhance insulin secretion from islets exclusively under
high glucose conditions within 30 min period [2]. The
mice we utilized in this study were C57BL/6J mice,
including OxtR KO mice in the same genetic
background. Given that C57BL/6J mice are known to
exhibit higher postprandial and free-fed blood glucose
level compared to other strains such as DBA/2,
BALB/C and C3H/HeH [26], we investigated the effect
of Oxt on insulin secretion from isolated islets at 20
mM glucose as high glucose condition. Consistent with
our previous findings, Oxt increased insulin secretion
from islets under 20 mM glucose conditions. However,
islets isolated from OxtR KO mice did not exhibit this
effect, indicating that Oxt indeed enhances insulin
secretion from islets in high glucose condition. The
precise mechanism underlying Oxt-induced insulin
secretion remains incompletely understood. It is
generally accepted that Oxt stimulates its G-protein
coupled receptor expressed in pancreatic B-cell, leading
to an increase in intracellular calcium levels and
enhancing glucose-stimulated insulin secretion [27].

Therefore, the physiological function of Oxt may be, to
amplify the insulin secretion pathway, similar to that of
GLP-1. However, as demonstrated in this study, OxtR
is mainly expressed in glucagon-producing ao-cells
with significantly lower expression in insulin-secreting
B-cells. Consequently, it can be inferred that the
enhancement of insulin secretion by Oxt is not solely
due to its direct effect on B-cells but also through an
indirect effect on a-cells.

The main contribution of a-cells to blood glucose is by
secreting glucagon. However, in this study, we have
confirmed that glucagon secretion from islet was not
affected by Oxt and although the difference was not
statistically significant, glucagon secretion tended to be
enhanced by Oxt in high glucose conditions, which is
contradicting to the previous report showing that Oxt
increases insulin secretion and reducing blood glucose
levels [2].

By using antibodies and ELISA assays that are highly
specific to GLP-1, we have found that intra-islet GLP-1
secretion is increased from islets in the presence of Oxt.

The presence of intra-islet GLP-1 was once
controversial, but it is now widely accepted that rodent
and human a-cells can produce and secrete GLP-1 [18].
This conclusion is supported by numerous reports
showing evidence of existing GLP-1 in both human and
rodent islets [18, 22—25].

GLP-1 in pancreatic islets is produced primarily in a-
cells by tissue-specific post-translational processing of
proglucagon, a peptide hormone derived from the
proglucagon gene [28]. This cell-specific processing in
GLP-1 production is primarily due to the action of
enzymes PC1/3, while another enzyme, PC2, cleaves
proglucagon to glucagon. In a-cells, PC2 dominates
proglucagon processing, with glucagon being the
major secretory product [20, 21]. However, under
certain conditions, o-cells can express PC1/3 and can
shift  proglucagon processing towards GLP-1
production [20, 21].

The functional contribution of intra-islet GLP-1 remains
unclear. Intra-islet GLP-1 is considered to stimulate
insulin secretion similar to L-cell derived GLP-1 [18, 29,
30]. There is substantial evidence suggesting that glucose
acts as a pivotal regulator of intra-islet GLP-1 production
and secretion. In vitro studies have consistently
demonstrated that in primary islets in culture, they exhibit
greater GLP-1 secretion when exposed to higher glucose
concentrations in the medium [31, 32]. Our current
findings also corroborate these observations revealing
that GLP-1 secretion from WT islets is markedly
enhanced under high glucose conditions (20 mM
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glucose). These results, along with previous reports,
indicate that intra-islet GLP-1 plays a crucial role in
stimulating insulin secretion in high glucose conditions.

These results indicate the possibility of a new concept
for insulin secretion stimulation in which Oxt stimulates
intra-islet GLP-1 secretion from a-cells and this
secreted intra-islet GLP-1 stimulates insulin secretion
from B-cells in paracrine manner. Although the detailed
mechanism for the stimulation of intra-islet GLP-1
secretion remains to be elucidated and further studies
are required, as far as we know, our present study is the
first to report the effect of Oxt on inducing intra-islet
GLP-1 secretion.

