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Abstract

Aims/hypothesis Prediabetic pancreatic beta cells can adapt their function to maintain normoglycaemia for a limited period of time,
after which diabetes mellitus will manifest upon beta cell exhaustion. Understanding sex-specific beta cell compensatory mechanisms
and their failure in prediabetes (impaired glucose tolerance) is crucial for early disease diagnosis and individualised treatment. Our
aims were as follows: (1) to determine the key time points of the progression from beta cells’ functional adaptations to their failure
in vivo; and (2) to mechanistically explain in vivo sex-specific beta cell compensatory mechanisms and their failure in prediabetes.
Methods Islets from male and female transgenic Ins]“RT2.GCaMP3 mice were transplanted into the anterior chamber of
the eye of 10- to 12-week-old sex-matched C57BL/6J mice. Recipient mice were fed either a control diet (CD) or western
diet (WD) for a maximum of 4 months. Metabolic variables were evaluated monthly. Beta cell cytoplasmic free calcium
concentration ([Ca®*];) dynamics were monitored in vivo longitudinally by image fluorescence of the GCaMP3 reporter
islets. Global islet beta cell [Ca2+]i dynamics in line with single beta cell [Ca2+]i analysis were used for beta cell coordination
studies. The glucagon receptor antagonist L-168,049 (4 mmol/l) was applied topically to the transplanted eyes to evaluate
in vivo the effect of glucagon on beta cell [Ca**].dynamics. Human islets from non-diabetic women and men were cultured
for 24 h in either a control medium or high-fat/high-glucose medium in the presence or absence of the glucagon receptor
antagonist L-168,049. [Ca**], dynamics of human islets were evaluated in vitro after 1 h exposure to Fura-10.

Results Mice fed a WD for 1 month displayed increased beta cell [Ca**]; dynamics linked to enhanced insulin secretion as a
functional compensatory mechanism in prediabetes. Recruitment of inactive beta cells in WD-fed mice explained the improved
beta cell function adaptation observed in vivo; this occurred in a sex-specific manner. Mechanistically, this was attributable to
an intra-islet structural rearrangement involving alpha cells. These sex-dependent cytoarchitecture reorganisations, observed in
both mice and humans, induced enhanced paracrine input from adjacent alpha cells, adjusting the glucose setpoint and ampli-
fying the insulin secretion pathway. When WD feeding was prolonged, female mice maintained the adaptive mechanism due
to their intrinsically high proportion of alpha cells. In males, [Ca>*]; dynamics progressively declined subsequent to glucose
stimulation while insulin secretion continue to increase, suggesting uncoordinated beta cell function as an early sign of diabetes.
Conclusions/interpretation We identified increased coordination of [Ca®*]; dynamics as a beta cell functional adaptation
mechanisms in prediabetes. Importantly, we uncovered the mechanisms by which sex-dependent beta cell [Ca**]; dynam-
ics coordination is orchestrated by an intra-islet structure reorganisation increasing the paracrine input from alpha cells on
beta cell function. Moreover, we identified reduced [Ca®*]; dynamics coordination in response to glucose as an early sign of
diabetes preceding beta cell secretory dysfunction, with males being more vulnerable. Alterations in coordination capacity
of [Ca®*]; dynamics may thus serve as an early marker for beta cell failure in prediabetes.

Keywords Alpha cell input - Beta cell function - Ca>" imaging - Prediabetes - Sex differences
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[Ca?*], Cytoplasmic free calcium concentration GLP-1 Glucagon-like peptide-1

HFHG High-fat/high-glucose
WD Western diet

Extended author information available on the last page of the article

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00125-024-06173-w&domain=pdf

1664

Diabetologia (2024) 67:1663-1682

What is already known about this subject?

e Beta cell-mediated insulin hypersecretion is the initial compensation to cope with hyperglycaemia in type 2
diabetes mellitus, and the female sex seems to be more protected against this disease than the male sex

e Cytoplasmic free calcium concentration ([Ca%'];) dynamics in pancreatic beta cells are critical for insulin secretion

upon glucose stimulation

e  Beta cell function in terms of [Ca%*]i dynamics can be studied in vivo non-invasively, longitudinally and at single-
cell resolution by using the anterior chamber of the eye as a transplantation site for pancreatic islets

What is the key question?

e  What molecular mechanisms underlie beta cell [Ca?*]i dynamics adaptive capacity and deterioration under

diabetogenic conditions in a sex-dependent manner?

What are the new findings?

e Pancreatic islets exposed to a prediabetic environment showed a higher number of active beta cells and increased
coordination of basal and glucose-stimulated [Ca?*]; dynamics in a sex-dependent manner

e Increased alpha-to-beta cell paracrine interaction is an underlying mechanism by which prediabetic mice show

enhanced [Ca?"]idynamics in a sex-dependent manner

e Uncoordinated glucose-induced [Ca?!]i dynamics is an early marker for diabetes

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

e Sexdifferences in the functional compensatory response of beta cells to metabolic insults need to be considered
at the clinical level for appropriate treatment. The use of our imaging platform to detect early loss of [Ca?*];
oscillatory activity prior to beta cell dysfunction has clear translational implications for future interventions aimed
to preserve beta cell function and prevent diabetes onset

Introduction

In type 2 diabetes, pancreatic beta cells initially compensate
for peripheral insulin resistance by adapting their function
and mass to secrete more insulin and retain normoglycae-
mia [1, 2]. Evidence for a predominant role of beta cell
functional adaptation over beta cell mass compensation
has been described both in vitro and in vivo in different
models of prediabetes (impaired glucose tolerance) [3-6].
However, the molecular mechanisms underlying beta cell
functional adaptation are not fully understood. Sex differ-
ences in energy metabolism and glucose homeostasis elicit
different susceptibility to type 2 diabetes, with higher preva-
lence in the male sex than in the female sex in both humans
and rodents [7]. The protective effect against metabolic
disorders shown in fertile females seems to be attributable
to the beneficial actions of oestrogens. However, further
investigations are needed to dissect the mechanisms involv-
ing sex-dimorphic glucose homeostasis regulation and beta
cell insulin secretory capacity.
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Proper pancreatic beta cell function requires intact glu-
cose sensing, glucose metabolism and insulin secretory
machinery [8], in addition to coordinated secretory activ-
ity of individual beta cells. Hence, beta cells within the
pancreatic islet are connected in three dimensions and this
connectivity is enhanced upon glucose stimulation [9, 10].
Moreover, alpha-to-beta cell communication plays a criti-
cal role in the regulation of beta cell secretion [11, 12],
with glucagon acting as a key regulator of the glycaemic
set point [13]. To what extent this paracrine connectivity
may adapt to high metabolic demands is not yet clear.

