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Abstract

Background Arginine vasopressin (AVP) has been reported to regulate insulin secretion and glucose homeostasis in
the body. Previous study has shown that AVP and its receptor V1bR modulate insulin secretion via the hypothalamic-
pituitary-adrenal axis. AVP has also been shown to enhance insulin secretion in islets, but the exact mechanism

remains unclear.

Results In our study, we unexpectedly discovered that AVP could only stimulates insulin secretion from islets, but not
B cells, and AVP-induced insulin secretion could be blocked by V1bR selective antagonist. Single-cell transcriptome
analysis identified that V1bR is only expressed by the a cells. Further studies indicated that activation of the V1bR
stimulates the a cells to secrete glucagon, which then promotes glucose-dependent insulin secretion from {3 cells in a
paracrine way by activating GLP-1R but not GCGR on these cells.

Conclusions Our study revealed a crosstalk between a and 3 cells initiated by AVP/V1bR and mediated by glucagon/
GLP-1R, providing a mechanism to develop new glucose-controlling therapies targeting V1bR.
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Introduction

Arginine vasopressin (AVP), also known as antidiuretic
hormone, is a neuropeptide composed of nine amino
acids [1]. In the 1980s, scientists discovered this small
peptide with vasoconstrictive effects in extracts from
the posterior pituitary gland, which initiated the studies
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on AVP and its physiological functions [2]. AVP recep-
tors include three subtypes, namely Vl1a, V1b and V2
receptors [3]. V1a receptor is predominantly expressed in
smooth muscle cells. Activation of V1a receptor induces
contraction of vascular smooth muscle [4]. V2 receptor is
mainly distributed on the lateral surface of the basal cells
of renal tubules near the collecting ducts. The activation
of V2 receptor promotes recruitment of aquaporin 2,
which increases permeability of the epithelial cell mem-
brane to water and facilitates kidney water reabsorption
[5]. V1b receptor is highly expressed in the pancreas and
anterior pituitary and serves as the main mediator of
AVP’s functions involved in the regulation of endocrine
and metabolism of the body [6, 7].

Several studies have demonstrated the involvement
of AVP and V1bR in facilitating insulin secretion and
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maintaining blood glucose homeostasis. AVP regulates
the hypothalamic-pituitary-adrenal (HPA) axis, stimu-
lating the release of corticotropin-releasing hormone
(CRH) through VI1bR activation, thereby promoting
CRH-induced insulin secretion [8]. AVP has been shown
to enhance insulin secretion in mouse and rat pancreas,
and isolated mouse islets [7, 9, 10]. SSR149415, a selective
V1b receptor antagonist, significantly attenuated AVP-
stimulated insulin secretion from isolated mouse islets,
while the antagonists targeting V1a receptor exert mini-
mal influence [7]. AVP has also been reported to confer
protection on islet p cells against cytokine-induced apop-
tosis [10, 11].

AVP has also been reported to stimulate glucagon
secretion from the pancreas of mouse and rat, and the
a cell line InR1G9 [2, 12, 13]. Studies on AVP-related
neurons have demonstrated that AVP acts as a systemic
regulator of glucagon secretion under physiological
conditions [14, 15]. The brain perceives glucose concen-
tration to induce AVP secretion, which subsequently
influences the pancreas to promote glucagon release and
elevate blood glucose levels. However, this regulatory
mechanism is impaired in individuals with type 1 dia-
betes [14]. Compared to wild-type mice, V1b receptor
knockout mice have reduced insulin and glucagon levels
in the plasma [16]. These findings highlight the crucial
roles of AVP and its receptor V1bR in regulating blood
glucose homeostasis, and reflect the complex and dual
functions of AVP in regulating both glucagon and insulin
secretion in animals.

In evaluating AVP-mediated insulin secretion, we
unexpectedly discovered that AVP could stimulate insu-
lin release from isolated mouse islets, but not p cells.
Single cell analysis of the islets revealed that V1bR is
expressed in the a cells but not B cells. Further studies
suggested that activation of V1bRs in the a cells pro-
motes the release of glucagon, which then induces insulin
secretion from [} cells by activating GLP-1 receptor.

Materials and methods

Animals

All experimental protocols on animals were approved by
the Animal Care and Use Committee at Shanghai Insti-
tute of Materia Medica, Chinese Academy of Sciences
(TACUC number for C57BL/6] mice: 2023-07-XX-382).
C57BL/6] mice were purchased from Slac Laboratory
Animal (Shanghai, China) and maintained under a 12 h
light/dark cycle with normal chow and free access to
water.

Hormone secretion from isolated islets

Islets were isolated from anesthetized male C57BL/6]
mice (8 wk old). 1 mg/mL Collagenase P (Roche,
#11213873001) solution was injected into the pancreas
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via the bile duct, and the pancreas was digested at 37 °C
for 15 min. The mixture was centrifuged at 800 rpm for
3 min to collect the precipitate, which was then washed
three times with HBSS (5.4 mM KCl, 0.3 mM Na,HPO,,
0.4 mM KH,PO,, 42 mM NaHCO,, 1.3 mM CaCl,, 0.5
mM MgCl,, 0.6 mM MgSO,, 137 mM NaCl, 5.6 mM
D-glucose, pH 7.4). Then, the precipitate was re-sus-
pended in HBSS and filtered through a 70 um filter to
obtain islets. The detached islets were cultured overnight
in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS). The islets were transferred to 48-well plates and
starved with KRBB (118.5 mM NacCl, 2.54 mM CaCl,,
1.19 mM KH,PO,, 4.74 mM KCl, 25 mM NaHCO,, 1.19
mM MgSO,, 10 mM HEPES, pH 7.4) containing 0.5%
BSA for 60 min. Subsequently, the islets were incubated
with 0.1% dimethyl sulfoxide (DMSO) or compounds for
a duration of 2 h at 37 °C in 1 mL KRBB containing 16.8
mM or 2.8 mM glucose. Supernatants were collected, and
the insulin concentrations were measured using HTRF
Insulin kit (Cisbio, #62INSPEC) and an Envision Plate
Reader (PerkinElmer).

