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Abstract

Aims/hypothesis Mitochondrial oxidative metabolism is central to glucose-stimulated insulin secretion (GSIS). Whether Ca*
uptake into pancreatic beta cell mitochondria potentiates or antagonises this process is still a matter of debate. Although the
mitochondrial Ca** importer (MCU) complex is thought to represent the main route for Ca®* transport across the inner mito-
chondrial membrane, its role in beta cells has not previously been examined in vivo.

Methods Here, we inactivated the pore-forming subunit of the MCU, encoded by Mcu, selectively in mouse beta cells using
Ins1“™-mediated recombination. Whole or dissociated pancreatic islets were isolated and used for live beta cell fluorescence
imaging of cytosolic or mitochondrial Ca®* concentration and ATP production in response to increasing glucose concentrations.
Electrophysiological recordings were also performed on whole islets. Serum and blood samples were collected to examine oral
and i.p. glucose tolerance.

Results Glucose-stimulated mitochondrial Ca®* accumulation (p< 0.05), ATP production (p< 0.05) and insulin secretion (p<
0.01) were strongly inhibited in beta cell-specific Mcu-null (3 Mcu-KO) animals, in vitro, as compared with wild-type (WT) mice.
Interestingly, cytosolic Ca>* concentrations increased (p< 0.001), whereas mitochondrial membrane depolarisation improved in
BMcu-KO animals. fMcu-KO mice displayed impaired in vivo insulin secretion at 5 min (p< 0.001) but not 15 min post-i.p.
injection of glucose, whilst the opposite phenomenon was observed following an oral gavage at 5 min. Unexpectedly, glucose
tolerance was improved (p< 0.05) in young B Mcu-KO (<12 weeks), but not in older animals vs WT mice.
Conclusions/interpretation MCU is crucial for mitochondrial Ca®* uptake in pancreatic beta cells and is required for normal
GSIS. The apparent compensatory mechanisms that maintain glucose tolerance in 3Mcu-KO mice remain to be established.

Keywords Calcium - Glucose homeostasis - Insulin secretion - Mitochondria - Mitochondrial Ca** uniporter (MCU) - Pancreatic
beta cells - Type 2 diabetes
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Research in context

What is already known about this subject?

Mecu silencing or ablation lowers mitochondrial Ca** uptake, tricarboxylic acid (TCA) cycle activity, ATP production
and oxygen consumption in a variety of cell types

Whole-body Mcu-knockout (KO) mice display normal cardiac activity despite impaired Ca? * uptake and Ca?*-
dependent oxygen consumption in cardiomyocytes

Glucose-stimulated mitochondrial Ca?* uptake, ATP production and sulfonylurea-stimulated insulin secretion are
impaired following the knockdown of Mcu through small hairpin (sh)RNA-mediated silencing in rodent pancreatic

beta cells

What is the key question?

Is the activity of Mcu essential in primary mouse beta cells for normal insulin secretion and glucose homeostasis in

vivo and in vitro?

What are the new findings?

We generated mice in which Mcu was efficiently and highly selectively deleted in the pancreatic beta cell using
Ins1*-mediated recombination, and explored the impact on insulin secretion and whole-body glucose

homeostasis

We showed that mitochondrial Ca?* uptake, glucose-induced ATP production and insulin secretion were
substantially impaired in beta cell-specific Mcu-null (BMcu-KO) animals in vitro

The first phase of insulin release was also impaired in the living BMcu-KO mice, despite paradoxical improvements

in systemic glucose tolerance

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

These findings indicate that agents that affect mitochondrial Ca?* uptake in pancreatic beta cell may alter insulin

secretion and diabetes risk

Abbreviations

[Ca2+]cyt Cytoplasmic Ca®* concentration
[Ca®*]mic  Mitochondrial free Ca** concentration
FCCP Carbonyl cyanide-4-phenylhydrazone
GIP Glucose-dependent insulinotropic peptide
GLP-1 Glucagon-like peptide-1