Cytoplasmic free calcium concentration ([Ca’*],)
dynamics has been used as a read-out of beta cell func-
tion [14, 15]. Functional beta cell subpopulations with
different [Ca®*]; oscillatory patterns have been identified
under healthy conditions [14, 16]. In contrast, altered
beta cell [Ca2+]i dynamics linked to defective insulin
secretion and glucose tolerance have been described
in animal models of type 2 diabetes [15, 17] and in
islets from humans with type 2 diabetes [18]. [Ca“]i
dynamics also has an essential role in beta cell pulsatile
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insulin secretion [19]. Disrupted coordination of beta cell
[Ca”]i dynamics has been observed in islets from high-
fat-diet-treated mice [20], ob/ob mice [21] and islets
from individuals with type 2 diabetes [10]. However,
little is known about the beta cell [Ca®*]; compensatory
mechanisms taking place in early stages of prediabetes.

Previous studies have mostly been done in vitro where
vascularisation, innervation and cell-to-cell communica-
tion are disrupted. Hence, key factors known to contrib-
ute to coordination of beta cell [Ca2+]i dynamics [22,
23] are compromised. Using the anterior chamber of the
eye (ACE) as a transplantation site has enabled detailed
in vivo studies of beta cell [Ca”]i dynamics to be carried
out non-invasively, longitudinally and at single-cell reso-
lution [24]. Applying this approach, we have investigated
in vivo the pattern of beta cell [Ca®*]; dynamics in beta
cell functional adaptation in both sexes of a model of
diet-induced type 2 diabetes, going from prediabetes to
manifest diabetes. Moreover, we have addressed alpha-
to-beta cell communication within the pancreatic islet
as a molecular mechanism underlying beta cell [Ca2+]i
adaptation.

Methods

Mice and diets For in vivo beta cell Ca*" imaging stud-
ies, pancreatic islets from a mouse model expressing
the Ca’* biosensor GCaMP3 in beta cells (Ins] ERT2.
GCaMP3) were used. Ins1®ERT2.GCaMP3 mice were
generated by crossing B6(Cg)-Ins]™2-1(cre/ERT2)Thor)y
(The Jackson Laboratories, USA; https://www.jax.org/
strain/026802; RRID:IMSR_JAX:026802) [25]) with
B6;129S-G1(ROSA)26Sor™38(CAG-GCaMP3)Hze ) (The Jack-
son Laboratories; https://www.jax.org/strain/014538;
RRID:IMSR_JAX:014538) [26]) mice. Ins]CeERT2.
GCaMP3 mice were kept on C57BL/6J background and
backcrossed at the animal core facility at Karolinska Insti-
tutet. Beta cell-specific GCaMP3 expression was induced
in 8- to 10-week-old InsIERT2.GCaMP3 mice by s.c.
injections of tamoxifen (2 mg twice per week for 2 weeks)
to reach 60-70% beta cell recombination [25]. For diet
studies, C57BL/6J male and female mice (Charles River,
MA, USA) were fed with control diet (CD; 11% energy
from fat, Ssniff Spezialdidten Germany) or western diet
(WD; 43% energy from fat, Ssniff Spezialdiédten) for up
to 4 months. The diet intervention was performed twice
in independent cohorts of mice with at least four mice for
each experimental group. Littermates from the same sex
were housed in groups of four or five animals per cage

on a 12 h light—dark cycle in temperature- and humidity-
controlled environment with ad libitum access to food.
All experiments were performed in accordance with the
guidelines for care and use of animals in research at Karo-
linska Institutet and were approved by the animal ethics
committee.

Pancreatic islet isolation and transplantation Islets
were isolated from 10- to 12-week-old tamoxifen-
induced InsI®ERT2.GCaMP3 male and female mice
by collagenase digestion and islet handpicking [24].
Prior to transplantation, islets were allowed to recover
for 24 h in RPMI with 11 mmol/l glucose. Six to ten
islets were transplanted into the ACE of 8- to 10-week-
old C57BL/6J female and male mice [24]. The sexes of
donor and recipient mice were matched (male-to-male,
female-to-female).

In vivo beta cell [Ca*],imaging In vivo beta cell [Ca®*];
dynamics imaging was performed 3 months after trans-
plantation and once a month until the end of the diet
treatment. For longitudinal studies, the same islet was
imaged over time. Mice fasted for 4 h were anaesthe-
tised using fluanisone/fentanyl/midazolam (20/0.6/10
mg/kg). The GCaMP3 fluorescence signal of the islets
was collected for 10 min in the non-stimulated state and
then 40 min after tail vein glucose injection (0.4 g/kg).
The glucagon receptor antagonist L-168,049 (4 mmol/l,
Tocris) was topically applied to the eye and islets were
imaged for 20 min (see electronic supplementary mate-
rial [ESM] Methods for details).

[Ca®*], image processing and analysis In vivo beta cell
[Ca2+]i traces were extracted from GCaMP3 fluorescence
images processed using custom-made MATLAB scripts
[24, 27]. The entire GCaMP3 fluorescence recording
for every single cell was normalised against their basal
GCaMP3 signal and expressed as fold increase over the
baseline (AF/F,). Normalised GCaMP3 traces were used
to calculate the percentage of cells presenting significant
[Ca*], spiking activity [24, 27], to analyse by power
spectral analysis fast (6-60 s) and slow [Ca®*]; oscilla-
tions (60—600 s) [28] and to evaluate the percentage of
glucose-responding beta cells. The term [Ca®*], dynam-
ics was defined as all changes in [Ca®*], including fast
and slow oscillations, peak values and plateau values (see
ESM Methods for details).

Beta cell coordination and three-dimensional functional
networks Normalised GCaMP3 traces were used to
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«Fig. 1 Changes in in vivo beta cell [Ca?*], dynamics and glucose
homeostasis after 1 month on WD. C57Bl/6] female (F) and male
(M) mice were transplanted (Tx) with InsI “ERT2.GCaMP3 reporter
islets into the ACE and fed a CD or WD for 1 month. (a) Schematic
illustration of the experimental timeline. This schematic was created
using Servier Medical Art (https://smart.servier.com/). Servier Medi-
cal Art by Servier is licensed under a Creative Commons Attribution
3.0 Unported License. (b, ¢) Body weight (b) and non-fasting blood
glucose levels (c) after 1 month of diet (n=8-12 mice/group). (d, e)
IPGTT blood glucose levels (d) and corresponding AUC (e) after
1 month of diet (n=8-12 mice/group). (f) Blood glucose levels 2 h
after IPGTT (n=8-12 mice/group). (g, h) IPITT blood glucose lev-
els (g) and corresponding AUC (h) after 1 month of diet (n=6 mice/
group). (i) Representative GCaMP3 fluorescent signal (AF/F) of
InsIS®ERT2.GCaMP3 transplanted islets after 1 month diet. Sin-
gle beta cell GCaMP3 fluorescence intensities corresponding to the
global GCaMP3 traces shown are presented as heat maps, with the
colour code denoting normalised GCaMP3 fluorescence intensity.
Red arrows indicate the time point when glucose was injected intrave-
nously. Data correspond to two independent experiments with at least
four mice for each experimental group. Data are presented as indi-
vidual points (b, c, e, f, h) or mean + SEM (d, g). Statistics are based
on one-way ANOVA (b, ¢, e, f, h; ¥*p<0.05, **p<0.01, ***p<0.001)
or two-way ANOVA (d, g; *p<0.05, ***p<0.001 WD-F vs CD-F;