Normalization of insulin secretion is important for elder
type 2 diabetes patients. Due to the recent focus on
GLP-1 and its analogues for treatment, our present
study suggests a new possibility for Oxt to induce
internal intra-islet GLP-1 secretion, which may enhance
insulin secretion and thus hold potential for diabetes
treatment.

MATERIALS AND METHODS
Animals

Male C57BL/6J mice (aged 10-15 weeks); Japan SLC
Shizuoka Japan, male OxtR-deficient mice (OxtR KO)
[32] (aged 10-15 weeks) and heterogeneous OXxtR-
Venus knock in (OxtR Venus/+) mice [33, 34] were
used in this study. The mice were maintained on a 12-
hour light/dark cycle (light on from 07.00-19.00). Mice
were allowed ad libitum access to water and a standard
diet (CE-2; Clea, Osaka, Japan). All experimental
procedures and care of animals were carried out
according to the relevant guidelines and regulations, and
were approved by the Fukushima Medical University
Institute of Animal Care and Use Committee.

Blood glucose and insulin measurements

Mice were habituated for 7 days before experiment.
Following a 4-hour food deprivation after onset of light
phase, the animals received intraperitoneally (IP)
injection of saline (control) or 400 pg/kg Oxt (Peptide
Institute, Osaka, Japan). The dose of Oxt was selected
based on our previous research, which demonstrated
significant metabolic difference following IP injection
[2]. Blood was sampled by cutting tip of tail without
restraint, and blood glucose levels were measured using
glutest aqua (AEKRAY, Kyoto, Japan) at 0, 15, 30, 60
and 120 min after IP injection.

For insulin measurement, 30 pl blood samples were
collected by pipette from cutting tip of tail at 0, 15, 30

and 60 min after IP injection of Oxt (400 pg/kg). In this
sampling, EDTA coated pipette tips were used. Blood
samples were immediately centrifuged at 3000 rpm for
10 min at 4° C. Supernatant was collected and stored -
80° C, until measurement. Insulin, was measured using
Morinaga Insulin ELISA assay kit (Morinaga,
Yokohama, Japan).

Insulin, glucagon, GLP-1 secretion

After isolation, islets were cultured overnight in DMEM
medium before insulin secretion was assessed. After 1 h
of starvation in 2 mM glucose, insulin secretion was
measured during static incubations (10 islets/well) in 2
ml Krebs-Ringer Buffer (KRB). The KRB solution
contained (in mM) 118.5 NaCl, 2.54 CaCl,, 1.19
KH,PO4, 4.74 KCI, 25 NaHCO3, 1.19 MgSO4, and 10
HEPES (pH 7.4 with NaOH) with 0.1% bovine serum
albumin. Islets were incubated with 10" M for 15 or 30
minutes. Samples of the supernatant were assayed for
insulin. Insulin, was measured using Morinaga Insulin
ELISA assay kit (Morinaga, Yokohama, Japan).
Glucagon and GLP-1 were measured using Fujifilm
ELISA assay kit (Fujifilm Wako, Tokyo, Japan).

