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Abstract

Aim/hypothesis Urocortin-3 (UCN3) is a glucoregulatory peptide produced in the gut and pancreatic islets. The aim of this
study was to clarify the acute effects of UCN3 on glucose regulation following an oral glucose challenge and to investigate
the mechanisms involved.

Methods We studied the effect of UCN3 on blood glucose, gastric emptying, glucose absorption and secretion of gut and
pancreatic hormones in male rats. To supplement these physiological studies, we mapped the expression of UCN3 and the
UCN3-sensitive receptor, type 2 corticotropin-releasing factor receptor (CRHR?2), by means of fluorescence in situ hybridi-
sation and by gene expression analysis.

Results In rats, s.c. administration of UCN3 strongly inhibited gastric emptying and glucose absorption after oral admin-
istration of glucose. Direct inhibition of gastrointestinal motility may be responsible because UCN3’s cognate receptor,
CRHR2, was detected in gastric submucosal plexus and in interstitial cells of Cajal. Despite inhibited glucose absorption,
post-challenge blood glucose levels matched those of rats given vehicle in the low-dose UCN3 group, because UCN3 con-
comitantly inhibited insulin secretion. Higher UCN3 doses did not further inhibit gastric emptying, but the insulin inhibition
progressed resulting in elevated post-challenge glucose and lipolysis. Incretin hormones and somatostatin (SST) secretion
from isolated perfused rat small intestine was unaffected by UCN3 infusion; however, UCN3 infusion stimulated secretion of
somatostatin from delta cells in the isolated perfused rat pancreas which, unlike alpha cells and beta cells, expressed Crhr2.
Conversely, acute antagonism of CRHR?2 signalling increased insulin secretion by reducing SST signalling. Consistent with
these observations, acute drug-induced inhibition of CRHR?2 signalling improved glucose tolerance in rats to a similar degree
as administration of glucagon-like peptide-1. UCN3 also powerfully inhibited glucagon secretion from isolated perfused
rat pancreas (perfused with 3.5 mmol/l glucose) in a SST-dependent manner, suggesting that UCN3 may be involved in
glucose-induced inhibition of glucagon secretion.

Conclusions/interpretation Our combined data indicate that UCN3 is an important glucoregulatory hormone that acts
through regulation of gastrointestinal and pancreatic functions.

Keywords Blood glucose - Corticotropin-releasing factor receptor 2 - Gastric emptying - Glucose absorption - Insulin
secretion - Somatostatin - Urocortin-3
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What is already known about this subject?

Urocortin-3 (UCN3), a glucoregulatory peptide produced in the gut and pancreatic islets, inhibits glucose-
mediated insulin secretion

What is the key question?

Does acute UCN3 administration affect blood glucose and release of glucoregulatory hormones following an oral
glucose challenge?

What are the new findings?

In rats, UCN3 strongly and dose-dependently inhibited gastric emptying and glucose absorption after oral glucose:
at alow UCN3 dose, blood glucose excursions nevertheless were unaffected because of concomitant inhibition of
insulin secretion; at a higher dose, inhibition of insulin secretion was amplified, causing blood glucose levels to
increase

The insulinostatic effect of UCN3 is mediated via stimulation of islet somatostatin (SST)-secreting delta cells which,
unlike alpha and beta cells, express the cognate UCN3 receptor, corticotropin-releasing hormone receptor-2

e  The UCN3-induced SST secretion simultaneously caused a 50% inhibition of glucagon secretion

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

e  The glucoregulatory and paracrine actions of UCN3 are essential for normal glucose regulation and may play a

modifiable role in diabetes pathophysiology

Introduction

Urocortin-3 (UCN3), a 38-amino-acid peptide from the
corticotropin-releasing factor family [1, 2], is expressed in
beta cells and is co-secreted with insulin [3]. In mice and
rats, UCN3 administration impairs glucose tolerance dur-
ing OGTT [3-5] by mechanisms that may involve altering
secretion of glucoregulatory hormones from the pancreatic
islets, although observations conflict. Some studies in rats
showed that UCN3 stimulated glucagon and insulin release
in vivo and from isolated islets [3, 5], whereas another
showed that UCN3 inhibits insulin secretion by stimula-
tion of islet somatostatin (SST) release [4]. In addition,
UCNZ3 has been shown to inhibit, via unclear mechanisms,
gastric emptying [6, 7], which would reduce postprandial
blood glucose excursions. Collectively, these data sug-
gest that UCN3 may be an important yet underappreciated
regulator of postprandial metabolism [8]. However, many
fundamental aspects of UCN3 physiology remain unclear,
including the dose-dependency of its opposing effects on
post-challenge glucose tolerance (inhibition of gastric emp-
tying and inhibition of insulin secretion). Here, we further
clarify the effects and the dose-dependency of UCN3 on
glucose excursions, gastric emptying, glucose absorption
and lipolysis in rats challenged orally with glucose. Further-
more, we investigated the mechanisms underlying UCN3’s
glucoregulatory effects.