GSIS Glucose-stimulated insulin secretion
HFHS High-fat high-sucrose diet

Karp ATP-sensitive K* (channel)

KO Knockout

Ay, Mitochondrial membrane potential
MCU Mitochondrial Ca®* uniporter
BMcu-KO Beta cell-specific Mcu-null (animal)
MICU Mitochondrial calcium uptake protein
MOI Multiplicity of infection

NA Numerical aperture

NCLX Na*/Ca®* exchanger

OPT Optical projection tomography
qRT-PCR  Quantitative RT-PCR

RAM Rapid mode of mitochondrial Ca** uptake
TCA Tricarboxylic acid

TMRE Tetramethylrhodamine ethyl ester
VDCC Voltage-dependent Ca®* channel

WT Wild-type

Introduction

Defective insulin secretion underlies diabetes mellitus, a
disease affecting almost one in eight of the adult population
worldwide [1]. The most prevalent form of this condition is
type 2 diabetes, where pancreatic beta cell failure usually,
though not always, occurs in the face of insulin resistance in
other tissues [2]. Current therapeutic strategies have limited
efficacy and there remains a desperate need to develop new
treatments to tackle this growing epidemic.

Pancreatic beta cells ensure blood glucose homeostasis by
responding to a rise in circulating nutrient levels with insulin
secretion. Glucose-induced increases in mitochondrial oxida-
tive metabolism are central to the stimulation of hormone
release, and drive an increase in cytosolic ATP:ADP ratio,
closure of ATP-sensitive K* (Kapp) channels, Ca** influx
and exocytosis [3]. Ca®* ions are also taken up by mitochon-
dria [4, 5] and this has been suggested to activate the tricar-
boxylic acid (TCA) cycle and other intra-mitochondrial
enzymes [6] in order to enhance the production of reducing
equivalents for the electron transport chain, and ATP genera-
tion [3]. Although a number of approaches have been used
previously to explore the role of intra-mitochondrial Ca** in
controlling insulin secretion, the role of these ions in
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modifying ATP synthesis and, hence, exocytosis in these cells
is still debated [7, 8].

Importantly, there is accumulating evidence to suggest that
mitochondrial dysfunction in the pancreatic beta cell leads to
impaired glucose-stimulated insulin secretion (GSIS) and may
contribute to the development of type 2 diabetes [9].
Moreover, defective mitochondrial Ca>* uptake in isolated
beta cells may lead to lowered insulin secretion in response
to glucolipotoxicity [10].

The mitochondrial Ca** uniporter (MCU; previously
termed MCUa or CCD109A) forms the Ca**-selective pore
of a multi-protein MCU-complex, alongside mitochondrial
calcium uptake protein (MICU)1-3, MCU regulator 1
(MCURI1) and the essential MCU regulator (EMRE [also
known as single-pass membrane protein with aspartate rich
tail 1 (SMDT1)], which allows Ca** entry into mitochondria
[11]. In vitro and in vivo models of Mcu silencing or ablation
have revealed a robust reduction in mitochondrial Ca®* uptake
associated with blunted Ca®*-dependent activation of the TCA
cycle, oxygen consumption, ATP production [10, 12] and
mitochondrial reactive oxygen species generation [13].
Whole-body Mcu-knockout (KO) mice display normal basal
cardiac parameters even though mitochondria isolated from
cardiac myocytes display impaired Ca® * uptake and Ca® *-
dependent oxygen consumption. Interestingly, resting ATP
levels are unaltered in muscle cells in Mcu-KO mice, suggest-
ing that Mcu depletion does not affect basal mitochondrial
metabolism. Mcu-KO mice, similarly, display only reduced
maximal muscle power in association with reduced metabolic
flux and activity of the TCA cycle enzymes in skeletal muscle
mitochondria [12]. Given that both cardiac and skeletal
muscles are highly metabolically active tissues, it is surprising
that whole-body Mcu-KO mice display a mild phenotype [12,
13]. However, glucose homeostasis and insulin secretion were
not examined in detail in these earlier studies.