p<0.01, Tp<0.001 WD-M vs CD-M)

evaluate similarities of [C212+]i dynamics within the beta
cell pool as an indicator of beta cell coordination. Using
a custom-made MATLAB script, Pearson’s correlation
analysis was performed in all possible beta cell combina-
tions in an islet, excluding cell autocorrelation. Global
islet beta cell [Ca®*]; dynamics coordination was calcu-
lated as mean of all positive beta cell pair coefficients of
correlation within an islet (mean r). Cell pairs correlated
>0.8 were used to build three-dimensional (3D) func-
tional beta cell networks, using the Cartesian coordinates
in the x, y, z planes and line connectors between highly
correlated beta cell pairs.

Metabolic studies IPGTT and IPITT were performed
monthly in mice fasted for 6 h. Blood glucose concen-
trations were measured at basal state (0 min) and at the
indicated time points after i.p. injection of glucose (2 g/
kg; IPGTT) or insulin (0.5 U/kg; IPITT). IVGTT was per-
formed in mice fasted for 4 h and anaesthetised with flu-
anisone / fentanyl / midazolam (20/0.6/10 mg/kg). Blood
glucose was measured at basal state (0 min) and at the
indicated time points after glucose injection (0.4 g/kg)

through the tail vein. Plasma insulin levels were measured
using an AlphaLISA kit (Perkin Elmer) and glucagon lev-
els using an ELISA kit (Crystal Chem).

Human islet culture and treatment Human islets from
non-diabetic women and men were obtained from the
Nordic Network for Islet Transplantation (see ESM
Table 1 and ESM Human islets checklist for details).
Data on the sex of participants was provided by the
Nordic Islet Computer System database. Islets were cul-
tured in CMRL1066 medium with 5.5 mmol/l glucose
(control) or with 300 pmol/l palmitate and 15 mmol/l
glucose (high-fat/high-glucose [HFHG]) for 24 h in the
presence or absence of the glucagon receptor antagonist
L-168,049 (50 nmol/l).

In vitro [Ca®*]; measurement Human islets were loaded for
1 h with Fura-10 (2 pmol/l; AATBioquest) in a buffered
solution at 3 mmol/l glucose. [Ca**], signal was recorded
in islets perifused at 3 mmol/l or 11 mmol/l glucose in
the presence or absence of the glucagon receptor antago-
nist L-168,049 (50 nmol/l). Fluorescence values (F) were
expressed as the ratio of fluorescence at 354 and 415 nm
(F354/F4,5). [Ca®*]; levels at 3 mmol/l glucose (F,), first
stimulatory [Ca®*]; peak after perifusion at 11 mmol/I glu-
cose (AF—F;) and amplitude of slow [Ca”]i oscillations
were analysed (see ESM Methods for details).

Immunostaining and islet morphometric analysis Pancre-
ases, explanted islets from the ACE and islets in culture
were collected and immunostained for insulin and gluca-
gon (see ESM Methods for details). Mantel and core areas
of the islets were analysed, differentiating the area 20 pm
from the external islet perimeter for mantel area quantifi-
cation and the rest of the islet for core quantification [29].

Statistical analysis Data are presented as individual
points or mean + SEM. Statistical differences were ana-
lysed by Student’s ¢ test or by one- or two-way ANOVA,
with Tukey and Bonferroni post hoc test, using Graph-
Pad Prism (version 8.4.1; https://www.graphpad.com/)
and MATLAB (version R2017a; https://www.mathworks.
com). Differences were considered significant at p values
<0.05.
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«Fig.2 Beta cells from mice exposed to WD enhance basal [Ca*],
dynamics linked to an increase in fasting insulin release by a compen-
satory mechanism involving improved glucose sensing. Ins]CERT2
GCaMP3 mouse islets transplanted into the ACE of female (F) and
male (M) mice fed a CD or WD for 1 month were imaged in vivo
at single beta cell resolution under fasting conditions for a period of
10 min. (a) Percentage of beta cells presenting significant [Ca?*],
spiking activity in relation to global islet GCaMP3 fluorescence
(n=48-97 beta cells/islet, n=8-12 mice/group). (b) Mean of the coef-
ficients of correlation (mean r) for the GCaMP3 fluorescence signal
from all possible combinations of single beta cell pairs (n=48-97
beta cells/islet, n=11-14 mice/group). (c) Fasting plasma insulin lev-
els measured prior to imaging in anaesthetised mice (n=11-14 mice/
group). (d) Mean r for beta cell pairs GCaMP3 fluorescence signal
in (b) vs fasted plasma insulin levels in ¢ for every mouse (n=11-14
mice/group). Linear regression with a CI of 95% is shown for every
experimental group. p value and coefficient of determination () are
shown. (e) Representative heat maps for every experimental group
show coefficient of correlation values for each beta cell pair GCaMP3
fluorescence signal, with colour code indicating coefficient of corre-
lation values (7). The correspondent heat maps for highly correlated
beta cell pairs (r>0.8) are shown with their respective 3D Cartesian
maps and the single beta cell GCaMP3 fluorescence traces corre-
sponding to the highly correlated beta cell pairs. (f-i) Mean period
(£, h) and amplitude (g, i) of slow (f, g) and fast oscillations (h, i) of
islets calculated by power spectral analysis of GCaMP3 fluorescence
traces from single beta cells, represented as mean of all beta cells in
an islet (n=48-97 beta cells/islet, n=8-12 mice/group). (j, k) Mean
r for the GCaMP?3 fluorescence signal within an islet vs fasted blood
glucose levels measured prior to imaging in anaesthetised mice for
every mouse in F (j) and M (k) groups (n=16-23 mice/group). Data
correspond to two independent experiments with at least four mice
for each experimental group. Data are presented as individual points.
Statistics are based on one-way ANOVA; **¥p<0.01, ***p<0.001