Methods

Animals and ethical considerations Male rats were pur-
chased from Janvier (Saint Berthevin Cedex, France). Exper-
iments were approved by the Danish Animal Experiments
Inspectorate (2018-15-0201-01397 and 2020-15-0201-
00756). For further details, see electronic supplementary
material (ESM) Methods.

In vivo study 1 Rats fasted for 8—12 h were used. Blood was
sampled from conscious rats by sublingual puncture (200 pl/
sample) into EDTA-coated tubes, which were immediately
placed on ice. After collection of baseline samples (at —10
min and —5 min, plotted as time O min), rats received glucose
by oral gavage (2 g/kg; containing in addition paracetamol
[acetaminophen] 100 mg/kg [25 mg/ml]) at time O min
together with a subcutaneous injection (200 pl) of one of
the following compounds prepared in isotonic saline (154
mmol/l NaCl) with 0.1% HSA: isotonic saline (vehicle);
UCN3 (30 nmol/kg); glucagon-like peptide-1 (GLP-1; 30
nmol/kg; positive control); or the corticotropin-releasing
hormone receptor 2 (CRHR?2) antagonists, antisauvagine-30
or K41498 (100 pg/kg). Plasma exposure data later showed
that the UNC3 group had ~% of the concentration observed
in the 30 nmol/kg group in the second in vivo study (where
concentrations after formulation was verified). Concentration
is thus presented as an adjusted dose of 7.5 nmol/kg. Blood
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was collected at time points 5, 10, 15, 30 and 45 min by the
procedure described above. Samples were centrifuged (1650g,
4°C, 10 min) within 30 min and plasma was stored at —20°C.
At the end of the experiments, rats were returned to their
housing location and were observed daily for a week. No
signs of failure to thrive were observed. Weight did not differ
between experimental groups (~350 g, p>0.58 for all groups).

Invivo study 2 The study design was as for study 1 but with
following exceptions: 250 pl blood was withdrawn at each
time point; time points were —30, —15 (baseline), 5, 10, 15,
30, 45 and 90 min; UCN3 challenge at time 0 min was with
2, 7.5 or 30 nmol/kg; and rats were euthanised at the end of
the study (by CO, overdose). UCN3 was formulated in 50
mmol/l HEPES, 180 mmol/l glycerol and 0.007% polysorb-
ate 20, pH 8. Weight did not differ between experimental
groups (~350 g, p>0.74 for all groups).

UCN3 t'2 in rats Plasma samples from in vivo study 1 and
2 were used to determine UCN?3 tY4. For further details, see
ESM Methods.

Perfusion studies Rat small intestines and pancreases were
isolated in situ by cannulation of the relevant vasculature.
Organs were perfused with a physiological buffer and sam-
ples were collected each minute. For detailed description of
procedures, see ESM Methods.

Pharmacology studies COS-7 cells were modified for
either mouse or rat CRHR2 expression using a transient
calcium phosphate precipitation transfection procedure [9]
with pCMV6-Entry vectors containing untagged Crhr2
clones for either the rat or mouse version of the receptor
(catalogue no. RN206899 and MC208334; OriGene Europe,
Herford, Germany). Two days after transfection, cells were
incubated either with synthetic mouse UCN3 at a concen-
tration range of 1x107'2 to 1x10~7 mol/l or with one of
the following CRHR2 antagonists: antisauvagine-30; or
K41498. Changes in receptor activity were quantified by
use of in vitro HitHunter cAMP assay. For further details,
see ESM Methods.

UCN3 concentrations in rat gut and pancreas Protein con-
centrations were quantified in gastrointestinal and pancreas
tissue biopsies (~1-1.5 cm/piece) by Pierce BCA Protein
Assay Kit (catalogue no. 23227; Thermo Fisher Scientific,
USA) and extracts were purified using tc18 cartridges (cata-
logue no. 036810; Waters, USA). See ESM Methods for
further information.

In situ hybridisation Rat (male Wistar) pancreas, gas-

tric ventricle, jejunum, distal ileum and mid-colon were
investigated for Ucn3 and Crhr2 expression by standard
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procedures, using antibodies listed in ESM Table 1 and
probes listed in ESM Table 2.

Expression analysis of UCN3 and CRHR2 in rat and human
islets Expression of genes encoding UCN3 and CRHR2 was
investigated in rat islets by qPCR and in human islets by re-
analysing publicly available human islet single-cell sequenc-
ing data. The qPCR used primers listed in ESM Table 3. The
expression of Ucn3 and Crhr2 was compared with expres-
sion of the well-known genes Gcg, Glp-1r (also known as
Glplr), Ins-1 (also known as Insl) and Ins-2 (also known
as Ins2) in rat islets. The expression of UCN3 and CRHR?2
was compared with expression of GCG, UCNI, UCN2 and
GLPIR in human islet alpha, beta and delta cells. Further
information can be found in ESM Methods.