Cell culture and hormone secretion

The INS-1E cells were cultured in RPMI 1640 supple-
mented with 10% FBS, the aTC1-9 cells were cultured
in low glucose DMEM supplemented with 10% FBS and
the MING6 cells were cultured in high glucose DMEM
supplemented with 10% FBS. Cells were grown in 96-well
plates at a density of 5x10* cells (INS-1E and aTC1-9)
or 2x10% cells (MING6) per well. After preincubation for
30 min at 37 °C in KRBB, the cells were incubated with
either 0.1% DMSO or compounds for 1 h at 37 °C in
KRBB containing either 16.8 mM or 2.8 mM glucose.
Supernatants were collected and hormone concentra-
tions were measured using HTRF Insulin Detection Kit
(Revvity, #62IN1PEH) or HTRF Glucagon Detection Kit
(Revvity, #62CGLPEH). For co-culturing of INS-1E and
aTC1-9 cells, RPMI 1640 supplemented with 10% FBS
was used, both cell densities were 2.5x10* cells per well
in 96-well plates.

Calcium assay

V1bR/HEK293 cells were seeded at a density of 4x10*
cells per well into 96-well culture plates and incubated
for 24 h at 37 °C in 5% CO,. The cells were then incu-
bated with 2 uM Fluo-4 AM in HBSS at 37 °C for 40 min.
After thorough washing, 50 uL of HBSS was added. After
addition of 25 pL antagonists and incubation for 10 min
at room temperature, 25 pL agonists was dispensed into
the well using a FlexStation III microplate reader (Molec-
ular Devices), and the intracellular calcium change was
recorded at an excitation wavelength of 485 nm and an
emission wavelength of 525 nm.
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cAMP accumulation assay

The cAMP assay was performed with GCGR/HEK293 or
GLP-1R/HEK293 cell lines. Briefly, cells were harvested
and resuspended in DMEM containing 500 uM IBMX at
a density of 2x10° cells/mL. Cells were then plated onto
384-well assay plates at 1000 cells/5 pL/well. DMEM
(5 pL) containing different concentrations of antago-
nists were added to the cells and the incubation lasted
for 15 min at 37 °C (this step was omitted in the agonist
detection), then another 5 uL. DMEM containing differ-
ent concentrations of agonists were added to the cells and
the incubation lasted for 30 min at 37 °C. Intracellular
cAMP levels were detected with a LANCE Ultra cAMP
kit (PerkinElmer, #TRF0264) and an Envision Plate
Reader (PerkinElmer) according to the manufacturer’s
instructions.

RNA sequencing of single mouse pancreatic islet cells

Pancreatic islets of male C57BL/6] mice were isolated as
previously described and dispersed into single-cell sus-
pension using nonenzymatic Cell Dissociation Solution
(Sigma-Aldrich, #C5914) for 3 min at 37 °C. Single islet
cells in RPMI 1640 medium (300 cells/uL) were mixed
(3:2) with C1 Cell Suspension Reagent before loading
onto C1 Integrated Fluidic Circuit (IFC). 20 pL LIVE/
DEAD staining solution (2.5 pL ethidium homodimer-1
and 0.625 pL calcein AM in 1.25 mL C1 Cell Wash Buf-
fer) was loaded onto the C1 IFC. Each capture site was
carefully examined under microscope in bright field,

Table 1 Summary of primer and shRNA sequences

Name Nucleotide sequence

F: AGGTCGGTGTGAACGGATTTG

R: TGTAGACCATGTAGTTGAGGTCA
F: GAGCCTTCTTGGACTGCTACC

R: TACAGCCAGGTTGCCTCCT

F: GCTTCTTCTACACACCCATGTC

R: AGCACTGATCTACAATGCCAC

F TTACTTTGTGGCTGGATTGCTT

R: AGTGGCGTTTGTCTTCATTCA

F: ACGGTGTCCCTCTCAGAGAC

R: ATCAAAGGTCCGGTTGCAGAA

F: TGCACTGCACCCGAAACTAC

R: CATCGCCAATCTTCTGGCTGT

F: ACAGCAACAGGGTGGTGGAC

R TTTGAGGGTGCAGCGAACTT

F: TCTCCGACTCAGCCTTAACCTCAG
R: CCGTCCACCTGCTCTAAATCCTTC
F: TCCTTCATCCTCCGAGCACTGTC
R: GCCCAGAGAGTCCTGATACGAGAG
F: CCCAATGTCAGATGGATGAT

R: TAGCGTGTCTTGAGCAGCCAATC
F: GCAGAAATGGAGAGAGTATCG

R: GCAACAGAACTTTCGACAAGT

gPCR-mouse Gapdh

gPCR-mouse Avprib

gPCR-mouse Ins2

gPCR-mouse Gcg

gPCR-mouse Gip1r

gPCR-mouse Gegr

gPCR-rat Gapdh

gPCR-rat Avprib

gPCR-rat Glp1r

qPCR-rat Gegr

shRNA- GIpTr
shRNA-Gcgr
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GEFP, and Texas Red channels for cell doublets and viabil-
ity. Cell lysing, reverse transcription, and cDNA amplifi-
cation were performed on the C1 Single-Cell Auto Prep
IEC. Single cell cDNAs were sequenced by Berry Genom-
ics. The sequencing data were standardized using the
Z-score model, cluster analysis and t-SNE analysis were
conducted.