Triple immuno-staining glucagon, insulin and OxtR

The OxtR Venus/+ mice were perfused with 4%
paraformaldehyde and 0.2% picric acid, and pancreases
were removed. Paraffin-embedded pancreas sections
from OxtR Venus/+ (n = 3) mice were deparaffinized
with xylene. The slide sections were then washed in PBS
(0.01 M. pH 7.4) and incubated with blocking solution
(0.1% triton-X, 2% bovine serum albumin (BSA) and
5% normal goat serum (NGS)) for 1 hr. Next, the
sections were incubated with monoclonal mouse anti-
glucagon antibody (1:2000, G2654, Sigma-Aldrich, MO,
USA), guinea pig anti-insulin antibody (1:3, A0564,
Dako-Agilent, CA, USA) and rabbit anti-GFP antibody
(1:1000, A11122, Thermo Fisher Scientific, IL, USA)
for overnight at 4° C. The sections were rinsed in PBS
and incubated with Alexa 405 labelled goat anti-mouse
IgG (1:500, Thermo Fisher Scientific, IL, USA), Alexa
594 labelled goat anti-guinea pig 1gG (1:500, Thermo
Fisher Scientific, IL, USA), and Alexa488 labelled goat
anti-rabbit IgG in PBS containing 2% BSA and 5% NGS
for 40 min. Next, the sections were rinsed with PBS and
covered with mounting medium containing DAPI (4',6-
diamidino-2-phenylindole) (Vector Laboratories, CA,
USA). Fluorescence images of islets were acquired with
a confocal laser-scanning microscope (FV10i; Olympus,
Tokyo, Japan). The intensity of OxtR fluorescence in
glucagon and insulin positive cells were analyzed,
respectively by NIH image software (Image J, National
Institute of Health). 6 islets from each mouse (n = 3)
were analyzed.
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For analysis of colocalization of glucagon positive cells
and OxtR positive cells, glucagon positive cells and
OxtR positive cells were counted from confocal images.
The percentages of OxtR positive cells in o cell were
calculated. Thirteen islets from three mice were
analyzed.

Electrophysiological analysis

The Katp channel currents were recorded at room
temperature (22-25° C) using the whole cell patch
clamp method with an Axopatch 200B amplifier (Axon
Instruments Inc., CA, USA) controlled by Clampex
10.2 software via a Digidata 1320A interface
(Molecular Devices, CA, USA). The standard extra-
cellular solution contained 5.6 mmol/L KCI, 138
mmol/L NaCl, 2.6 mmol/L CaCl;, 1.2 mmol/L MgCly,
and 10 mmol/L HEPES. The pH value of extracellular
solution was adjusted to 7.4 with NaOH. The pipette
solution contained 107 mmol/L KCI, 1 mmol/L CaCl,, 1
mmol/L MgCl,;, 10 mmol/L HEPES and 10 mmol/L
EGTA. 0.3 mmol/lL ATP was added to prevent
rundown'’. The pH value of the pipette solution was
adjusted to 7.2 with KOH. Glass pipettes were prepared
from borosilicate tube glass (Narishige, Tokyo, Japan)
and had 2-5 MQ when filled with the pipette solution.
Following gigaohm seal formation, negative pressure
was applied to the pipette to rupture the membrane and
establish the whole-cell mode. The Katp currents were
measured in response to holding potential of -60 mV. The
recorded currents were confirmed to be Katp channel
current by application of sulfonylurea tolbutamide (500
pUM) at the end of experiments. The application of an
extracellular solution containing 20 mM glucose had no
effect on Kate channel current, indicating that the
intracellular complex, including the glycolysis system,
is replaced by the pipette solution. Therefore, factors
such as glucose metabolism do not interfere with the
Kate channel under our experimental conditions. Data
acquisition and storage were conducted with the use of
a pClamp 10.2 (Molecular Devices, CA, USA).

Statistical analysis

All data are expressed as mean = SEM. The comparison
of data from two groups was performed using Student’s
t-test. The change of blood glucose after IP injection of
OXT were analyzed by repeated measures two-way
ANOVA followed by Sidak’s multiple range test. All
statistical tests were two-tailed, with values of p < 0.05
considered statistically significant.

AUTHOR CONTRIBUTIONS

KH, KT, TF, MY, SY, SM performed experiments. MS
contributed to conception and design of experiment and

also editing and revising the manuscript. KH and SM,
SH performed data analysis and drafting the manuscript.
KK supervised and participated in editing the
manuscript. KS and YM performed experiments, wrote
the original draft, conception and design of the study.

CONFLICTS OF INTEREST

The authors declare that they have no conflicts of
interest.

ETHICAL STATEMENT

All experimental procedures and care of animals were
carried out according to the relevant guidelines and
regulations, approved by the Fukushima Medical
University Institute of Animal Care and Use Committee
(Approved No. 2023107).

FUNDING

This work was supported by a Grant-Aid for Scientific
Research (C) (18K08483, 22K11755 to YM, 26461366
to KS).