Biochemical measurements Quantifications were done by
either in-house RIA or by use of commercially available
assays. Samples were assayed in a non-randomised manner.
For further information about the assays and procedures,
see ESM Methods and ESM Table 4. To quantify plasma
3-0O-methyl-p-glucose (3-OMG) concentrations, we devel-
oped a sensitive and low volume LC/MS-based quantifica-
tion (see ESM Methods for further information). Samples
were also in this case assayed in a non-randomised manner.

Data presentation and statistical analysis Data are expressed
as means = SEM. For perfusion data, averaged basal and
response outputs were calculated by averaging output values
over the entire stimulation period (response, 15 min) and
the period leading up to stimulus administration (15 min,
baseline). Output (fmol/min) was the product of peptide
concentration (pmol/l) and flow rate (ml/min). Statistical
significance was assessed by two-way ANOVA or by one-
way ANOVA for repeated measurements (as indicated in
figure legends), followed by Tukey’s multiple comparison
test. Alternatively, Student’s paired ¢ test was used when
applicable. Statistical tests were performed in GraphPad
Prism (vs. 9; La Jolla, CA, USA). Graphs were constructed
in GraphPad Prism and edited in Adobe Illustrator (vs. 2021;
San Jose, CA, USA). p<0.05 was considered significant. No
animals/samples were excluded from the presented data set.

Results

Effects of UCN3 on blood glucose, gastric emptying and glucose
absorption Baseline blood glucose was ~6.5 mmol/l (p>0.80
between groups). Blood glucose profiles in the vehicle- and
UCN3-treated groups were similar (n=10) (individual time
points: p=0.47-0.99 and AUC p>0.99), while GLP-1 injection
resulted in an expected pronounced delay in blood glucose rise
(Fig. 1a,b). A similar delay in glucose increase was seen after
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administration of antisauvagine-30 + K41498, with significantly
lower glucose AUCs compared with vehicle (p<0.05, ESM
Fig. 1). Compared with the vehicle-treated group, post-challenge
paracetamol concentrations were 50-80% lower at 5, 10, 15
and 30 min in both the GLP-1 and the UCN3 group (p<0.05 to
p<0.0001, Fig. 1¢). Paracetamol AUC was 60% lower and 25%
lower in UCN3 and GLP-1 groups compared with the vehicle
group (Fig. 1d). The AUC for plasma 3-O-methyl-p-glucose
(3-OMG) (a marker of glucose absorption [10]) amounted to
only 30-50% and 10-20% of the vehicle group, respectively
(Fig. 1f), consistent with marked inhibition of gastric emptying.

Effects of UCN3 on blood glucose regulating hor-
mones Plasma glucagon concentrations at baseline were
similar between all groups (Fig. 1g) and administration of 30
nmol/kg UCN3 did not affect AUCs compared with admin-
istration of vehicle (Fig. 1h).

Plasma insulin concentrations at baseline did not dif-
fer between groups (p>0.99, n=10, Fig. 1i). The insulin
response to the OGTT was delayed and considerably blunted
in the UCN3 group (adjusted dose: 7.5 nmol/kg) compared
with the vehicle group, amounting to less than half of that in
the vehicle group. (Fig. 1i,j). Thus, the Ainsulin/Aglucose
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ratio was overall ~70% lower in the UCN3 group compared
with the vehicle group (Fig. 1k,]).