Fluorescence-activated cell sorting and real-time qPCR
assay

Pancreatic islets of male MIP-GFP mice (The Jackson
Lab, #006864) were isolated and dispersed as previously
described. FACS sorting was performed using an Influx
cell sorter (BD Biosciences). Forward scatter (FSC) with
parallel polarization and side scatter (SSC) were collected
at 488 nm with each sample collected directly into Trizol
to ensure immediate cell lysis and preservation of RNA
integrity. RNA was isolated with guanidine thiocyanate
and phenol method and RNA samples were reverse-
transcribed using PrimeScript RT reagent Kit (TAKARA,
#RR047Q). qPCR was conducted with Hieff gPCR SYBR
Green Master Mix (Yeasen, #11202ES). The primer
sequences used in qPCR are listed in Table 1.

shRNA transfection

Specific sequences of shRNAs (Table 1) targeting GCGR
or GLP-1R mRNA were constructed into pLKO.1 puro
lentiviral vector (Addgene, #8453). Lentiviral vectors and
packaging vectors were transfected into HEK293T cells
by FuGENE HD Transfection Reagent (Promega, #£2312)
to produce virus particles. INS-1E cells were seeded
onto 6-well plates at a density of 5x10° cells per well and
incubated with viruses and 5 pg/mL polybrene for 48 h.
Transfected INS-1E cells were collected for real-time
qPCR and co-culture experiments.

Western blot

MING6 and oTC1-9 cells were lysed and sonicated in 1
x SDS buffer. Aliquots of proteins were fractionated by
10% SDS-PAGE and transferred to polyvinylidene difluo-
ride membranes. The membranes were blocked with 5%
nonfat milk for 30 min at room temperature and then
incubated overnight at 4 °C in buffer containing anti-
GAPDH (Cell Signaling Technology, #14C10 at 1:5000)
or anti-V1bR (Abcam, #104365 at 1:900) antibodies.
After through washing, the membranes were incubated
with proper secondary antibodies for 1 h at room tem-
perature. Immunostaining was visualized using Signal
Fire™ ECL Reagent (Cell Signaling Technology, #6883)
and images were taken with a ChemiDocXRS imaging
system (Bio-Rad).
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Oral glucose tolerance test and insulin detection

For oral glucose tolerance test (OGTT), mice were fasted
overnight and then given either 0.1% DMSO in normal
saline (vehicle) or 1 mg/kg AVP and 10 mg/kg Exendin
(9-39) (n=8 per treatment group) via intraperitoneal
injection. A glucose bolus was delivered (1.5 g/kg orally)
15 min later. Blood was collected from a tail nick at des-
ignated time points, and plasma glucose levels were
determined with a glucose meter. To detect insulin level,
blood was collected from the retro-orbital plexus of mice
15 min after glucose administration (n=4 per treatment
group) and detected with an ELISA kit for mouse insulin
(Crystal Chem, #90080).

Statistical analysis
Results are presented as mean*SEM unless other-
wise noted. Statistical significance was calculated using

A
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two-tailed Student’s t-test, P<0.05 was considered signif-
icant. Statistical analysis was conducted using Graph-Pad
Prism 8 (www.graphpad.com).

Results

AVP induces insulin secretion from islets but not f cell line

In freshly isolated mouse islets, AVP induced insulin
secretion in a dose-dependent manner in high glucose
condition (Fig. 1A). SSR149415 [17] is a reported antago-
nist for V1bR. It dose-dependently inhibited AVP (1 nM)-
induced calcium signal in HEK293 cells stably expressing
VIbR with an IC,, of 12.8 nM (Fig. 1B). SSR149415
also significantly inhibited AVP (1 nM)-induced insu-
lin release from mouse islets at concentrations as low as
1 nM, while higher concentrations of SSR149415 totally
abolished AVP-stimulated insulin secretion from the
islets (Fig. 1C).
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Fig. 1 AVP stimulates insulin secretion from mouse islets but not INS-1E cells. (A) Insulin secretion from isolated mouse islets (10 islets/well in 48-well
plate, incubated in 1T mL KRBB with 16.8 mM glucose) stimulated by various concentrations of AVP for 2 h. (B) Dose-response of SSR149415 on AVP (1 nM)-
induced calcium signal in HEK293 cells stably expressing V1bR. (C) Insulin secretion from isolated mouse islets in the presence of AVP (1 nM) and various
concentrations of SSR149415. (D) Insulin secretion from isolated mouse islets stimulated by 100 nM GLP-1 or AVP for 2 h. (E) Insulin secretion from INS-1E
cells (5% 10* cells/well in 96-well plate, incubated in 100 uL KRBB with 16.8 mM glucose) stimulated by 100 nM GLP-1 or AVP for 1 h. (F) Insulin secretion
from MING cells (2x 10* cells/well in 96-well plate, incubated in 100 ul KRBB with 16.8 mM glucose) stimulated by 100 nM GLP-1 or AVP for 1 h. Data are
means+SEM (3 technical replicates). **P < 0.01, ***P < 0.001, versus DMSO control. P < 0.05, #*P<0.01, #¥P<0.001, versus AVP alone
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Insulin is exclusively secreted by B cells in the pan-  stimulates insulin secretion from islets in a V1bR depen-
creatic islets. To our surprise, although AVP (100 nM) dent manner, but it might not act directly on the  cells.
stimulated similar level of glucose-dependent insulin
secretion from freshly isolated islets as GLP-1 (Fig. 1D), = V1bRis selectively expressed in the a cells within the islets
it failed to induce insulin release from INS-1E (rat insu- Islets from C57BL/6 mice were isolated and digested
linoma) or MIN6 (mouse insulinoma), two well-docu- into single cells, and single-cell transcriptome sequenc-
mented cell lines to study insulin secretion and B cell ing was utilized to analyze the expression of V1bR
functions, while GLP-1 displayed significant stimulatory  (Fig. 2A). The transcriptomes of 70 single cells were
effect (Fig. 1E and F). These findings suggest that AVP  extracted, sequenced, and grouped into a, & and P cells