We have previously shown that reducing glucose-
stimulated mitochondrial Ca** uptake in rodent pancreatic
beta cells through knockdown of Mcu through small hairpin
RNA (shRNA)-mediated silencing in vitro impairs the
sustained increase in ATP:ADP ratio usually seen in response
to high glucose and ablates sulfonylurea-stimulated insulin
secretion [10, 14]. Similar findings were also observed in
clonal beta cells [15]. However, these earlier studies provided
no insight into the impact of reducing mitochondrial Ca**
uptake on GSIS in vivo, nor how this may, in turn, impact
the physiology of the living animal.

Tissue-specific manipulation of MCU activity provides an
alternative and powerful means to examine the role of mito-
chondrial Ca®* in a particular tissue or cell type. In the present
study, we have therefore generated mice in which Mcu is
deleted highly selectively in the pancreatic beta cell, and
explored the impact of this on insulin secretion and whole-
body glucose homeostasis.

@ Springer

Methods

Generation of beta cell-selective Mcu-KO mice Two to five
C57BL/6 J mice were housed per individually ventilated cage
in a pathogen-free facility with a 12 h light-dark cycle and
were fed ad libitum with a standard mouse chow diet
(Research Diets, New Brunswick, NJ, USA) unless otherwise
stated. For high-fat high-sucrose diet (HFHS) treatment (58%
[wt/wt] fat and sucrose content; D12331; Research Diets),
mice were placed on the diet at 5-6 weeks of age for 4 weeks
prior to analysis. All in vivo procedures were approved by the
UK Home Office, according to the Animals (Scientific
Procedures) Act 1986.

In brief, C57BL/6 J mice bearing Mcu alleles with floxP
sites flanking exons 11 and 12 were generated by GenOway
(strain B6-Mcu™!9*™; Grenoble, France) and bred to animals
carrying Cre recombinase inserted at the Ins] locus (Ins1™),
allowing efficient and beta cell-selective deletion of both Mcu
splice variants, without recombination in the brain or
confounding expression of human growth hormone. Mice
bearing floxed Mcu alleles but lacking Cre recombinase were
used as wild-type (WT) littermate controls. Possession of
InsICre alleles alone exerted no effect on glycaemic pheno-
type (data not shown).

SDS-PAGE and western blotting MCU expression was
assessed in islets isolated from 8—10-week-old WT and beta
cell-specific Mcu-null (BMcu-KO) male animals. For full
details, see electronic supplementary material (ESM)
Methods.

mRNA extraction and quantitative reverse transcription PCR
For measurements of mRNA levels, pancreatic islets from 8—
10-week-old WT and 3Mcu-KO males were isolated by colla-
genase digestion. Alongside mouse islets, RNA was extracted
from liver, heart and adipose tissues. Gene expression deter-
mined by quantitative reverse transcription PCR (qRT-PCR)
and normalised to (-actin (see ESM Methods for details;
primer details are given in ESM Tables 1 and 2).

Single-cell fluorescence imaging Pancreatic islets were isolat-
ed from 8—10-week-old male mice, dissociated into single
beta cells and plated onto glass coverslips [10, 16].
Mitochondrial Ca®* uptake was measured via adenovirus-
mediated delivery of a mitochondrially-targeted recombinant
Ca®* probe, R-GECO (multiplicity of infection [MOI]: 100;
sequence obtained from Addgene [Watertown, NY, USA];
adenovirus generated using the PAdEasy system [Addgene])
[17, 18]. Cells were infected and incubated for 48 h prior to
imaging in Krebs-Ringer bicarbonate buffer (140 mmol/l
NaCl, 3.6 mmol/l KCI1, 0.5 mmol/l NaH,PO,, 24 mmol/l
NaHCO; [saturated with CO,], 1.5 mmol/l CaCl,,
0.5 mmol/l MgSO,, 10 mmol/l HEPES and 3 mmol/l b-
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glucose; pH 7.4). To examine ATP:ADP changes in response
to a rise in extracellular glucose concentration, dissociated
beta cells were infected with an adenovirus bearing cDNA
encoding the ATP sensor pPGW1CMV-Perceval (MOI: 100;
kindly provided by G. Yellen [Yale University, New Haven,
CT, USA]) [10] and incubated for 48 h prior to fluorescence
imaging. In all experiments, cells were equilibrated for at least
30 min in Krebs-Ringer bicarbonate buffer containing
3 mmol/l glucose prior to the start of acquisitions.
Excitation/emission wavelengths (nm) were: 490/630 and
410/630 (Fura-Red), 530/590 (R-GECO) and 470/535
(Perceval). All imaging experiments were performed using
an Olympus IX71 microscope (Olympus, Southend-on-Sea,
UK) with a x40 magnification objective, a Zyla sCMOS
camera (Andor, Oxford, UK) and a polychrome IV
(BioProcess, Horsham, PA, USA) excitation system with
image capture at 0.2 Hz (excitation time, 50 ms).