Dose-dependent effects of UCN3 on blood glucose, gastric
emptying, glucose absorption, lipolysis and plasma concen-
trations of insulin To investigate the dose-dependency of
UCN3’s effects on post-challenge blood glucose levels as
well as its inhibitory effects on gastric emptying and insulin
secretion, we next used three different doses of UCN3 (2,
7.5 and 30 nmol/kg). With the low UCN3 dose (2 nmol/
kg), blood glucose and paracetamol data matched those in
the first in vivo study (Fig. 2a—d). This was presumably due
to concomitant inhibition of insulin secretion, which at this
lower dose was variable in effect size and not significant
(Fig. 2e,f). At the medium and high UCN3 doses (7.5 and 30
nmol/kg), blood glucose levels were higher than in either the
vehicle group or low-dose UCN3 group, with the AUC (-5
min to 45 min) being increased by ~20% (p<0.05, Fig. 2a,b);
no statistically significant differences were observed between
the 7.5 and 30 nmol/kg groups. The dose-dependent differ-
ences in net effect on post-challenge blood glucose likely
resulted from a combination of comparable inhibitory effect
on gastric emptying (as measured by plasma paracetamol
concentrations) at the low, medium and high dose (AUC for
2 vs 7.5 nmol/kg UCN3, p=0.62; AUC for 2 vs 30 nmol/kg
UCN3, p=0.63; Fig. 2c,d) and stronger and significant inhi-
bition of insulin secretion at the high dose (AUCs [—5 min
to 45 min] for vehicle 21.6+3.34 nmol/l X min vs 100 nmol/
kg UCN3 9.60+0.57 nmol/l X min; p<0.05; Fig. 2e.f). As a
reflection of this, the Ainsulin/Aglucose ratio dose-depend-
ently decreased. AUCs (—5 min to 45 min) in the 2, 7.5 and
30 nmol/kg UNC3 groups thus only amounted to, respec-
tively, ~40%, ~28% and ~20% of that of vehicle (Fig. 2g,h).
We also investigated whether UCN3 affected lipolysis. Nei-
ther NEFA nor triacylglycerol was affected at any of the
UCN3 doses (Fig. 2i-1) but plasma glycerol increased signif-
icantly with all UCN3 doses (p<0.05 vs vehicle) (Fig. 2m,n).
A time point at 90 min was also included in the experiment
but this was subsequently judged irrelevant due to minimal
UCN3 exposure (ESM Fig. 3). However, even including
the point at 90 min, the response patterns were largely the
same. An exception to this was plasma insulin which, in
this case, was not significantly different in the UCN3 groups
compared with vehicle (ESM Fig. 2).

UCN3 tY2inrats The tY2 of UCN3 in rodents is unknown, so
we determined the t¥2 of UCN3 after i.v. and s.c. adminis-
tration in rats. The t¥2 after i.v. and s.c. administration was
1.9 and 12.2 min (based on first-order kinetics), respectively
(Fig. 3a—d). To compare plasma exposure between experi-
ments, we also determined plasma concentrations in rats
receiving a dose of 30 nmol/kg UCN3 in the second in vivo
study (Fig. 2). Data are shown in ESM Fig. 3.

@ Springer

Direct effects of UCN3 secretion on glucose-dependent insu-
linotropic polypeptide, GLP-1, neurotensin and SST from iso-
lated perfused rat small intestine To test whether UCN3
acts locally in the gut to indirectly inhibit gastric emptying
via secretion of one or more gut hormones, we first exam-
ined UCN3 concentrations along the rat gastrointestinal
tract. UCN3 concentrations above the detection limit (0.14
ng/ml) were found in extracts of all investigated segments;
concentrations were highest in the proximal jejunum and dis-
tal ileum (Fig. 4a, n=6). A similar distribution pattern was
observed when data were normalised to tissue wet weight
(data not shown). Subsequently, we investigated whether
intra-arterial UCN3 infusion affected glucose-dependent
insulinotropic polypeptide (GIP), GLP-1, neurotensin (NT)
or SST secretion from isolated perfused rat small intestine.
We found that this was not the case, although taurodeoxy-
cholic acid (positive control) increased their secretion at
least twofold (p<0.05, n=6, Fig. 4b—i). This suggests that
UCN3 could interact directly with the stomach and intestine,
which would require CRHR2 expression in these organs.

Crhr2 expression in the rat gastrointestinal tract Crhr2 tran-
scripts were found in cells along the submucosal surface of
the circular muscle layer in the pyloric antrum, jejunum and
distal ileum, morphologically resembling intestinal cells of
Cajal (Fig. 5a), and in the stomach in the submucous nerve
plexus of the gastric corpus and in the pyloric part of the
antrum (Fig. 5b) (data from positive and negative controls
studies are shown in ESM Fig. 4). Crhr2 expression was
rich in the smooth muscle layer of arterioles in the stomach,
small and large intestine, pancreas and mesentery (Fig. 5c)
but the gastrointestinal mucosa ranging from the stomach
to the colon was devoid of staining, except for very few and
scattered transcripts within the lamina propria (data not
shown).

Ucn3 and Crhr2 expression in rat and human islets Ucn3
was highly expressed in the rat pancreas and amounted
to 20-50% of the expression of Ins-1 and Ins-2 (Fig. 6a,
n=8). The expression translated into high concentra-
tions of extractable UCN?3, well above the detection limit
(pmol/g tissue: glucagon 76.3+14.0; UCN3 16.9+2.86;
insulin 345+52.1, n=9, Fig. 6b). In situ hybridisation stud-
ies showed that Ucn3 transcripts were highly abundant in
insulin-containing beta cells but not in glucagon-containing
alpha cells or SST-producing delta cells (Fig. 6¢). Crhr2
was expressed in rat islets at a level similar to that of Glp-1r
(Fig. 6a) and, based on in situ hybridisation, the expression
was exclusively observed in delta cells (Fig. 6d) (data from
positive and negative controls studies are shown in ESM
Fig. 5).