using clustering analysis and tSNE analysis based on
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significantly differentially expressed genes and related
marker genes (Fig. 2B and C). The cells highly express-
ing Insl and Ins2 genes were defined as [ cells, while
the cells highly expressing glucagon (Gcg) or somatosta-
tin (Sst) genes were defined as o or d cells (Fig. 2B and
D). V1bR (Avprib) was predominantly expressed in islet
a cells with minimal expression observed in islet p or &
cells (Fig. 2D). GLP-1R (Glp1r) and GCGR (Gcgr) genes
could both be detected in P cells, but the expression
level of GlpIr was much higher (Fig. 2D). To validate
these findings, we collected islet B cells and non-f cells
using fluorescence-activated cell sorting from the islets
of MIP-GFP transgenic mice, which express EGFP under
the control of Insl promoter. PCR analysis showed that
Ins2 was only detectable from the B cells and Gcg was
only observed in non-p cells (Fig. 2E). Avprib expres-
sion could be detected in islets or non-f cells, but not
in the P cells (Fig. 2F). Avprib could also be detected via
PCR in aTC1-9 cells (mouse a cell line), but not in INS-
1E or MING6 cells (Fig. 2G). Western blot also confirmed
the presence of V1bR protein in a«TC1-9 cells but not in
MING cells (Fig. 2H)

Glucagon secreted from a cells by AVP stimulation may
facilitate insulin secretion

Since V1bR was only detected in a cells, and a cells are
mainly responsible for glucagon secretion, we wondered
whether AVP could stimulate glucagon secretion by
activating V1bR. Indeed, in isolated mouse islets, AVP
induced dose-dependent secretion of glucagon (Fig. 3A),
which could be inhibited by SSR149415 in a dose-depen-
dent way (Fig. 3B).

Insulin secretion by pancreatic islets in the body is
typically glucose dependent. Islet  cells secrete insulin
only in response to high glucose concentrations, while
glucagon secretion is not restricted by glucose levels
[18]. Indeed, AVP induced glucagon secretion from the
isolated islets in low- and high-glucose conditions, while
AVP only induced insulin secretion from the islets in
high-glucose medium (Fig. 3C and D). This observation
aligns with the natural pattern of insulin and glucagon
secretions in the body. Adding glucagon to the isolated
islets also induced insulin secretion in glucose-depen-
dent manner (Fig. 3E). It led us to hypothesize that AVP
might stimulate a cells to release glucagon which in turn
induces glucose-dependent insulin release from the f
cells.

Since AVP could not directly induce insulin secretion
from INS-1E cells, a co-culture of a and (3 cell lines was
carried out. First, we confirmed that AVP, like GIP, could
induce glucagon release from aTC1-9 cells (Fig. 3F).
Then, in the co-culture of INS-1E and aTC1-9 cells, both
AVP and GIP were found to induce secretion of glucagon
and insulin in high-glucose condition, while GLP-1 only
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induced insulin secretion (Fig. 3G and H). These data
clearly indicate that the insulinotropic effect of AVP is
mediated through a paracrine pathway involving gluca-
gon produced by a-cells.

Glucagon induces insulin secretion mainly by activating
GLP-1R on B cells
Both GCGR and GLP-1R have been detected in islet
B cells [19, 20], which was also observed in our study,
although the expression level of Gcgr was much lower
than GlpIr (Fig. 2D). Both receptors can be activated by
glucagon [21]. Our data confirmed that glucagon could
indeed activate both GCGR and GLP-1R with ECgys of
22.8 pM and 1.35 nM, respectively, while GLP-1 could
only activate GLP-1R (Fig. 4A and B). Therefore, AVP-
stimulated glucagon from a cells may activate one or
both receptors to stimulate insulin secretion from f3 cells.
MK-0893, a specific antagonist of GCGR [22], and
Exendin (9-39), a specific antagonist of GLP-1R [23],
were validated to show potent and dose-dependent
antagonistic effect on GCGR and GLP-1R, respectively
(Fig. 4C and D). MK-0893 did not affect AVP-induced
insulin secretion from isolated islets at concentrations
up to 10 uM, while Exendin (9-39) almost totally abol-
ished AVP-stimulated insulin secretion from islets at 0.1
uM (Fig. 4E and F). Both antagonists did not affect AVP-
induced glucagon secretion from the islets (Fig. 4G and
H). Furthermore, knocking down GlpIr in INS-1E cells
using shRNA significantly attenuated AVP-induced insu-
lin secretion from the co-culture of INS-1E and aTC1-9
cells, while shRNA targeting Gcgr had no significant
effect (Fig. 4K and L). It is noteworthy that the qPCR
analysis further confirmed that the expression of Gegr is
much lower than GlpIr in f cell line (Fig. 41 and J), con-
sistent with our single cell analysis of the islets (Fig. 2D).
This may explain the lack of effects upon GCGR antago-
nist administration or knockdown of Gegr expression.

GLP-1R antagonist inhibits AVP-improved glucose
tolerance in mice
To validate our findings obtained from the isolated islets
and cell lines, we conducted oral glucose tolerance test
(OGTT) using 8-week-old C57BL/6] mice. AVP (1 mg/
kg) was injected via i.p. 15 min prior to a 1.5 g/kg glucose
challenge. AVP significantly lowered blood glucose levels
during the OGTT, while co-injection of Exendin (9-39)
(10 mg/kg) almost abolished the effect of AVP (Fig. 5A
and B). Blood collected 15 min after glucose adminis-
tration was used to analyze the levels of plasma insulin.
AVP significantly stimulated the release of insulin, and
this effect was also completely blocked by Exendin 9-39
(Fig. 5C).