REFERENCES

1. Maejima Y, Yokota S, Nishimori K, Shimomura K. The
Anorexigenic Neural Pathways of Oxytocin and Their
Clinical  Implication. Neuroendocrinology. 2018;
107:91-104.
https://doi.org/10.1159/000489263 PMID:29660735

2. Maejima Y, Rita RS, Santoso P, Aoyama M, Hiraoka Y,
Nishimori K, Gantulga D, Shimomura K, Yada T. Nasal
oxytocin administration reduces food intake without
affecting locomotor activity and glycemia with c-Fos
induction in limited brain areas. Neuroendocrinology.
2015; 101:35-44.
https://doi.org/10.1159/000371636 PMID:25573626

3. Maejima Y, Aoyama M, Sakamoto K, Jojima T, Aso Y,
Takasu K, Takenosihita S, Shimomura K. Impact of sex,
fat distribution and initial body weight on oxytocin’s
body weight regulation. Sci Rep. 2017; 7:8599.
https://doi.org/10.1038/s41598-017-09318-7
PMID:28819236

4. Maejima Y, Yokota S, Hidema S, Nishimori K, de Wet H,
Shimomura K. Systemic Co-Administration of Low-Dose
Oxytocin and Glucagon-Like Peptide 1 Additively
Decreases Food Intake and Body Weight.
Neuroendocrinology. 2024; 114:639-57.
https://doi.org/10.1159/000538792
PMID:38599201

5. Altszuler N, Hampshire J. Oxytocin infusion increases
plasma insulin and glucagon levels and glucose

WWWw.aging-us.com

1145

AGING


https://doi.org/10.1159/000489263
https://pubmed.ncbi.nlm.nih.gov/29660735
https://doi.org/10.1159/000371636
https://pubmed.ncbi.nlm.nih.gov/25573626
https://doi.org/10.1038/s41598-017-09318-7
https://pubmed.ncbi.nlm.nih.gov/28819236
https://doi.org/10.1159/000538792
https://pubmed.ncbi.nlm.nih.gov/38599201

10.

11.

12.

13.

production and uptake in the normal dog. Diabetes.
1981; 30:112-4.
https://doi.org/10.2337/diab.30.2.112 PMID:7009266

Altszuler N, Puma F, Winkler B, Fontan N, Saudek CD.
Oxytocin increases extrapancreatic glucagon secretion
and glucose production in pancreatectomized dogs.
Proc Soc Exp Biol Med. 1986; 182:79-83.
https://doi.org/10.3181/00379727-182-42312
PMID:3515351

Dunning BE, Moltz JH, Fawcett CP. Modulation of
insulin and glucagon secretion from the perfused rat
pancreas by the neurohypophysial hormones and by
desamino-D-arginine vasopressin (DDAVP). Peptides.
1984; 5:871-5.
https://doi.org/10.1016/0196-9781(84)90109-8
PMID:6390359

Mohan S, McCloskey AG, McKillop AM, Flatt PR, Irwin
N, Moffett RC. Development and characterisation of
novel, enzymatically stable oxytocin analogues with
beneficial antidiabetic effects in high fat fed mice.
Biochim Biophys Acta Gen Subj. 2021; 1865:129811.
https://doi.org/10.1016/j.bbagen.2020.129811
PMID:33309687

Griffante C, Green A, Curcuruto O, Haslam CP,
Dickinson BA, Arban R. Selectivity of d[Cha4]AVP and
SSR149415 at human vasopressin and oxytocin
receptors: evidence that SSR149415 is a mixed
vasopressin V1b/oxytocin receptor antagonist. Br J
Pharmacol. 2005; 146:744-51.
https://doi.org/10.1038/sj.bjp.0706383
PMID:16158071

Proks P, de Wet H, Ashcroft FM. Sulfonylureas
suppress the stimulatory action of Mg-nucleotides on
Kir6.2/SUR1 but not Kir6.2/SUR2A KATP channels: a
mechanistic study. ] Gen Physiol. 2014; 144:469-86.
https://doi.org/10.1085/jgp.201411222
PMID:25348414