To investigate whether these expression patterns trans-
lated to human islets, we investigated single-cell expression
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«Fig.2 Dose-dependent effects of UCN3 on blood glucose, gastric
emptying, glucose-stimulated secretion of insulin and lipolysis in
the rat. Response to an oral glucose (2 g/kg) challenge in combina-
tion with s.c. injection of either vehicle (control), three different doses
of UCN3 (2, 7.5 and 30 nmol/kg), or GLP-1 (7-36amide, 30 nmol/
kg). Plots of variables over time are shown, with respective AUCs,
for blood glucose (a, b), plasma paracetamol (c, d), plasma insulin (e,
f), Ainsulin/Ablood glucose (g, h), plasma NEFA (i, j), plasma TAG
(k, 1) and plasma glycerol (m, n). AUCs covered —5 min to 45 min
(b, d, f, j, 1 and n) or 545 min (h). Baseline sample points taken
at —30 and —15 min were in all cases plotted as —5 min and O min.
Data are shown as means + SEM, n = 8 or 9. *p<0.05, **p<0.01 and
*##%p<0.001 (two-way ANOVA followed by Tukey’s multiple com-
parison test, testing groups against vehicle [a, c, e, g, i, k, m] or by
one-way ANOVA followed by Tukey’s multiple comparison test [b,
d, f, h, j, 1, n]). TAG, triacylglycerol. Arrows indicate time point of
OGTT and compound administration

of UCN3 and CRHR?2 as well as UCNI, UCN2 and GLPIR
in human alpha cells, beta cells and delta cells from non-dia-
betic donors and donors with type 2 diabetes by re-analysing
publicly available raw RNA sequencing data [11] (Fig. 6e).
CRHR?2 was exclusively expressed by delta cells at a level
comparable to delta-cell expression of GLPIR. UCN3 was
detected in both beta cells and alpha cells. UCNI and UCN2
expression was minimal or non-detectable (Fig. 6e). GLPIR
was upregulated in beta cells from individuals with type-
2-diabetes (p<0.0001) whereas the remaining genes were
not differentially expressed (p>0.05).

Effects of UCN3 and CRHR2 on glucagon, insulin and SST
secretion from isolated perfused rat pancreases UCN3
has been shown to both stimulate [3, 12] and inhibit [4]

Fig.3 1, of UCN3 in the rat.
Response to i.v. (via vena cava 4
inferior, 2 nmol/kg) or s.c.
injection of UCN3 (7.5 nmol/
kg). (a, ¢) Plasma UCN3 con-
centrations over time following
i.v. (a) or s.c. (¢) injection. (b)
Data from a (at the 1 min point)
and (d) data from c (at the 10
min point) expressed as percent-

)

i.v. UCNS injection

Plasma UCN3 (ng/ml)
n

insulin secretion from incubated mouse/rat islets. To
investigate the direct effect of UCN3 on endocrine pan-
creas secretion in a more physiological model, we iso-
lated and perfused rat pancreases with 3.5 or 10 mmol/l
glucose and administered UCN3 into the arterial supply
at 10 nmol/l, a concentration that strongly activates rat
CRHR2 (ESM Fig. 6). At 3.5 mmol/l glucose, UCN3
almost immediately reduced glucagon output to half
(p<0.05, n=5, Fig. 7a,b). After infusion was terminated,
output returned to pre-stimulatory levels (p=0.91 vs
first baseline output); glucagon output was subsequently
reduced by 80% by SST-14 infusion (positive control;
p<0.05). In the same experiments, UCN3 increased
SST output three- to fourfold (p<0.05, n=5, Fig. 7c,d)
but did not affect insulin secretion, which was minimal
at these low glucose conditions (ESM Fig. 7a,b). When
perfusing rat pancreases with 10 mmol/l glucose, UCN3
doubled SST secretion (p<0.05, n=5, Fig. 7e,f). Insulin
secretion was, however, unaffected by UCN3 administra-
tion (p=0.68, n=5, Fig. 7g.,h), although isolated SST-14
infusion reduced secretion by ~30% (p<0.05). To inves-
tigate whether endogenous UCN3 affects insulin or SST
secretion, we infused the CRHR2 antagonists antisau-
vagine-30 and K4148 into the rat pancreas perfused at 10
mmol/l glucose at a concentration that efficiently inhibits
UNC3-mediated activation of CRHR2 (ESM Fig. 6, n=5).
This increased insulin secretion approximately twofold
(p<0.05, n=5, Fig. 7i,j). In the same samples, glucagon
output was again reduced by UCN3 when perfusing with
3.5 mmol/I glucose but not when perfusing with 10 mmol/l
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Fig.4 Concentrations of UCN3
along the rat intestine and
effects of UCN3 on secretion of
glucoregulatory hormones from
isolated perfused rat small intes-
tines. (a) Extractable UCN3
concentrations in rat oesopha-
gus to colon. (b-i) Secretion of
GIP (b, ¢), GLP-1 (d, e), NT (f,
g) and SST (h, i) in response

to arterial infusions of UCN3
(10 nmol/1) or taurodeoxy-
cholic acid (1 mmol/l, positive
control). Secretion is plotted

as min—min outputs and as
respective average total output
during the stimulation periods
(15 min). Data are presented as
means + SEM, n = 6. *p<0.05
(one-way ANOVA for repeated
measurements followed by
Tukey post hoc test). TDCA,
taurodeoxycholic acid