Taken together, our data demonstrated that AVP pro-
motes glucagon secretion from the o cells by activating
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control. #P<0.01, #¥P<0.001, versus AVP alone

V1bR, and the released glucagon stimulates glucose-
dependent insulin secretion from the B cells in a para-
crine manner by activating GLP-1R on p cells (Fig. 5D).

Discussion

The involvement of AVP and VI1bR in facilitating insu-
lin secretion is a well-documented phenomenon [7, 9],
although the exact mechanism remains elusive. Since

V1bR has been reported to be expressed in both the
pancreas and anterior pituitary, it may stimulate insu-
lin release via central and peripheral pathways. In the
central nervous system, AVP neurons are classified into
parvocellular and magnocellular subtypes [24, 25]. Par-
vocellular AVP neurons project to the median eminence,
regulating HPA axis activity. AVP not only stimulates
CRH release but also enhances ACTH, corticosterone,
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Fig. 4 Glucagon stimulated by AVP induces insulin secretion via GLP-1R. (A and B) Dose-response curves of GLP-1 and glucagon in HEK293 cells stably
expressing GCGR (A) or GLP-1R (B). (C) Dose-response curves of MK-0893 on glucagon (0.1 nM)-induced cAMP signal in HEK293 cells stably expressing
GCGR. (D) Dose-response curves of Exendin (9-39) on glucagon (10 nM)-induced cAMP signal in HEK293 cells stably expressing GLP-1R. (E-H) Insulin (E
and F) and glucagon (G and H) secretion from isolated mouse islets (10 islets/well in 48-well plate, incubated in 1 mL KRBB with 16.8 mM glucose) in the
presence of AVP (1 nM) and various concentrations of MK-0893 or Exendin (9-39) for 2 h. (I and J) Relative mRNA level of Gegr (I) or GlpTr (J) in INS-1E cells
infected with lentivirus carrying shRNAs targeting Gcgr or Glp1r, scrambled shRNA (shRNA-Scr) was used as control. Data were normalized to Gapdh in the
same sample. (K and L) Insulin secretion levels from co-culture of INS-1E (infected with ShRNA-Gcgr (K) or shRNA-GIpTr (L)) and aTC1-9 cells (both 2.5 x 10*
/well in 96-well plate, incubated in 100 uL KRBB with 16.8 mM glucose) stimulated by AVP (1 nM) for 1 h. Data are means+SEM (3 technical replicates).

*P<0.05,**P<0.01, ***P<0.001, versus DMSO control. #P<0.05, #P < 0.01, #P< 0.001, versus AVP alone

and catecholamine secretion within the HPA axis [26,
27], thereby participating in metabolic regulation medi-
ated by these hormones. Magnocellular AVP neurons
predominantly contribute to the circulating AVP. Previ-
ous investigations using various cell lines and pancreatic
perfusion models have demonstrated that peripheral AVP
directly promotes insulin secretion in pancreatic islets [9,
10, 13]. In this study, we clearly demonstrate that periph-
eral AVP stimulates o cells to release glucagon, which in
turn stimulates glucose-dependent insulin secretion from
the p cells in a paracrine pathway.

Glucagon is typically considered as a glucose increas-
ing hormone by stimulating hepatic glucose output.
Although glucagon is used to increase blood glucose and
prevent hypoglycemia, both animal and clinical studies
have suggested that blocking glucagon signaling rarely
causes hypoglycemia [28, 29]. A notion has been pro-
posed that the primary physiological function of gluca-
gon may not lie in the correction of hypoglycemia, and
significant elevation of the blood glucose level by gluca-
gon is only observed with pharmacological doses of the
peptide [28].

Increasing evidences have suggested that glucagon can
potentiate glucose-stimulated insulin secretion from
cells by intra-islet paracrine pathway [30]. Both exog-
enous and endogenous glucagon (e.g. activation of « cells
with alanine) significantly enhanced insulin secretion
and reduced glycemia levels in WT mice, but not in mice
with double knockout of Gegr and GlpIr in B cells [31].
Impairments in insulin secretion were also observed in
Gcg knockout mice or in inducible « cells ablation mod-
els [30, 32, 33]. Some evidence also suggested that a sub-
population of B cells might also express Gcg gene which
was necessary for normal insulin secretion [34]. These
findings indicate that the insulinotropic actions of glu-
cagon can counteract its effects on hepatic glucose out-
put, thereby defining a dual regulatory role of glucagon in
metabolic regulation [31].

Despite that glucagon can induce cAMP production
by binding to both the GCGR and GLP-1R [35, 36], sev-
eral evidences suggest that paracrine glucagon effect is
mediated primarily by activation of GLP-1R in [ cells.
Islets isolated from mice with Gegr knockout in P cells
and littermate controls displayed identical insulin secre-
tion in response to glucagon, but the deletion of Glplr

in B cells critically attenuated glucagon-stimulated insu-
lin secretion [31, 37]. Similar results were obtained by
using inhibitors [37]. Antagonism of the GLP-1R blocked
large part of glucagon-stimulated insulin secretion,
while antagonism of the GCGR only contributed when
combined with GLP-1R antagonism, suggesting that the
major insulinotropic effect of glucagon is achieved via
GLP-1R [37].