For experiments with tetramethylrhodamine ethyl ester
(TMRE), beta cells were loaded with 10 nmol/l TMRE in
Krebs-Ringer bicarbonate buffer with 3 mmol/l glucose
(pH 7.4) for 45 min, and re-equilibrated with 2 nmol/l
TMRE for 10 min before recordings. TMRE (2 nmol/l) was
present throughout and cells were excited at 550 nm.
Carbonyl cyanide-4-phenylhydrazone (FCCP; 1 umol/l) was
administrated, as indicated, and imaging was performed using
a Zeiss AxioObserver microscope (Zeiss, Cambridge, UK)
using ax 40 1.4 numerical aperture (NA) oil objective, a
Hamamatsu Flash 4 camera (Welwyn Garden City, UK) and
a Colibri.2 light emitting diode (LED) excitation system
(Zeiss; excitation filter 534/20 nm; emission filter 572/
28 nm) at 0.3 Hz (250 ms exposure). Traces represent mean
normalised fluorescence intensity over time (F/F,;,), where
Finin 18 the mean fluorescence recorded at the end of the appli-
cation of FCCP. Delta psi (A,) is the difference in mean
fluorescence intensity measured at the peak following admin-
istration of 17 mmol/l glucose (711-732 s) vs the minimum
prior to glucose elevation (189-210 s).

Whole-islet fluorescence imaging Ca** imaging of whole
islets was performed after loading with R-GECO (48 h post-
isolation) in Krebs-Ringer bicarbonate buffer or cytosolic Cal-
520 acetoxymethyl (AM; 2 pumol/l; 24 h post-isolation;
Stratech, Cambridge, UK) in modified Krebs-Ringer bicar-
bonate buffer (140 mmol/l NaCl, 3.6 mmol/l KCI,
0.5 mmol/l NaH,PO,, 2 mmol/l NaHCOj; [saturated with
CO,], 1.5 mmol/l CaCl,, 0.5 mmol/l MgSO,4, 10 mmol/l
HEPES; pH 7.4) containing 3 mmol/l or 17 mmol/l glucose,
17 mmol/l glucose with 0.1 mmol/l diazoxide (Sigma-
Aldrich, Dorset, UK), or 20 mmol/l KCI. Images were
captured at 0.5 Hz on a Zeiss Axiovert microscope equipped
with a x10 0.3-0.5 NA objective, a Hamamatsu image-EM
camera coupled to a Nipkow spinning-disk head (Yokogawa
CSU-10; Runcorn, UK) and illuminated at 490 nm or 530 nm.

Data were analysed using Imagel (https://imagej.nih.gov/ij/
download.html, accessed 15 February 2020) with a purpose-
designed macro (available upon request).

IPGTT and IPITT tests and measurement of insulin secretion
in vivo To investigate glucose or insulin tolerance, male or
female mice (aged 824 weeks) were fasted and injected with
glucose or insulin i.p. Glucose was measured in tail vein blood
using a glucometer. For in vivo insulin secretion experiment,
fasted male mice were administered glucose either i.p. or by
oral gavage; plasma insulin was measured using an ELISA kit.
See ESM Methods for details.