Results

In vivo adaptation of beta cell [Ca®*]; dynamics in a
WD-induced prediabetes model To investigate in vivo
sex-specific [Ca’"], compensatory mechanisms in the
beta cell functional adaptive phase prior to diabetes onset,
we used a WD-induced mouse model of type 2 diabetes.
In 8- to 10-week-old C57BL/6J female and male mice,
we transplanted islets from InsI“ERT2.GCaMP3 sex-
matched donor mice into the ACE. Three months after
transplantation, mice of the same sex were randomly
divided into two groups with similar metabolic features
(ESM Fig. la—e) and assigned to CD or WD (Fig. la).
After 1 month on diet, WD-fed mice showed increased
body weight (Fig. 1b), with no changes in fed blood glu-
cose (Fig. 1c) but impaired glucose tolerance (Fig. 1d,e)
compared with their respective sex-matched CD-fed
groups. Interestingly, male mice on WD showed increased

body weight gain (Fig. 1b) and worsen glycaemic control
than WD-fed females (Fig. 1d—f). Moreover, male mice on
WD clearly exhibited insulin resistance (Fig. 1g,h), while
WD-fed females only showed significantly higher glucose
levels 15 min after insulin administration. Hence, female
mice presented a more resilient metabolic phenotype to
WD exposure than male mice.

WD-induced glucose tolerance differences between
sexes were confirmed under the in vivo [Ca2+]i dynamics
protocol, in which mice were anaesthetised and intrave-
nously stimulated with glucose (ESM Fig. 2a—c). In vivo
[Ca“]i dynamics of transplanted islets demonstrated that
mice fed a WD for 1 month exhibited overall increased
beta cell [Ca2+]i dynamics compared with their respective
sex-matched CD groups (Fig. 1i). The GCaMP3 signal of
single beta cells showed greater [Ca®*], dynamics varia-
bility in CD-fed groups prior to glucose stimulation while
the WD-fed groups presented greater beta cell signal con-
sistency (Fig. 11). After glucose stimulation, the WD-fed
mice presented more regular and sustained enhanced
[Ca2+]i dynamics; this was more evident in the WD-fed
male group. These changes were independent of blood
glucose differences between sex-matched WD- and CD-
fed groups, which exhibited similar blood glucose levels
before glucose stimulation and after the imaging sessions
(ESM Fig. 2d). Hence, as a compensatory mechanism
in prediabetes, beta cells enhance [Ca®*], dynamics both
under basal conditions and after glucose stimulation fol-
lowing 1 month of WD feeding.

WD increases basal [Ca?*]; dynamics and coordination of
beta cells leading to fasting hyperinsulinaemia We evalu-
ated beta cell [Ca2+]i dynamics in the non-stimulated state
to clarify whether the observed changes in basal [Ca®"];
dynamics were linked to a compensatory functional beta
cell adaptation mechanism. WD-fed groups of mice pre-
sented a higher percentage of beta cells showing signif-
icant [Ca2+]i spiking activity (Fig. 2a), with increased
[Ca**], dynamics coordination (Fig. 2b) and significantly
higher fasting plasma insulin levels (Fig. 2c). Interest-
ingly, the correlation of [Ca®*]; coordination values with
insulin release for each individual mouse demonstrated a
positive pattern in all groups (Fig. 2d). Presentations of
the coefficients of correlation for each beta cell pair as
a heat-map showed that WD-fed mice had an increased
number of highly correlated beta cell pairs (Fig. 2e). 3D
connectivity maps of highly correlated beta cells showed
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«Fig. 3 In vivo beta cell insulin secretory capacity in response to glu-
cose is increased by enhanced [Ca’']; dynamics after 1 month of
WD. In vivo imaging of InsI““ERT2.GCaMP3 biosensor islets trans-
planted into the ACE of female (F) and male (M) mice fed a CD or
WD for 1 month were analysed at single beta cell resolution after
glucose stimulation via tail vein injection. (a) Mean amplitude of
the first peak detected after glucose stimulation of all beta cells in an
islet. (n=48-97 beta cells/islet, n=8-12 mice/group). (b) Percentage
of glucose-responding beta cells in an islet (n=48-97 beta cells/islet,
n=8-12 mice/group). (c) Percentage of beta cells presenting signifi-

cant [Ca®*]; spiking activity in relation to the global islet GCaMP3

fluorescence analysed for every specified time window after glucose
stimulation (n=48-97 beta cells/islet, n=8-12 mice/group). (d) Mean
of the coefficients of correlation (mean r) for the GCaMP3 fluores-
cence signal from all possible combinations of single beta cell pairs
calculated in the specified time window after glucose challenge

(n=48-97 beta cells/islet, n=11-14 mice/group). (e) Mean r for the

GCaMP3 fluorescence signalling from all possible combinations of

single beta cell pairs in the glucose stimulatory period between 5 and

15 min (n=48-97 beta cells/islet, n=11-14 mice/group). (f) Repre-

sentative heat maps for each experimental group showing the coef-

ficient of correlation values (r) for the GCaMP3 fluorescence signal

of all possible beta cell pair combinations in the period between 5

and 15 min after glucose stimulation, with the colour code indicating

the r values. The corresponding heat maps for highly correlated beta
cell pairs (r >0.8) are shown with their respective 3D Cartesian maps.

(g) Plasma insulin levels measured after glucose stimulation (10 min

after glucose injection) in anaesthetised mice designated for in vivo

imaging (n=11-14 mice/group). (h) Mean r for the GCaMP3 fluores-
cence signal within an islet in the glucose-stimulated state vs glucose-
stimulated plasma insulin levels for each individual mouse (n=11-14
mice/group). Linear regression with a CI of 95% is shown for every
experimental group. p value and coefficient of determination (+%) are
shown. Data correspond to two independent experiments with at least
four mice for each experimental group. Data are presented as individ-
ual points (a, b, e, g, h) or mean + SEM (c, d). Statistics are based
on one-way ANOVA (a, b, e, g, h; *p<0.05, **p<0.01, ***p<0.001)
or two-way ANOVA (¢, d; *p<0.05, **p<0.01 WD-F vs CD-F;
"p<0.05, "p<0.01 WD-M vs CD-M)

different degrees of beta cell coordination in CD-fed
mice, with few cells involved and located relatively close
within the islet (Fig. 2e and ESM Fig. 3a, b). WD feed-
ing induced more complex coordination networks, involv-
ing more cells positioned distant within the islet (Fig. 2e
and ESM Fig. 3a, b), especially in WD-fed male mice.
Accordingly, while [Ca®*]; dynamics traces for highly
correlated beta cells exhibited different patterns in CD-
fed mice (Fig. 2e), they were more consistent under WD
feeding. Moreover, WD-fed groups presented reduced
period (Fig. 2f) and higher amplitude (Fig. 2g) of the slow
oscillations while values for fast oscillations were similar
(Fig. 2h,i). Interestingly, the amplitude for slow [Ca**];

oscillations was higher in WD-fed male mice, indicating
that males require higher basal [Ca®*], dynamics adapta-
tion than females to counteract an increased metabolic
demand. Together, these data demonstrate greater beta
cell functional variability under CD conditions while WD
feeding induced higher spatiotemporal beta cell [Ca*],
dynamics coordination, especially in WD-fed males.
Hence, we observed that under high metabolic demand
beta cells were able to increase their basal [Ca2+]i dynam-
ics in a coordinated way linked to enhanced controlled
insulin secretion.