Although the mRNAs of both GlpIr and Gegr could
be detected in B cells, we have demonstrated that the
expression level of GlpIr is 610 times higher than Gegr,
that’s probably why glucagon stimulates insulin release
from f cells via activation of GLP-1R. Recent studies have
demonstrated that consumption of high-fat diet in mice
results in the upregulation of Gcgr expression and down-
regulation of GlpIr expression within the islets [38]. In
this case, activation of GCGR promotes glucose-stimu-
lated insulin secretion more than GLP-1R [38], highlight-
ing the increased significance of GCGR during metabolic
stress.

The exact mechanism underlying V1bR-mediated glu-
cagon secretion from o cells remains to be elucidated.
However, studies have highlighted the crucial role of the
calcium ion in glucagon secretion [39]. V1bR is a GPCR
coupled to Gaq protein which induces calcium eleva-
tion in cells upon stimulation. Therefore, V1bR is likely
to induce glucagon secretion in « cells via the Gaq and
calcium pathway.

Even though AVP induces insulin secretion, using high
concentrations of AVP to treat diabetes is not advisable
due to its many receptors and functions. Epidemiologi-
cal studies have explored the correlation between AVP
and diabetes. Copeptin, a peptide derived from AVP pre-
cursor, indicates in vivo levels of AVP. Elevated copeptin
concentrations are linked to obesity, insulin resistance,
and diabetes onset/progression. Diabetic patients exhibit
higher copeptin levels [1, 40]. Moreover, as an antidi-
uretic hormone, increased secretion of AVP occurs when
water intake is insufficient to promote water reabsorption
and then elevated concentrations of AVP can affect glu-
cose homeostasis [41]. This theory supports the notion
that increasing water consumption may benefit diabetic
treatment. Direct application of AVP might not benefic
diabetes, but our study suggests targeting pancreatic
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V1bR might be a more specific way, which warrants fur-
ther investigation.

Supplementary Information
The online version contains supplementary material available at https://doi.
org/10.1186/513578-024-01288-4.

[ Supplementary Material 1 ]

Author contributions

YY performed most of the experiments; GSM participated in part of the
experiments; XX conceived and supervised the study; YY and XX analyzed the
data and wrote the manuscript.

Funding
This work was supported by the National Natural Science Foundation of China
(82121005, 82304579, 82330113) and Taishan Scholars Program.

Data availability
The datasets used and/or analyzed during the current study are available from
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 24 April 2024 / Accepted: 15 August 2024
Published online: 31 August 2024


https://doi.org/10.1186/s13578-024-01288-4
https://doi.org/10.1186/s13578-024-01288-4

Yun et al. Cell & Bioscience

(2024) 14:110

References

1.

2.

20.

Christ-Crain M. Vasopressin and copeptin in health and disease. Rev Endocr
Metab Disord. 2019;20:283-94. https://doi.org/10.1007/511154-019-09509-9
Amico JA, Finn FM, Haldar J. Oxytocin and vasopressin are present in

human and rat pancreas. Am J Med Sci. 1988,296:303-7. https://doi.
0rg/10.1097/00000441-198811000-00003

Birnbaumer M. Vasopressin receptors. Trends Endocrinol Metabolism.
2000;11:406-10. https://doi.org/10.1016/51043-2760(00)00304-0

Bankir L, Bichet DG, Morgenthaler NG. Vasopressin: physiology, assessment
and osmosensation. J Intern Med. 2017;282:284-97. https://doi.org/10.1111/
joim.12645

Natochin YV, Golosova DV. Vasopressin receptor subtypes and renal

sodium transport. Vitam Horm. 2020;113:239-58. https://doi.org/10.1016/
bs.vh.2019.08.013

Andres-Hernando A, et al. Vasopressin mediates fructose-induced metabolic
syndrome by activating the V1b receptor. JCl Insight. 2021;6. https://doi.
0rg/10.1172/jci.insight.140848

Lee B, Yang C, Chen TH, al-Azawi N, Hsu WH. Effect of AVP and oxytocin on
insulin release: involvement of V1b receptors. Am J Physiol. 1995,269:E1095—
1100. https://doi.org/10.1152/ajpend0.1995.269.6.E1095

O'Carroll AM, Howell GM, Roberts EM, Lolait SJ. Vasopressin potentiates corti-
cotropin-releasing hormone-induced insulin release from mouse pancreatic
beta-cells. J Endocrinol. 2008;197:231-9. https://doi.org/10.1677/JOE-07-0645
Oshikawa S, Tanoue A, Koshimizu TA, Kitagawa Y, Tsujimoto G. Vasopressin
stimulates insulin release from islet cells through V1b receptors: a combined
pharmacological/knockout approach. Mol Pharmacol. 2004;65:623-9. https://
doi.org/10.1124/mol.65.3.623

Mohan S, Moffett RC, Thomas KG, Irwin N, Flatt PR. Vasopressin receptors in
islets enhance glucose tolerance, pancreatic beta-cell secretory function, pro-
liferation and survival. Biochimie. 2019;158:191-8. https://doi.org/10.1016/j.
biochi.2019.01.008

Mohan S, et al. Beneficial impact of Ac3IV, an AVP analogue acting specifically
atV1aand V1b receptors, on diabetes islet morphology and transdifferen-
tiation of alpha- and beta-cells. PLoS ONE. 2021;16:20261608. https://doi.
0rg/10.1371/journal.pone.0261608

Folny V, et al. Pancreatic vasopressin V1b receptors: characterization in
In-R1-G9 cells and localization in human pancreas. Am J Physiol Endocrinol
Metab. 2003;285:E566-576. https://doi.org/10.1152/ajpendo.00148.2003
Dunning BE, Moltz JH, Fawcett CP. Modulation of insulin and glucagon secre-
tion from the perfused rat pancreas by the neurohypophysial hormones and
by desamino-D-arginine vasopressin (DDAVP). Peptides. 1984,5871-5. https://
doi.org/10.1016/0196-9781(84)90109-8