In vitro insulin secretion Insulin secretion assays were
performed in triplicate on size-matched islets, isolated from
male mice (8—10 weeks of age) and incubated for 1 h in modi-
fied Krebs-Ringer bicarbonate buffer containing 3 mmol/l
glucose. Subsequently, islets were either perifused (~50
islets/chamber) or batch incubated (10 islets/well) for 30 min
in Krebs-Ringer solution with either 3 mmol/l or 17 mmol/l
glucose, 10 mmol/l glucose supplemented with 100 nmol/l
exendin-4 (Wuxi Apptec, Shanghai, China), or the glucose-
dependent insulinotropic peptide (GIP; Wuxi Apptec).
Secreted and total insulin content were quantified using a
homogeneous time-resolved fluorescence (HTRF) insulin kit
(Cisbio, Codolet, France) in a PHER Astar reader (BMG
Labtech, Aylesbury, UK), following the manufacturer’s guide-
lines. Data are presented as secreted insulin/insulin content.

Electrophysiology Voltage-dependent calcium channel
(VDCC) currents were recorded from dispersed mouse beta
cells, as previously described [19]. See ESM Methods for
details.

Beta cell mass Whole pancreatic optical projection tomogra-
phy (OPT), to 19 pum resolution, was performed, as described
[20].

Statistical analysis Data are expressed as mean+ SEM.
Significance was tested by Student’s two-tailed ¢ test or one-
or two-way ANOVA with Sidak’s or Bonferroni multiple
comparison test for comparisons of more than two groups,
using GraphPad Prism 8 software (San Diego, CA, USA).
p<0.05 was considered significant. Experiments were not
randomised or blinded.

Results
Mcu ablation from pancreatic beta cells attenuates GSIS
in vitro Mice bearing Mcu alleles with floxP sites flanking

exons 11 and 12 were generated and bred to animals carrying
Cre recombinase inserted at the Ins/ locus (InsI°™) (Fig. 1a)
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Fig. 1 Isolated islets from male 3Mcu-KO mice display attenuated GSIS
in vitro. (a) Gene deletion was achieved by breeding mice carrying Mcu
alleles with floxP (loxP) sites flanking exon (Ex) 11 and Ex12 with mice
bearing Cre recombinase inserted at the /ns/ locus. (b) Western blot
analysis demonstrating efficient MCU deletion (n = 2 mice per genotype
in three independent experiments) in isolated islets. (¢) qRT-PCR quanti-
fication of Mcu expression in heart, liver, adipose tissue and islets relative
to -actin (n = 3 mice per genotype in two independent experiments). (d)
qRT-PCR quantification of Micul—3 and Smdtl expression in islets rela-
tive to -actin (n= 4—6 mice per genotype in two independent experi-
ments). (e) Insulin secretion from islets isolated from male 3Mcu-WT and
KO mice during perifusion and (f) serial incubations of islets in batches,
at 3 mmol/l glucose (3G) or 17 mmol/l glucose (17G). In (e), a significant

Insulin secretion
(secreted/total)

T
+exend +GIP

[21]. MCU deletion in islets was confirmed by western blot-
ting (Fig. 1b) and qRT-PCR in islets, heart, liver and adipose
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decrease in insulin secretion was observed in islets isolated from KO mice
during the first peak (4-8 min) vs WT mice (n = 4-5 mice per genotype in
three independent experiments). In (f), a significant decrease was
observed between genotypes for insulin secretion stimulated with 17G,
as compared with WT mice (n= 6—7 mice per genotype in three inde-
pendent experiments). (g) Insulin secretion from islets during serial incu-
bations in batches, at 3G, 10 mmol/l glucose (10G), or 100 nmol/l
exendin-4 (exen4) or GIP in presence of 10G (n = 57 mice per genotype
in three independent experiments). Blue, WT mice; red, 3 Mcu-KO mice.
Data are presented as mean = SEM.*p< 0.05; **p<0.01, analysed by
unpaired two-tailed Student’s ¢ test in (a, e, f) or by two-way ANOVA
test and Sidak’s multiple comparisons test in (¢, d, g)