UCNS3 (pmol/mg protein)
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Fig.5 Crhr2 expression in

the rat gastrointestinal tract.
Representative images of
chromogenic in situ hybridisa-
tion staining of Crhr2 mRNA
(red) in interstitial cells of Cajal
along the submucosal surface of
the circular smooth muscle layer
in the pyloric antrum and the
small intestine (a), submucous
plexus of the gastric corpus and
pyloric antrum (b) and smooth
muscle layer of arterioles in

the gastric corpus, small and
large intestine, pancreas, and
mesentery (c). Nuclei were
counterstained with haematoxy-
lin. Scale bar, 20 pm (a, b) or
30 pm (c). n = 3 (male rats).
Ms, muscularis propria; Mu,
mucosa; S, submucosa

a

glucose (ESM Fig. 7c,d). Since UCN3 increased the secre-
tion of SST and because SST is a powerful insulinostatic
regulator, we investigated SST signalling dependence for
the increased insulin secretion in response to CRHR2
blockage. To this end, we infused a combination of SST
receptor (SSTR) antagonists (SSRT2, -3 and -5) known
to efficiently block SST signalling [13] before and dur-
ing infusions of the CRHR2 antagonists. Infusion of the
SSTR antagonists transiently increased insulin secretion
by 30-50% (p<0.05, n=5, Fig. 7k,]) and prevented the
CRHR2 antagonists from increasing insulin secretion.
Secretion was thus significantly lower than during SSTR
antagonist infusion (p<0.05). Subsequent change of the
glucose in the perfusate from 10 mmol/l to 3.5 mmol/l
further decreased insulin secretion by ~66% (p<0.05, n=5,
Fig. 7k,1), confirming responsiveness.

Discussion

The purpose of this study was to clarify the acute effect of
UCN3 on glucose tolerance and to investigate the mech-
anisms involved. In our first in vivo study, blood glucose
concentrations in rats receiving glucose orally and either
saline (control group) or UCN3 subcutaneously were simi-
lar, apparently indicating that UCN3 did not affect intestinal
glucose entry, absorption, or disposal. However, this was
clearly not the case since both gastric emptying and glucose
absorption and insulin secretion were reduced by >50%,
in agreement with previous findings in mice and rats [14,

@ Springer

15]. Here, we show that the maximal efficacy of UCN3 was
comparable with that of GLP-1 but that the effect was more
sustained, possibly because of a longer t/2 of UCN3. Indeed,
we found that the tV2 of UCN3 was about 2 min after i.v.
injection, whereas others reported the t'2 of GLP-1 in rats
to be ~0.8—1 min (i.v.) [16, 17]. Glucose absorption depends
on gastric emptying, intestinal motility, and intestinal blood
flow, and UCN3 may to some extent compensate for the
delayed gastric emptying by increasing intestinal blood flow
through vasodilatation [18]. Our finding of Crhr2 in the gas-
trointestinal arterioles supports this hypothesis, although in
our study, glucose absorption after UCN3 was still reduced
to one-third as judged by plasma 3-OMG concentrations.
Despite its short-lasting effect on gastric emptying, GLP-1’s
reduction of glucose absorption was even more pronounced
than that of UCN3, possibly because of additional inhibitory
effects on intestinal motility [19]. Given that UCN3 concen-
trations are high in the gut, and because CRHR?2 appears to
be expressed by L cells [20], we hypothesised that the effects
of UCN3 on gastric emptying, and potentially also on blood
glucose, could be mediated indirectly by UCN3-regulated
secretion of one or more of the glucoregulatory gastroin-
testinal hormones. However, UCN3 clearly did not affect
GIP, GLP-1, NT or SST secretion from isolated perfused rat
small intestine and presumably also would not have affected
peptide YY secretion since peptide YY is co-secreted with
GLP-1 [21]. Instead, UCN3’s restrictive effects on gastric
emptying may be mediated through direct effects on the
pacemaker activity in the stomach and/or via the enteric
nervous system since we found Crhr2 expression in the
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the circular smooth muscle layer of the pyloric antrum.
With regards to UNC3’s effects on blood glucose, pre-
vious studies in rats and mice, using 90-100 nmol/kg
UCN3, have shown reduced glucose tolerance following
an OGTT [3-5]; conversely, genetic Ucn3 ablation in mice
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or antagonism of CRHR?2 in rats led to improved glucose
tolerance [4, 5]. It was therefore puzzling why our first
in vivo study showed UCN3 to have no effect on post-chal-
lenge blood glucose excursions. One possibility is that the
inhibitory actions of UCN3 on glucose absorption at the
applied dose cancelled out the concomitant increase in blood