Moreover, we observed that at comparable blood
glucose levels WD-fed mice exhibited higher [Ca2+]i
dynamics coordination compared with their respective
sex-matched CD groups, both in females (Fig. 2j) and
in males (Fig. 2k). Thus, the increased [Ca’*], dynam-
ics coordination observed under WD exposure was not
attributable to higher blood glucose levels in the WD-fed
groups. These data suggest increased beta cell glucose
sensing as a trigger for the observed [Ca®*], dynamics
adaptation upon WD feeding.

One month of WD exposure increases beta cell glu-
cose-stimulated [Ca?*]; dynamics and insulin secretory
activity We next investigated whether beta cell glucose
response capacity was retained in WD-fed mice and
whether beta cells could further adapt [Ca®*], dynamics
upon glucose stimulation. WD-fed and CD-fed groups
presented similar values for the first stimulatory [Ca®*];
peak (Fig. 3a) and the percentage of glucose-responding
beta cells (Fig. 3b), without differences between sexes.
Hence, beta cell glucose responsiveness was not com-
promised after 1 month of WD exposure. Following
glucose injection, both male and female WD-fed mice
maintained higher [Ca2+]i spiking activity (Fig. 3¢) and
increased [Ca2+]i dynamics coordination (Fig. 3d) com-
pared with their sex-matched CD-fed groups until the
end of the imaging recording. In the glucose stimula-
tory period, [Ca®*]; dynamics coordination was increased
in the WD-fed groups (Fig. 3e), with high numbers of
highly coordinated beta cell pairs (Fig. 3f) and enhanced
plasma insulin levels compared with their respective CD
sex-matched groups (Fig. 3g). When insulin levels were
compared with [Ca®*], dynamics coordination, a positive
pattern in all groups was observed (Fig. 3h). This demon-
strated that in response to a glucose challenge beta cells
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«Fig.4 Female mice maintain increased basal [Ca>*]; dynamics linked
to enhanced insulin secretion for a longer period of time than males
over the course of 4 months of WD exposure. C57B1/6J female (F)
and male (M) mice were transplanted (Tx) with Ins/ CreERT2_GCaMP3
islets into the ACE and fed CD or WD for the indicated periods of
time. Transplanted islets were imaged in the non-stimulated state for
10 min at the indicated time points after diet exposure. (a) Schematic
illustration of the experimental timeline. This schematic was created
using Servier Medical Art (https://smart.servier.com/). Servier Medi-
cal Art by Servier is licensed under a Creative Commons Attribu-
tion 3.0 Unported License. (b, ¢) Body weight (b) and non-fasting
blood glucose levels (¢) during the study (n=6-10 mice/group). (d,
e) IPGTT blood glucose AUC (d) and blood glucose levels 2 h after
glucose injection in the IPGTT (e) (n=6-10 mice/group). (f) IPITT
blood glucose AUC during the study (n=5-8 mice/group). (g) Fast-
ing plasma insulin levels measured during the study (n=11-14 mice/
group). (h) Mean of the coefficients of correlation (mean r) in the
non-stimulated state for single beta cell pairs GCaMP3 fluorescence
traces from transplanted islets imaged longitudinally along the study
(n=48-97 beta cells/islet, n=11-14 mice/group). (i-k) Mean r for
beta cell pairs GCaMP3 fluorescence signal during basal state vs
fasted plasma insulin levels for every individual mouse at 2 months
(i), 3 months (j) or 4 months (k) of WD exposure (n=11-14 mice/
group). Linear regression with a CI of 95% is shown for every experi-
mental group. p value and coefficient of determination (+%) are shown.
(1, m) Mean period (I) and amplitude (m) of slow oscillations of an
islet calculated by power spectral analysis of GCaMP3 fluorescence
traces in single beta cells and represented as mean of all beta cells
in an islet (n=48-97 beta cells/islet, n=8-11 mice/group). Data cor-
respond to two independent experiments with at least four mice for
each experimental group. Data are presented as individual points.
Statistics are based on one-way ANOVA; *p<0.05, **p<0.01,
*#%p<0.001

from WD-fed mice were still able to increase [Ca“]i
dynamics coordination linked to insulin secretion regard-
less of the basal hyperactivated state. However, under
WD exposure, female mice required a smaller increase
in [Cz:12+]i coordination than male mice to achieve the
same increase in insulin secretion, when either group
was compared with its respective CD-fed matched group.
Thus, female mice exposed to WD adapted their [Ca*],
activity to increase insulin secretion in a more effective
way than WD-fed male mice.

Female mice maintain basal [Ca?*]; dynamics adaptation
linked to enhanced insulin secretion for a longer period of
time upon prolonged exposure to WD To evaluate whether
the beta cell [Ca>*] ; dynamics adaptive mechanisms linked to
increased insulin secretory capacity observed after 1 month
WD exposure persist over time, we performed longitudinal
in vivo [Ca?*]; dynamics imaging of the same islets from
InsIERT2.GCaMP3 female and male mice transplanted into

the ACE of sex-matched C57B16J mice that were then fed
a CD or WD for 4 months (Fig. 4a). Sustained WD feed-
ing induced faster metabolic deterioration in male mice than
in female mice. WD-fed males exhibited more pronounced
body weight increase (Fig. 4b), faster onset of fed hypergly-
caemia (Fig. 4c), worse glucose tolerance (Fig. 4d,e) and
faster development of insulin resistance (Fig. 4f) when com-
pared with WD-fed female mice. While basal plasma insulin
levels continuously increased for both sexes (Fig. 4g), basal
[Ca®*]. dynamics coordination increased constantly in WD-
fed female mice whereas males fed a WD presented a smaller
increase at the end of the diet intervention period (Fig. 4h).
The correlation of insulin values with [Ca®*] ; dynamics coor-
dination revealed a positive trend in WD-fed female mice
during the entire diet intervention period (Fig. 4i—k) while
WD-fed males only retained this adaptive mechanism for 2
months (Fig. 4i). From 3 months of WD onwards, the hyper-
insulinaemia in WD-fed male mice was not correlated with
increased beta cell [Ca®*], dynamics coordination (Fig. 4j,k).
The analysis of the period (Fig. 41) and amplitude (Fig. 4m)
for slow oscillations demonstrated that female mice were
capable of adapting both parameters for a longer period
of time than males under WD exposure. All together these
data indicates that male mice reach their maximum adap-
tive capacity for [Ca2+]i dynamics coordination faster than
females in the non-stimulated state while still hypersecret-
ing insulin, indicating uncoordinated and uncontrolled basal
insulin hypersecretion.