tissues (Fig. 1c). MCU immunoreactivity was decreased by
50-60% in islets (p<0.05; Fig. 1b), suggesting that Ca**
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influx was impaired but not completely abolished in fMcu-
KO mice. Relative to F-actin, expression of the Mcu transcript
in islets from KO mice was decreased by ~80% vs control
islets (p<0.05; Fig. 1c), whereas no significant differences
were identified in other mouse tissues. This level of reduction
is consistent with near-complete elimination of Mcu mRNA
from beta cells, assuming a beta:alpha cell ratio of ~3:1 [22]
and similar levels of Mcu expression in each cell type in islets
from WT animals [23].

Next, to determine whether the genes encoding other pore-
forming or regulatory proteins (Micul—3 and Smdtl) of the
uniporter were disrupted following Mcu deletion in the islets,
their mRNA expression levels were quantified (Fig. 1d).
Interestingly, Micul, Micu3 and Smdt] mRNA levels also
significantly decreased (p< 0.05) in islets of KO mice.

We next explored the consequences of Mcu KO with
regards to GSIS from isolated islets from pMcu-KO mice.
In perifusion experiments, islets from pMcu-KO mice
displayed a significant blunting in the secretory response to
elevated glucose, with the attenuation in insulin release most
evident at high glucose concentrations (17 mmol/l), as deter-
mined at the first peak of insulin release (p< 0.05; Fig. le).
These results were confirmed by independent experiments
using batch incubation of islets (p< 0.01; Fig. 11). In contrast,
islets from Mcu-KO mice displayed no difference vs control
islets in insulin secretion stimulated by depolarisation with
20 mmol/l KCl in both perifusion or batch incubation systems
(data not shown). Finally, to examine whether the decline in
GSIS in islets from BMcu-KO was linked with an impaired
incretin response, GIP or exendin-4 were used to co-stimulate
insulin secretion at 10 mmol/l glucose. (Fig. 1g). Despite
enhanced insulin secretion in both groups (in comparison with
10 mmol/l glucose alone; p< 0.05), islets from Mcu-KO
mice showed impaired GSIS (p< 0.05).

Mcu deletion from pancreatic beta cells impairs glucose-
stimulated mitochondrial but not cytosolic Ca®* uptake To
determine how beta cell-specific Mcu deletion in mitochon-
dria might affect cytosolic Ca®* dynamics in whole islets, the
latter were explored using the Ca**-sensitive dye Cal-520 by
live-cell fluorescence microscopy. After pre-incubation in the
presence of low (3 mmol/l) intracellular glucose, increases in
cytosolic Ca®* concentration ([Ca®*].,;) were provoked in
islets by stimulation with high (17 mmol/l) glucose. A
depolarising K* concentration (20 mmol/l KCI) and the
Katp channel opener diazoxide were then deployed together
to bypass glucose regulation of the latter (Fig. 2a,b).
Interestingly, [Caz"]Cyt in whole islets from Mcu-KO mice
was significantly increased in response to glucose, in compar-
ison with WT animals (AUC, p< 0.001; Fig. 2b).

Since MCU provides the main route for Ca** entry into
mitochondria in other cell types [24], we then determined
the impact of deleting Mcu on this process. Changes in

mitochondrial free Ca®* concentration ([Ca®* i) Were inves-
tigated in whole or dissociated islets infected with a genetical-
ly encoded mitochondrial Ca”" indicator (R-GECO) [18].
Mcu deletion attenuated glucose-stimulated increases in
[Ca®*]mio in intact whole islets, where a significant difference
in response to high glucose was observed between the two
groups (AUC, p<0.05; Fig. 2c,d). [Ca®*]mito Was also
assessed in dissociated islets and by determination of the mean
AUC at 17 mmol/l glucose (AUC, p< 0.05; Fig. 2e). Similar to
the results obtained in whole islets, [Ca2+]mito accumulation in
response to high glucose was significantly reduced in the beta
cells from KO mice.