Kim A, et al. Arginine-vasopressin mediates counter-regulatory glucagon
release and is diminished in type 1 diabetes. Elife. 2021;10. https://doi.
org/10.7554/elife.72919

Yibchok-anun S, Abu-Basha EA, Yao CY, Panichkriangkrai W, Hsu WH. The role
of arginine vasopressin in diabetes-associated increase in glucagon secretion.
Regul Pept. 2004;122:157-62. https://doi.org/10.1016/j.regpep.2004.06.010
Roper J, O'Carroll AM, Young W, Lolait S. The vasopressin Avpr1b receptor:
molecular and pharmacological studies. Stress. 2011;14:98-115. https://doi.
0rg/10.3109/10253890.2010.512376

Gal S-L. An overview of SSR149415, a selective nonpeptide vasopressin V(1b)
receptor antagonist for the treatment of stress-related disorders. CNS Drug
Rev. 2005;11:53-68. https://doi.org/10.1111/j.1527-3458.2005.tb00035.x
Arneth B, Arneth R, Shams M. Metabolomics of type 1 and type 2 diabetes.
Int J Mol Sci. 2019;20. https://doi.org/10.3390/ijms20102467

DiGruccio MR, et al. Comprehensive alpha, beta and delta cell transcriptomes
reveal that ghrelin selectively activates delta cells and promotes somatosta-
tin release from pancreatic islets. Mol Metab. 2016;5:449-58. https://doi.
0rg/10.1016/j.molmet.2016.04.007

Amisten S, Salehi A, Rorsman P, Jones PM, Persaud SJ. An atlas and

functional analysis of G-protein coupled receptors in human islets of
Langerhans. Pharmacol Ther. 2013;139:359-91. https://doi.org/10.1016/j.
pharmthera.2013.05.004

Jones B, Bloom SR, Buenaventura T, Tomas A, Rutter GA. Control of insulin
secretion by GLP-1. Peptides. 2018;100:75-84. https://doi.org/10.1016/j.
peptides.2017.12.013

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Page 11 of 11

Xiong Y, et al. Discovery of a novel glucagon receptor antagonist N-[(4-
(15)-1-[3-(3, 5-dichlorophenyl)-5-(6-methoxynaphthalen-2-yl)-1H-pyrazol-
1-yllethylphenyl)carbonyl]-beta-alanine (MK-0893) for the treatment of type Il
diabetes. ] Med Chem. 2012,55:6137-48. https://doi.org/10.1021/jm300579z
Schirra J, et al. Exendin(9-39)amide is an antagonist of glucagon-like pep-
tide-1(7-36)amide in humans. J Clin Invest. 1998;101:1421-30. https://doi.
org/10.1172/JCI11349

Kawakami N, et al. Variation of pro-vasopressin processing in parvocellular
and magnocellular neurons in the paraventricular nucleus of the hypothala-
mus: evidence from the vasopressin-related glycopeptide copeptin. J Comp
Neurol. 2021;529:1372-90. https://doi.org/10.1002/cne.25026

Caldwell HK, Lee HJ, Macbeth AH, Young WS 3. Vasopressin: behavioral

roles of an original neuropeptide. Prog Neurobiol. 2008;84:1-24. https://doi.
0rg/10.1016/j.pneurobio.2007.10.007

Tanoue A, et al. The vasopressin V1b receptor critically regulates hypotha-
lamic-pituitary-adrenal axis activity under both stress and resting conditions.
J Clin Invest. 2004;113:302-9. https://doi.org/10.1172/JC119656

Grazzini E, Lodboerer AM, Perez-Martin A, Joubert D, Guillon G. Molecular
and functional characterization of V1b vasopressin receptor in rat adrenal
medulla. Endocrinology. 1996;137:3906-14. https://doi.org/10.1210/
endo.137.9.8756565

Capozzi ME, D'Alessio DA, Campbell JE. The past, present, and future physiol-
ogy and pharmacology of glucagon. Cell Metab. 2022,34:1654-74. https://
doi.org/10.1016/j.cmet.2022.10.001

Wewer Albrechtsen NJ, et al. 100 years of glucagon and 100 more. Diabetolo-
gia. 2023,66:1378-94. https://doi.org/10.1007/500125-023-05947-y

Holter MM, Saikia M, Cummings BP. Alpha-cell paracrine signaling in the
regulation of beta-cell insulin secretion. Front Endocrinol. 2022;13. https://
doi.org/10.3389/fendo.2022.934775

Capozzi ME, et al. Glucagon lowers glycemia when beta-cells are active. JCI
Insight. 2019;5. https://doi.org/10.1172/jciinsight.129954

Traub S, et al. Pancreatic a cell-derived glucagon-related peptides

are required for {3 cell adaptation and glucose homeostasis. Cell Rep.
2017;18:3192-203. https://doi.org/10.1016/j.celrep.2017.03.005

Capozzi ME, et al. 3 cell tone is defined by proglucagon peptides through
cAMP signaling. JCI Insight. 2019:4. https://doi.org/10.1172/jciinsight.126742
Miyazaki S, Tashiro F, Tsuchiya T, Sasaki K, Miyazaki J-i. Establishment of a
long-term stable -cell line and its application to analyze the effect of gcg
expression on insulin secretion. Sci Rep. 2021;11. https://doi.org/10.1038/
$41598-020-79992-7

Moens K, et al. Dual glucagon recognition by pancreatic beta-cells via gluca-
gon and glucagon-like peptide 1 receptors. Diabetes. 1998,47:66-72. https://
doi.org/10.2337/diab47.1.66

Svendsen B et al. Insulin secretion depends on intra-islet glucagon

signaling. Cell Rep. 2018;25:1127-1134 1122, https://doi.org/10.1016/j.
celrep.2018.10.018