Prolonged exposure to WD progressively impairs glu-
cose-stimulated [Ca®*]; dynamics in a sex-specific man-
ner Sex differences also governed the adaptive capacity
of beta cells to glucose-stimulated [Ca®*], dynamics. WD-
fed male mice exhibited a faster decrease in the percentage
of responding cells over time while females only exhib-
ited a significant reduction after 3 months of exposure to
WD (Fig. 5a). Accordingly, beta cell [Ca”]i dynamics
coordination during the first phase of glucose stimulation
was strongly reduced in the WD-fed group of male mice,
whereas females fed a WD exhibited a less marked reduc-
tion over time (Fig. 5b). Thus, the effect of WD on glucose
response capacity was more deleterious in males than in
females. Stimulated plasma insulin levels increased pro-
gressively over time in both WD-fed groups, with substan-
tially higher levels observed in males (Fig. 5c). However,
[Ca**], dynamics coordination for the glucose stimulatory
period was maintained during the whole diet intervention
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Fig.5 Adaptation upon glucose stimulation is disturbed faster in
male mice than in female mice exposed to sustained WD feeding.
Ins1ERT2Z.GCaMP3 islets transplanted into the ACE of C57B1/6]
female (F) and male (M) mice were imaged after glucose stimulation
via tail vein injection at the indicated time points after CD or WD
exposure. (a) Percentage of glucose-responding beta cells assessed
longitudinally along the study in the same transplanted islets (n=48-
97 beta cells/islet, n=8-10 mice/group). (b) Mean of the coefficients
of correlation (mean r) for the GCaMP3 fluorescence in single beta
cell pairs measured in the same islets along the study and assessed
in the stimulatory period after glucose injection (0—5 min) (n=48-97
beta cells/islet, n=11-14 mice/group). (c) Plasma insulin levels meas-
ured during the stimulatory period (10 min after glucose injection)
longitudinally along the study (n=11-14 mice/group). (d) Mean r for

in WD-fed females, while in males fed a WD a decline
in the coordination was observed from the third month
onwards (Fig. 5d). The correlation of stimulated insulin
levels with [C212+]i dynamics coordination demonstrated
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the GCaMP3 fluorescence in single beta cell pairs calculated along
the study and assessed in the time window with enhanced [Ca®*],
dynamics after the initial stimulatory peak (5-15 min) (n=48-97 beta
cells/islet, n=11-14 mice/group). (e-g) Mean r for the GCaMP3 fluo-
rescence signal within an islet in the glucose-stimulated state vs glu-
cose-stimulated plasma insulin levels for each individual mouse at 2
months (e), 3 months (f) or 4 months (g) of WD exposure (n=11-14
mice/group). Linear regression with a CI of 95% is shown for every
experimental group. p value and coefficient of determination (+%) are
shown. Data correspond to two independent experiments with at least
four mice for each experimental group. Data are presented as indi-
vidual points. Statistics are based on one-way ANOVA; *p<0.05,
**p<0.01, ¥**p<0.001

a loss of linearity between these two variables in the WD-
fed male group from 3 months onwards while females fed
a WD retained a positive correlation throughout the diet
intervention (Fig. 5e—g). These data indicate that upon
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glucose stimulation female mice are able to adapt [Ca2+]i
dynamics coordination linked to insulin secretion for a
longer period of time than male mice.

Paracrine alpha cell input contributes to beta cell [Ca®*];
dynamics functional adaptation during WD feeding Pre-
vious studies from our group demonstrate that alpha cell
input increases the efficiency of the beta cell response to
glucose [13]. Interestingly, an increase in alpha cell mass
and glucagon secretion have been described in mouse
models exposed to WD-like rich diets [30-32] and in
female mice compared with males [33-35]. These data led
us to hypothesise that glucagon-secreting alpha cells play
a paracrine role in the beta cell [Ca”]i dynamics adap-
tive mechanism described in our model. To clarify this,
female and male mice were transplanted with islets from
sex-matched Ins 1 ERT2.GCaMP3 mice into the ACE and
fed for 2 months with CD or WD (Fig. 6a). We focused
on the 2 months WD feeding time point as both sexes
retained the [Ca®*], dynamics compensatory mechanism
described after glucose stimulation.

The alpha cell area of pancreatic islets was increased
in both sexes of WD-fed mice, especially in the core
of the islets, compared with their respective CD sex-
matched groups (Fig. 6b,c), without changes in beta cell
area (ESM Fig. 4a). Independently of dietary conditions,
female mice presented a greater alpha cell area than male
mice. The same observation was made in transplanted
islets from the same experimental groups (Fig. 6b,d and
ESM Fig. 4b). Accordingly, fasting plasma glucagon lev-
els were increased in WD-fed groups with significantly
higher values in females for both dietary conditions
(Fig. 6e). As the number of alpha cells and their location
changed in a sex-dependent manner in the WD-fed groups
during the beta cell compensatory period, we interrogated
whether alpha cell input was involved in beta cell [Ca**];
dynamics adaptation. Beta cell [Ca2+]i dynamics in the
presence of a glucagon receptor antagonist showed a clear
reduction of the [Ca®*], signal (Fig. 6f). Both sexes pre-
sented an increased periodicity of the slow [Ca>*]; oscil-
lations (Fig. 6g) with reduced slow [Ca?*]; oscillation
amplitude (Fig. 6h) and coordination of the [Ca*]; signal
(Fig. 6i,j). These effects were more pronounced in female
mice, with less-frequent slow oscillations and reduced
[Ca2+]i signal coordination, reaching values even below
those of the respective CD-fed female group at the same
time point of the diet intervention (Fig. 4h,l,m).