@ Springer



1028

Diabetologia (2022) 65:1018-1031

«Fig. 6 Extractable UCN3, glucagon and insulin concentrations in
rat pancreas and expression of Gcg, Ucn3 and Crhr2 in rat islets
and in islets from human donors with or without type 2 diabetes.
(a) Expression of Gcg, Ucn3, Crhr2, Glp-1r, Ins-1 and Ins-2 in rat
islets (quantified by real-time quantitative PCR). n = 8. (b) Concen-
trations of extractable UCN3, glucagon and insulin in rat pancreas.
n = 9. (c, d) Representative images of fluorescence in situ hybridi-
sations of pancreatic islets stained for Ucn3 (c¢) or Crhr2 (d) mRNA
(red) and cells immunofluorescence-stained with antibodies against
insulin, glucagon and SST (green) with blown-up areas indicated
by I and II. Arrowheads indicate overlap between peptide hormone
staining and mRNA staining. Nuclei are counterstained with DAPI
(blue). Scale bar, 50 pm (5 pm in blown-up image). n = 3 male rats.
(e) Single-cell expression of genes encoding UCNI-3, CRHR2 and
GLPIR in human islets from donors with or without type 2 diabetes.
Circles show expression in respective single cells (no. of cells from
non-diabetic/diabetic donors: alpha cells 443/443; beta cells 171/99
and delta cells 59/55) and bars indicate mean + SEM expression lev-
els in respective cell populations. Cells with a read count per million
kilobases (RPKM) > 0 were considered positive. Data are shown
as means + SEM, n = 6 islets (non-diabetic) or 4 islets (diabetic).
*#%p<0.001 (one-way ANOVA followed by Tukey post hoc test).
Ab, antibodies; GCG, glucagon; INS, insulin; ND, non-diabetic; Pr,
probes; T2D, type 2 diabetes

glucose resulting from the UCN3-induced inhibition of insu-
lin secretion. To investigate this possibility, we subsequently
compared the effects of 2, 7.5 and 30 nmol/kg again with
GLP-1 as a reference point. The low UCN3 dose reproduced
the findings of the first in vivo study: no net effect on post-
challenge blood glucose levels despite pronounced inhibition
of gastric emptying. In agreement with previous studies [3,
4], the two higher concentrations resulted in glucose intol-
erance. These results point to differential organ sensitivity
towards UCN3 since full efficacy on inhibition of gastric
emptying was reached before full efficacy on insulin secre-
tion. This observation raises the question of the magnitude
and regulation of the physiological plasma concentrations
of UCN3. For UCN3 to physiologically affect gastric emp-
tying and postprandial glucose absorption and assimila-
tion, the secretion of UCN3 should increase in response to
glucose intake, an expectation that remains uninvestigated.
We attempted to quantify UCN3 in venous effluents from
isolated perfused rat small intestine preparations stimulated
with luminal glucose (20% wt/vol.) but, despite several
attempts, we were unable to find a sufficiently sensitive and
specific UCN3 assay.