Seino S, Shibasaki T, Minami K. Dynamics of insulin
secretion and the clinical implications for obesity and
diabetes. J Clin Invest. 2011; 121:2118-25.
https://doi.org/10.1172/JC145680 PMID:21633180

Seino S, Sugawara K, Yokoi N, Takahashi H. B-Cell
signalling and insulin secretagogues: A path for
improved diabetes therapy. Diabetes Obes Metab.
2017; 19 Suppl 1:22-9.
https://doi.org/10.1111/dom.12995 PMID:28880474

Ashcroft FM. KATP Channels and the Metabolic
Regulation of Insulin Secretion in Health and Disease:
The 2022 Banting Medal for Scientific Achievement
Award Lecture. Diabetes. 2023; 72:693-702.
https://doi.org/10.2337/dbi22-0030

PMID:37815796

14.

15.

16.

17.

18.

19.

20.

21.

22.

Reimann F, Diakogiannaki E, Hodge D, Gribble FM.
Cellular mechanisms governing glucose-dependent
insulinotropic  polypeptide  secretion.  Peptides.
2020;125:170206.
https://doi.org/10.1016/j.peptides.2019.170206
PMID:31756367

Orskov C, Holst JJ, Nielsen OV. Effect of truncated
glucagon-like  peptide-1  [proglucagon-(78-107)
amide] on endocrine secretion from pig pancreas,
antrum, and nonantral stomach. Endocrinology.
1988; 123:2009-13.
https://doi.org/10.1210/endo-123-4-2009
PMID:2901341

Yingyue Q, Sugawara K, Takahashi H, Yokoi N,
Ohbayashi K, lwasaki Y, Seino S, Ogawa W. Stimulatory
effect of imeglimin on incretin secretion. J Diabetes
Investig. 2023; 14:746-55.
https://doi.org/10.1111/jdi.14001

PMID:36977210

Tahrani AA, Piya MK, Kennedy A, Barnett AH.
Glycaemic control in type 2 diabetes: targets and new
therapies. Pharmacol Ther. 2010; 125:328-61.
https://doi.org/10.1016/j.pharmthera.2009.11.001
PMID:19931305

Campbell SA, Johnson J, Light PE. Evidence for the
existence and potential roles of intra-islet glucagon-like
peptide-1. Islets. 2021; 13:32-50.
https://doi.org/10.1080/19382014.2021.1889941
PMID:33724156

de Souza AH, Tang J, Yadev AK, Saghafi ST, Kibbe CR,
Linnemann AK, Merrins MJ, Davis DB. Intra-islet GLP-1,
but not CCK, is necessary for B-cell function in mouse
and human islets. Sci Rep. 2020; 10:2823.
https://doi.org/10.1038/s41598-020-59799-2
PMID:32071395

Rouillé Y, Martin S, Steiner DF. Differential processing
of proglucagon by the subtilisin-like prohormone
convertases PC2 and PC3 to generate either glucagon
or glucagon-like peptide. J Biol Chem. 1995;
270:26488-96.
https://doi.org/10.1074/jbc.270.44.26488
PMID:7592866

Rouillé Y, Kantengwa S, Irminger JC, Halban PA. Role of
the prohormone convertase PC3 in the processing of
proglucagon to glucagon-like peptide 1. J Biol Chem.
1997; 272:32810-16.
https://doi.org/10.1074/jbc.272.52.32810
PMID:9407057

Holst JJ, Bersani M, Johnsen AH, Kofod H, Hartmann B,
Orskov C. Proglucagon processing in porcine and
human pancreas. J Biol Chem. 1994; 269:18827-33.
PMID:8034635