Alpha cell input is required in human islets to adapt
[Caz"]i dynamics to high energy demand We then evalu-
ated in human islets whether [Ca’*], dynamics adapt
under high metabolic demand, whether there are sex dif-
ferences and whether alpha cell input is involved. An
increased alpha cell area was observed in islets from
women compared with men (Fig. 7a,b). Upon HFHG
treatment, basal [Ca’*], dynamics was significantly
enhanced in islets from women, when compared with
non-treated sex-matched islets, while islets from men
only exhibited a non-significant increase (Fig. 7c,d).
Sex differences for the glucose response capacity
were also observed. HFHG-treated islets from women
showed increased amplitude of the first peak after glu-
cose stimulation (Fig. 7c,e), while this difference was
not observed in HFHG-treated islets from men. A larger
increase in the amplitude of slow oscillations, both at 3
and 11 mmol/l glucose (Fig. 7c,f,g), was also observed
in HFHG-treated islets from women compared with men.
Thus, islets from women exhibited an increased capac-
ity to adapt [Ca®*]; dynamics upon exposure to HFHG.
Treatment with glucagon receptor antagonist induced an
effect on [Ca2+]i dynamics in both sexes, with reduced
[Ca“]i levels at 3 mmol/l glucose (Fig. 7c,d), dimin-
ished glucose stimulatory peak (Fig. 7c,e) and decreased
amplitude of the slow oscillations to values even below
those of the sex-matched non-treated islets (Fig. 7c.f,g).
This reduction was more evident in islets from women.
These data confirm, in humans, the increased capacity of
islets from women to adapt to high energy demand and
the importance of the alpha cell input for the increased
[Ca“]i dynamics adaptive mechanism observed under
high metabolic demand.

Discussion

Sex differences in the risk of developing type 2 diabetes
are well known [36]. However, few studies have addressed
how these differences play out at the level of beta cell
functional adaptation in prediabetes. Here, sex differ-
ences in the beta cell functional compensatory response
to WD exposure are demonstrated, with the female sex
compensating for a longer period of time and the male sex
exhibiting early decompensation. Based on the increased
proportion of alpha cells observed in the female sex and
our findings using a glucagon receptor antagonist, we
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«Fig.6 Alpha cell input contributes to the enhanced [Ca®*]; dynamics
observed under WD feeding. C57B1/6] female (F) and male (M) mice
were transplanted (Tx) with InsI“ERT2.GCaMP3 islets into the ACE
and fed a CD or WD for 2 months. In vivo imaging of transplanted
islets was analysed at single beta cell resolution after topical admin-
istration of the glucagon receptor antagonist L-168,049 (Antg.). (a)
Schematic illustration of the experimental timeline. This schematic
was created using Servier Medical Art (https://smart.servier.com/).
Servier Medical Art by Servier is licensed under a Creative Com-
mons Attribution 3.0 Unported License. (b) Representative confocal
images of immunolabelled pancreatic sections and explanted islets
showing immunostaining for beta cells by insulin (red), alpha cells by
glucagon (green) and nuclei by DAPI (white). Scale bar, 50 pm. (c)
Total alpha cell area and differentiating mantle and core regions of
the islet expressed as % of total islet area and measured in all islets
detected in three different sections per pancreas (n=3 mice/group).
(d) Same analysis as (c¢) measured in islets explanted from the ACE
(n=11-13 islets/group). (e) Fasting plasma glucagon levels (n=6-8
mice/group). (f) Representative normalised global beta cell GCaMP3
fluorescence (AF/F) for an islet and the corresponding individual
beta cell GCaMP3 fluorescence traces represented as heat maps with
colour code denoting normalised GCaMP3 fluorescence intensity.
Red arrows indicate the time point at which the glucagon receptor
antagonist L-168,049 was topically applied (10 min after start of the
imaging period). (g, h) Period (g) and amplitude (h) of slow oscil-
lations from the GCaMP3 fluorescence traces analysed by power
spectral analysis in single beta cells before and after the application
of the glucagon receptor antagonist (n=48-97 beta cells/islet, n=6—8
mice/group). (i) Mean of the coefficients of correlation (mean r) for
the GCaMP3 fluorescence signal from all possible combinations of
single beta cell pairs calculated before and after the application of the
glucagon receptor antagonist (n=48-97 beta cells/islet, n=6—8 mice/
group). (j) Representative heat maps for every experimental group
in the basal state and after administration of the glucagon recep-
tor antagonist, with colour code indicating r values for the GCaMP3
fluorescence signal of each beta cell pair. The respective 3D Carte-
sian maps for the highly correlated beta cells pairs (r>0.8) are shown.
Data are expressed as individual points. Statistics are based on one-
way ANOVA; *p<0.05, **p<0.01, ***p<0.001

suggest that glucagon has a predominant role in the protec-
tive effect observed in WD-fed mice and in human islets
exposed to HFHG in a sex-dependent manner.

Diet intervention models offer suitable conditions with
which to study beta cell adaptation processes [3, 5, 37]. In
this context, female mice are resistant to developing glucose
intolerance due to the protective effect of oestrogens [38, 39]
and a different fat distribution compared with males [40]. In
males there is a more exacerbated metabolic outcome with
faster appearance of beta cell dysfunction resulting in hyper-
glycaemia [41]. Although glucose tolerance deterioration
and hyperglycaemia appeared faster in male mice, we found
the same compensatory mechanism in both sexes. Hence,
normoglycaemia was maintained by enhanced basal beta

cells [Ca2+]i dynamics coordination and increased insulin
release. Increased basal [Ca”]i dynamics and insulin secre-
tion have previously been described in vivo in a model
of diet-induced obesity [5] as an adaptive compensatory
mechanism in prediabetes. Here, we identified an increased
number of active beta cells with highly coordinated [Ca**];
dynamics in WD-fed mice. These results differ from in vitro
studies describing reduced signal coordination upon pal-
mitate treatment [16, 20]. However, our results in vitro in
human islets clearly support an increased coordination of
the [Ca®*]; signal upon HFHG exposure. The observation
of more active beta cells in male mice together with the
fact that basal [Ca?*], dynamics coordination increases to a
lesser extent than in females indicate that beta cells in males
constitute a homogeneous population easily reaching their
maximum adaptive capacity. In female mice, the progressive
increase in beta cell [Ca2+]i dynamics indicates the existence
of beta cell subpopulations that remain less active for longer
periods of time and are only activated under high metabolic
demand. The existence of different beta cells populations in
terms of functionality has been studied before [42] but, to
our knowledge, studies addressing differences between sexes
in these subpopulations have not been performed. Because
the observed sex differences in beta cell compensation occur
at an age range where the female sex is protected by oestro-
gens, we cannot rule out the possibility that islets from the
female sex that are subjected to low oestrogen levels respond
in a similar way to those derived from the male sex.