With regards to the mechanisms underlying UCN3-
mediated suppression of insulin secretion, our expression
data on rat islets suggested that this may occur indirectly
through SST since Ucn3 was highly abundant in beta
cells but not in alpha cells or delta cells, while Crhr2
was exclusively detected in delta cells. These expression
patterns are consistent with previous findings [4, 22, 23]. In
human islets, expression patterns were similar with the only
difference being that UCN3 was also expressed in alpha cells,
consistent with previous reports [4, 23, 24]. However, the
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physiological role of UCN3 expression in alpha cells has not
been clarified and the role of UCN3 in the beta cell remains
debated. An early study showed that UCN3 stimulated rather
than inhibited insulin secretion from rat islets [3]. Consistent
with the expression pattern, UCN3 stimulated SST secretion
from isolated perfused rat pancreases perfused at 10 mmol/l
glucose, in line with data from incubated or perifused mouse
islets [4]. However, in contrast to these data [4], increased
SST secretion did not translate into detectable inhibition of
insulin in our study. The reason for this difference may be
our use of an intact pancreas as opposed to dispersed islets.
Alternatively, the UCN3 dose we used (10 nmol/) may have
been insufficient to activate CRHR?2 further. Although intra-
islet UCN3 concentrations are unknown, concentrations may
be in the nanomole range as it is highly expressed by beta
cells and is co-secreted with insulin, possibly resulting in
an intra-islet concentration of 1 pmol/l [25] during high
glucose conditions. In any case, our perfusion studies with
CRHR?2 antagonists suggest an important inhibitory role
for UCN3 in insulin secretion, since output doubled in
response to the antagonists, consistent with the data from
perifused islets demonstrating that insulin secretion (at 16.8
mmol/l glucose) from Ucn3-null mice was two- to threefold
higher than the insulin secretion from wild-type littermates
[4]. Furthermore, we demonstrated that the response
could depend on SST secretion since it was abolished by
combined blockage of SSTR2, -3 and -5, the major SSTRs
expressed by alpha cells and beta cells [26], which again
is consistent with reported data [4]. Less is known about
UNC3’s regulatory role during low glucose conditions.
During perfusion at 3.5 mmol/l glucose, UCN3 stimulated
SST secretion and inhibited glucagon secretion, This finding
contrasts to those of previous reports involving incubated
rat islets [3, 5] but aligns with the finding in our and other
studies that CRHR?2 is exclusively detected in delta cells
[4, 23, 24]. Besides the anticipated differences in intra-islet
UCN3 concentrations at high vs low glucose concentrations,
the difference we found in glucagon and insulin responses
to UCN3 administration is presumably also influenced by
glucagon being more sensitive than insulin to paracrine
inhibition by SST [26].

In this study, we did not observe any changes in the
plasma concentrations of glucagon in vivo following UCN3
administration, in contrast to previous reports also arising
from rat studies [5]. The explanation is likely to be that
glucagon secretion was already robustly inhibited at base-
line conditions in the in vivo study where blood glucose
was ~6 mmol/l. Alternatively, any inhibitory effect of UCN3
on glucagon secretion in vivo may have been balanced by
UCN3-mediated secretion of corticosterone and catechola-
mines (adrenaline [epinephrine] and noradrenaline [norepi-
nephrine]), since these hormones increase glucagon secre-
tion [27-29]; this warrants further investigation.
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Fig.7 Effects of UCN3 infusion and blockage of CRHR2 signalling
on secretion of glucagon, insulin and SST from isolated perfused
rat pancreases. Glucagon (a, b), SST (c—f) and insulin (g, h) output
from isolated perfused rat pancreases is shown in response to infu-
sion with UCN3 (10 nmol/l) or SST-14 (10 nmol/l, positive control),
during perfusion with 3.5 mmol/l glucose (a—d) or 10 mmol/l glucose
(e-h). (i-1) Insulin output from isolated perfused rat pancreases dur-
ing perfusion with 3.5 or 10 mmol/l glucose is shown in response to
simultaneous infusion with CRHR2 antagonists antisauvagine-30 and
K41498 (200 nmol/l) without (i, j) or with (k, 1) infusion of a mix-

Conclusion Our study highlights UCN3 as being a power-
ful inhibitor of gastric emptying and shows that it delays
glucose absorption by more than 50%. At the same time,
UCN3 inhibits glucose-stimulated insulin secretion by par-
acrine mechanisms that depend on SST secretion. As such,
UCN3 may act as a so-called ‘decretin’ [30], a hormone
that opposes the incretin hormones and thus suppresses glu-
cose-stimulated insulin secretion. However, the net effect
of UCN3 on postprandial blood glucose will ultimately be
determined by circulating concentrations of UCN3, since
our study show that the inhibition of gastric emptying is
more UCN3 sensitive than the inhibition of insulin secre-
tion. Unfortunately, we were unable to measure UCN3 in
rat plasma or in perfusates from isolated perfused rat small
intestine. Further studies are thus needed to determine
whether UCN3 is in fact a hormone in the classical sense

0 20 40 60 80 Baseline 1 SSTR  SSTR Baseline 2 3.5 mM
Time (min) antag. antag.+ glucose
CRHR2 antag.

10 mmol/l glucose

ture consisting of SSTR2, -3 and -5 antagonists. Outputs are shown as
min—min outputs (a, c, e, g, i and k) or as average outputs during the
respective periods of the experiments (b, d, f, h, j and 1) calculated
over 15 consecutive points (15 min) during each period. In (b, h and
Jj) baseline 1 covers 0—15 min, baseline 2 covers 31-50 min; in (1),
baseline 1 covers 0—15 min, baseline 2 covers 51-65 min. Data are
presented as means + SEM, n = 5 or 6. ¥p<0.05 (one-way ANOVA
followed by Tukey post hoc test [b, h, j and 1] or paired ¢ test [d, f]).
antag., antagonists

and whether it acts as a decretin in a physiological setting;
this would at least require that UCN3 secretion is stimulated
by glucose and that the increase precedes the blunted insulin
secretion.
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