Capozzi ME, et al. beta cell tone is defined by proglucagon peptides through
cAMP signaling. JCI Insight. 2019:4. https://doi.org/10.1172/jciinsight.126742
ZhangY et al. Glucagon potentiates insulin secretion via beta-cell GCGR

at physiological concentrations of glucose. Cells. 2021;10. https://doi.
0rg/10.3390/cells 10092495

Liu L, et al. Gg signaling in a cells is critical for maintaining euglycemia. JCI
Insight. 2021;6. https://doi.org/10.1172/jci.insight.152852

Enhorning S, et al. Copeptin, a marker of vasopressin, in abdominal obesity,
diabetes and microalbuminuria: the prospective malmo diet and cancer
study cardiovascular cohort. Int J Obes (Lond). 2013;37:598-603. https://doi.
0rg/10.1038/ij0.2012.88

Muscogiuri G, et al. Water intake keeps type 2 diabetes away? Focus

on copeptin. Endocrine. 2018;62:292-8. https://doi.org/10.1007/
$12020-018-1680-7

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://doi.org/10.1007/s11154-019-09509-9
https://doi.org/10.1097/00000441-198811000-00003
https://doi.org/10.1097/00000441-198811000-00003
https://doi.org/10.1016/s1043-2760(00)00304-0
https://doi.org/10.1111/joim.12645
https://doi.org/10.1111/joim.12645
https://doi.org/10.1016/bs.vh.2019.08.013
https://doi.org/10.1016/bs.vh.2019.08.013
https://doi.org/10.1172/jci.insight.140848
https://doi.org/10.1172/jci.insight.140848
https://doi.org/10.1152/ajpendo.1995.269.6.E1095
https://doi.org/10.1677/JOE-07-0645
https://doi.org/10.1124/mol.65.3.623
https://doi.org/10.1124/mol.65.3.623
https://doi.org/10.1016/j.biochi.2019.01.008
https://doi.org/10.1016/j.biochi.2019.01.008
https://doi.org/10.1371/journal.pone.0261608
https://doi.org/10.1371/journal.pone.0261608
https://doi.org/10.1152/ajpendo.00148.2003
https://doi.org/10.1016/0196-9781(84)90109-8
https://doi.org/10.1016/0196-9781(84)90109-8
https://doi.org/10.7554/eLife.72919
https://doi.org/10.7554/eLife.72919
https://doi.org/10.1016/j.regpep.2004.06.010
https://doi.org/10.3109/10253890.2010.512376
https://doi.org/10.3109/10253890.2010.512376
https://doi.org/10.1111/j.1527-3458.2005.tb00035.x
https://doi.org/10.3390/ijms20102467
https://doi.org/10.1016/j.molmet.2016.04.007
https://doi.org/10.1016/j.molmet.2016.04.007
https://doi.org/10.1016/j.pharmthera.2013.05.004
https://doi.org/10.1016/j.pharmthera.2013.05.004
https://doi.org/10.1016/j.peptides.2017.12.013
https://doi.org/10.1016/j.peptides.2017.12.013
https://doi.org/10.1021/jm300579z
https://doi.org/10.1172/JCI1349
https://doi.org/10.1172/JCI1349
https://doi.org/10.1002/cne.25026
https://doi.org/10.1016/j.pneurobio.2007.10.007
https://doi.org/10.1016/j.pneurobio.2007.10.007
https://doi.org/10.1172/JCI19656
https://doi.org/10.1210/endo.137.9.8756565
https://doi.org/10.1210/endo.137.9.8756565
https://doi.org/10.1016/j.cmet.2022.10.001
https://doi.org/10.1016/j.cmet.2022.10.001
https://doi.org/10.1007/s00125-023-05947-y
https://doi.org/10.3389/fendo.2022.934775
https://doi.org/10.3389/fendo.2022.934775
https://doi.org/10.1172/jci.insight.129954
https://doi.org/10.1016/j.celrep.2017.03.005
https://doi.org/10.1172/jci.insight.126742
https://doi.org/10.1038/s41598-020-79992-7
https://doi.org/10.1038/s41598-020-79992-7
https://doi.org/10.2337/diab.47.1.66
https://doi.org/10.2337/diab.47.1.66
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1016/j.celrep.2018.10.018
https://doi.org/10.1172/jci.insight.126742
https://doi.org/10.3390/cells10092495
https://doi.org/10.3390/cells10092495
https://doi.org/10.1172/jci.insight.152852
https://doi.org/10.1038/ijo.2012.88
https://doi.org/10.1038/ijo.2012.88
https://doi.org/10.1007/s12020-018-1680-7
https://doi.org/10.1007/s12020-018-1680-7

	﻿V1bR enhances glucose-stimulated insulin secretion by paracrine production of glucagon which activates GLP-1 receptor
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Animals
	﻿Hormone secretion from isolated islets
	﻿Cell culture and hormone secretion
	﻿Calcium assay
	﻿cAMP accumulation assay
	﻿RNA sequencing of single mouse pancreatic islet cells
	﻿Fluorescence-activated cell sorting and real-time qPCR assay
	﻿shRNA transfection
	﻿Western blot
	﻿Oral glucose tolerance test and insulin detection
	﻿Statistical analysis

	﻿Results
	﻿AVP induces insulin secretion from islets but not β cell line
	﻿V1bR is selectively expressed in the α cells within the islets
	﻿Glucagon secreted from α cells by AVP stimulation may facilitate insulin secretion
	﻿Glucagon induces insulin secretion mainly by activating GLP-1R on β cells
	﻿GLP-1R antagonist inhibits AVP-improved glucose tolerance in mice

	﻿Discussion
	﻿References