It has been demonstrated that glucose induces a coor-
dinated increase in beta cell [Ca“]i dynamics across the
islet in vitro [16, 20], ex vivo [9] and in vivo using the ACE
as an islet transplantation site [10]. We describe increased
[Ca**], dynamics coordination after glucose stimulation
during the compensatory phase in WD-fed mice. Moreo-
ver, longitudinal studies demonstrate that male mice start to
decompensate glucose-induced [Ca2+]i dynamics earlier than
females with an uncoordinated [Ca2+]i dynamics response
to glucose. A similar drop in glucose-stimulated [Ca2+]i
dynamics coordination has been described in vitro in islets
from mouse models of diabetes [20, 21] and from humans
with type 2 diabetes [10], being associated with abnormal
insulin secretion oscillatory patterns. In our model this
uncoordinated [Ca**], dynamics response is paralleled by a
continuously increased glucose-stimulated insulin secretion.
Loss of glucose-stimulated [Ca®*], dynamics coordination
linked to uncoordinated insulin secretion has been described
as an early sign of diabetes associated with loss of insulin
pulsatility and deteriorated insulin sensitivity [43]. Here, we
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«Fig.7 Human islets require alpha cell input to adapt [Ca>*]; dynam-
ics to high energy demand. Human islets from cadaveric donors, both
women (W) (n=3) and men (M) (n=3), were cultured under con-
trol (Ctrl) or HFHG conditions for 24 h in the presence or absence
of the glucagon receptor antagonist L-168,049 (Antg.). (a) Repre-
sentative confocal images of islets from women and men showing
immunostaining of beta cells for insulin (red), alpha cells for gluca-
gon (green) and nuclei for DAPI (white). Scale bar, 50 pm. (b) Total
alpha cell area and differentiating mantle and core regions of islets
from women and men (n=7-9 islets/group) expressed as % of total
islet area. (¢) Representative [Caer]i traces of islets from the indicated
experimental groups loaded with the fluorescent [Ca?*]; indicator
Fura-10 and perifused at 3 mmol/l glucose for 500 s followed by 11
mmol/l glucose for 1300 s. Fluorescence values (F) were expressed
as the ratio of fluorescence at 354 and 415nm (F35,/F,;5). (d) Fluo-
rescence values for the [Ca2+]i levels at 3 mmol/l glucose (F)) (n=6
islets/group). (e) Fluorescence increase (AF—F) for the first [Ca2+]i
peak in response to 11 mmol/l glucose (n=6 islets/group). (f) Ampli-
tude of slow oscillations during the 3 mmol/l glucose perifusion
(n=6 islets/group). (g) Amplitude of slow oscillations during the 11
mmol/l glucose perifusion (n=6 islets/group). Data are presented as
individual points. Statistics are based on one-way ANOVA; *p<0.05,
*#p<0.01, ***p<0.001

were able to detect those early events prior to losing insulin
secretion capacity, by monitoring in vivo beta cell [Ca®*];
dynamics.

Previous work from our group demonstrates that gluca-
gon is instrumental for the regulation of glucose homeo-
stasis [13]. Typically, glucagon’s actions in regulating glu-
cose homeostasis are considered in the fasting state [44,
45]. However, glucagon also has an insulinotropic effect in
activated beta cells leading to reduced blood glucose con-
centration [11, 46]. We demonstrate increased alpha cell
area and plasma glucagon levels in WD-fed mice during
the compensatory phase. These results are in line with other
studies showing increased alpha cell area and glucagon
secretion in a high-fat-diet-induced obesity model [30-32].
In our model, increased alpha cell proliferation is the most
reasonable source for the new alpha cells observed under
high metabolic demand. This phenomenon has already been
described in other diabetes models [47]. Although beta cell
to alpha cell transdifferentiation has also been observed in
mouse diabetes models [48] and in humans [49], this only
occurs parallel to loss of beta cell identity, which is not the
case here.

Different data support a direct role for glucagon in
beta cell [Ca2+]i dynamics. It has been reported that the
alpha cell input is necessary for beta cells to adapt their
metabolism to high-fat feeding, mostly by a mechanism
involving adequate levels of cAMP [11]. In that work it
was claimed that cAMP levels dictate the magnitude of
insulin secretion independent of the triggering and ampli-
fying pathways upon glucose stimulation However, other
works show how cAMP signalling (mediated by exchange
protein activated by cAMP [epac2A] and protein kinase A

[PKA]) modulate [Ca“]i levels [50]. That review details
the mechanisms by which cAMP might induce a [Ca®*];
increase in beta cells. Interestingly, an increase in [Ca
levels has been described in glucose-stimulated beta
cells in response to glucagon-like peptide-1 (GLP-1) via
increased cAMP. This effect seems to involve voltage-
dependent Ca’* influx and Ca’*-induced Ca?* release
from intracellular compartments. The same effect has
been observed with exendin-4 (a GLP-1 agonist). Our
data with the glucagon receptor antagonist clearly shows
an effect of the glucagon input on [Caz+]i oscillation
coordination both in mice fed a WD and in human islets
cultured under HFHG conditions. The abolished [Ca2+]i
signalling upon glucagon receptor blockage was stronger
in WD-fed female mice and in islets from women. This
observation, coinciding with the high proportion of
alpha cells observed in female mice and women, support
the idea of a higher paracrine effect of glucagon in the
female sex. Thus, glucagon has a determinant role in the
increased [Ca®*]; dynamics coordination adaptive mecha-
nism observed under high metabolic demand, especially
in the female sex due to their intrinsic high alpha cell
proportion, probably by a mechanism that involves cAMP
and Ca**-induced Ca**-release.

Our study has some limitations that should be acknowl-
edged. Further studies are needed to examine the paracrine
role of other signalling molecules, such as incretins or neu-
rotransmitters, in beta cell function under glucometabolic
challenge. Another limitation of our study is the technical
challenges posed by in vivo analysis of basal and glucose-
stimulated [Ca®*], dynamics in more than one islet per
mouse. There is a lack of evidence in the literature describ-
ing equal [Ca’"]; responses between islets from the same
mice in vivo. However, our results support the notion of
similar [C212+]i patterns between islets from the same experi-
mental groups or sexes.

In summary, we describe sex dimorphism in the func-
tional adaptive capacity of beta cells, assessed for the first
time in both sexes in parallel, in vivo and longitudinally at
single-cell resolution. We found increased [Ca®*]; dynam-
ics coordination to be a mechanism triggering beta cell
functional adaptation. In this context, paracrine alpha cell
input contributes to the amplification of [Ca?*], dynamics
coordination and the increased proportion of alpha cells
explain the protective effect in the female sex exposed
to metabolic stress. Moreover, an uncoordinated [Ca2+]i
signal associated with insulin hypersecretion was dem-
onstrated to be an early sign of prediabetes. Our results
may have impact on establishing critical time points for
predicting beta cell failure and thereby facilitate an early
diagnosis during prediabetes, a prerequisite for develop-
ing new glucose-lowering therapies to modulate beta cell
functional adaptation.
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