WWWw.aging-us.com

1146

AGING


https://doi.org/10.2337/diab.30.2.112
https://pubmed.ncbi.nlm.nih.gov/7009266
https://doi.org/10.3181/00379727-182-42312
https://pubmed.ncbi.nlm.nih.gov/3515351
https://doi.org/10.1016/0196-9781(84)90109-8
https://pubmed.ncbi.nlm.nih.gov/6390359
https://doi.org/10.1016/j.bbagen.2020.129811
https://pubmed.ncbi.nlm.nih.gov/33309687
https://doi.org/10.1038/sj.bjp.0706383
https://pubmed.ncbi.nlm.nih.gov/16158071
https://doi.org/10.1085/jgp.201411222
https://pubmed.ncbi.nlm.nih.gov/25348414
https://doi.org/10.1172/JCI45680
https://pubmed.ncbi.nlm.nih.gov/21633180
https://doi.org/10.1111/dom.12995
https://pubmed.ncbi.nlm.nih.gov/28880474
https://doi.org/10.2337/dbi22-0030
https://pubmed.ncbi.nlm.nih.gov/37815796
https://doi.org/10.1016/j.peptides.2019.170206
https://pubmed.ncbi.nlm.nih.gov/31756367
https://doi.org/10.1210/endo-123-4-2009
https://pubmed.ncbi.nlm.nih.gov/2901341
https://doi.org/10.1111/jdi.14001
https://pubmed.ncbi.nlm.nih.gov/36977210
https://doi.org/10.1016/j.pharmthera.2009.11.001
https://pubmed.ncbi.nlm.nih.gov/19931305
https://doi.org/10.1080/19382014.2021.1889941
https://pubmed.ncbi.nlm.nih.gov/33724156
https://doi.org/10.1038/s41598-020-59799-2
https://pubmed.ncbi.nlm.nih.gov/32071395
https://doi.org/10.1074/jbc.270.44.26488
https://pubmed.ncbi.nlm.nih.gov/7592866
https://doi.org/10.1074/jbc.272.52.32810
https://pubmed.ncbi.nlm.nih.gov/9407057
https://pubmed.ncbi.nlm.nih.gov/8034635

23.

24,

25.

26.

Kilimnik G, Kim A, Steiner DF, Friedman TC, Hara M.
Intraislet production of GLP-1 by activation of
prohormone convertase 1/3 in pancreatic a-cells in
mouse models of RB-cell regeneration. Islets. 2010;
2:149-55.

https://doi.org/10.4161/isl.2.3.11396 PMID:20657753

Marchetti P, Lupi R, Bugliani M, Kirkpatrick CL,
Sebastiani G, Grieco FA, Del Guerra S, D’Aleo V, Piro S,
Marselli L, Boggi U, Filipponi F, Tinti L, et al. A local
glucagon-like peptide 1 (GLP-1) system in human
pancreatic islets. Diabetologia. 2012; 55:3262-72.
https://doi.org/10.1007/s00125-012-2716-9
PMID:22965295

Song Y, Koehler JA, Baggio LL, Powers AC, Sandoval DA,
Drucker DJ. Gut-Proglucagon-Derived Peptides Are
Essential for Regulating Glucose Homeostasis in Mice.
Cell Metab. 2019; 30:976-86.€3.
https://doi.org/10.1016/j.cmet.2019.08.009
PMID:31495689

Toye AA, Lippiat JD, Proks P, Shimomura K, Bentley L,
Hugill A, Mijat V, Goldsworthy M, Moir L, Haynes A,
Quarterman J, Freeman HC, Ashcroft FM, Cox RD. A
genetic and physiological study of impaired glucose
homeostasis control in C57BL/6J mice. Diabetologia.
2005; 48:675-86.

30.

31

32.

B Cell tone is defined by proglucagon peptides through
cAMP signaling. JCl Insight. 2019; 4:e126742.
https://doi.org/10.1172/jci.insight.126742
PMID:30720465

Wideman RD, Yu IL, Webber TD, Verchere CB, Johnson
ID, Cheung AT, Kieffer TJ. Improving function and
survival of pancreatic islets by endogenous production
of glucagon-like peptide 1 (GLP-1). Proc Natl Acad Sci
USA. 2006; 103:13468-73.
https://doi.org/10.1073/pnas.0600655103
PMID:16938896

Hansen AM, Bodvarsdottir TB, Nordestgaard DN, Heller
RS, Gotfredsen CF, Maedler K, Fels JJ, Holst JJ, Karlsen
AE. Upregulation of alpha cell glucagon-like peptide 1
(GLP-1) in Psammomys obesus--an adaptive response
to hyperglycaemia? Diabetologia. 2011; 54:1379-87.
https://doi.org/10.1007/s00125-011-2080-1
PMID:21347622

McGirr R, Ejbick CE, Carter DE, Andrews JD, Nie Y,
Friedman TC, Dhanvantari S. Glucose dependence of
the regulated secretory pathway in alphaTC1-6 cells.
Endocrinology. 2005; 146:4514-23.
https://doi.org/10.1210/en.2005-0402
PMID:15994347

. 33. Takayanagi Y, Yoshida M, Bielsky IF, Ross HE,
https://doi.org/10.1007/s00125-005-1680-z Kawamata M, Onaka T, Yanagisawa T, Kimura T,
PMID:15729571 Matzuk MM, Young LJ, Nishimori K. Pervasive social

27. Gao ZY, Drews G, Henquin JC. Mechanisms of the deficits, but normal parturition, in oxytocin receptor-
stimulation of insulin release by oxytocin in normal deficient mice. Proc Natl Acad Sci USA. 2005;
mouse islets. Biochem J. 1991; 276:169-74. 102:16096-101.
https://doi.org/10.1042/bj2760169 PMID:1674863 https://doi.org/10.1073/pnas.0505312102

28. Whalley NM, Pritchard LE, Smith DM, White A. PMID:16249339
Processing of proglucagon to GLP-1 in pancreatic a- 34. Yoshida M, Takayanagi Y, Inoue K, Kimura T, Young LJ,
cells: is this a paracrine mechanism enabling GLP-1 to Onaka T, Nishimori K. Evidence that oxytocin exerts
act on B-cells? J Endocrinol. 2011; 211:99-106. anxiolytic effects via oxytocin receptor expressed in
https://doi.org/10.1530/JOE-11-0094 PMID:21795304 serotonergic neurons in mice. J Neurosci. 2009;

29. Capozzi ME, Svendsen B, Encisco SE, Lewandowski SL, 29:2259_7.1'

Martin MD, Lin H, Jaffe JL, Coch RW, Haldeman JM, https://doi.org/10.1523/INEUROSCI.5593-08.2009
MacDonald PE, Merrins MJ, D’Alessio DA, Campbell JE. PMID:19228979
www.aging-us.com 1147 AGING


https://doi.org/10.4161/isl.2.3.11396
https://pubmed.ncbi.nlm.nih.gov/20657753
https://doi.org/10.1007/s00125-012-2716-9
https://pubmed.ncbi.nlm.nih.gov/22965295
https://doi.org/10.1016/j.cmet.2019.08.009
https://pubmed.ncbi.nlm.nih.gov/31495689
https://doi.org/10.1007/s00125-005-1680-z
https://pubmed.ncbi.nlm.nih.gov/15729571
https://doi.org/10.1042/bj2760169
https://pubmed.ncbi.nlm.nih.gov/1674863
https://doi.org/10.1530/JOE-11-0094
https://pubmed.ncbi.nlm.nih.gov/21795304
https://doi.org/10.1172/jci.insight.126742
https://pubmed.ncbi.nlm.nih.gov/30720465
https://doi.org/10.1073/pnas.0600655103
https://pubmed.ncbi.nlm.nih.gov/16938896
https://doi.org/10.1007/s00125-011-2080-1
https://pubmed.ncbi.nlm.nih.gov/21347622
https://doi.org/10.1210/en.2005-0402
https://pubmed.ncbi.nlm.nih.gov/15994347
https://doi.org/10.1073/pnas.0505312102
https://pubmed.ncbi.nlm.nih.gov/16249339
https://doi.org/10.1523/JNEUROSCI.5593-08.2009
https://pubmed.ncbi.nlm.nih.gov/19228979