Mcu deletion from pancreatic beta cells reduces mitochondri-
al ATP production, whereas mitochondrial membrane
depolarisation decreases in response to glucose Given the
significant reduction in GSIS observed in islets from Mcu-
KO mice in vitro, despite improved cytosolic Ca>* dynamics,
we next sought to determine whether an alteration in glucose
metabolism might contribute to the attenuated insulin secre-
tion observed. Since both fluorescent approaches to measur-
ing [Ca**]mio performed on dissociated and whole islets
exhibited a comparable response to glucose, the following
experiments were completed on dissociated islets. This
allowed us to investigate changes in ATP production, and
plasma membrane potential or mitochondrial membrane
potential (A,,), in response to high glucose at the beta cell
level.

Real-time fluorescence imaging of the ATP sensor,
Perceval [10], showed a rise in the ATP:ADP ratio in control
beta cells by a step increase in glucose from 3 mmol/l to
17 mmol/l [10]. This change was significantly blunted in
BMcu-KO beta cells (AUC, p<0.05; Fig. 3a,b). This was
accompanied by a potentiation in A, (polarised state) in
response to high glucose, as assessed by monitoring TMRE
fluorescence Ap in BMcu-KO and control mouse beta cells
(p<0.01; Fig. 3c,d).

Altered ATP production in response to high glucose
is expected to affect the activity of Karp channels [25].
Assessed in single beta cells using perforated patch-
clamp electrophysiology [10], the extent of plasma
membrane-potential depolarisation in response to a step
increase in extracellular glucose from 3 mmol/l to
17 mmol/l did not differ significantly between PMcu-
KO and control beta cells, although there was a weaker
depolarisation in KO cells (Fig. 3e,f). VDCC currents,
measured by whole-cell voltage clamp [19], displayed
no apparent differences in response to 17 mmol/l
glucose (Fig. 3g). Interestingly, expression of the Karp
channel subunit Abcc8 was significantly elevated in
islets from PMcu-KO mice (AUC, p<0.05; Fig. 3h)
and may thus, contribute to the albeit non-significant,
reductions in electrical activity observed (Fig. 3e,f).
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Fig. 2 Mcu deletion from pancreatic beta cells diminishes in vitro mito-
chondrial Ca®* uptake in dissociated islets but not [Ca**].,, in whole
islets. (a) Each snapshot of isolated WT (i—iv) and KO-derived (v—viii)
islets was taken during the time points indicated by the respective arrow
in (b). Scale bar, 50 um. See also ESM Video 1. (b) [Cah]cyt changes in
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and 20 mmol/l KCI +diaz were assessed following Cal-520 uptake in
whole islets. Traces represent mean normalised fluorescence intensity
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also presented (n= 5 individual trials in two independent experiments
with n=3 mice per genotype; 17G AUC measured between 300 s and
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current-clamp recordings of individual beta cells from WT and 3Mcu-
KO mice, displaying the plasma membrane potential response from 3G to
17G. (f) Mean plasma membrane potential responses (n= 5-7 trials, 3
mice per genotype; two-way ANOVA test). (g) Activation of beta cell
VDCCs in response to 17G and indicated voltage steps (n= 23-24 islets,
n=3 mice per genotype of two independent experiments; two-way
ANOVA test). (h) qRT-PCR quantification of Kcnjll and Abce8 expres-
sion (n= 4—-6 mice per genotype in two independent experiments;
unpaired two-tailed Student’s ¢ test and Mann—Whitney correction).
Blue, WT mice; red, BMcu-KO mice. Islets were isolated from 8—10-
week-old male mice maintained on standard chow diet. Data are present-
ed as mean + SEM. *p<0.05; **p<0.01
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Lowered beta cell mass in Mcu-KO mice Analysis using OPT
(Fig. 4a) revealed that pancreases from [3Mcu-KO mice
displayed decreased numbers of islets at the lowest extreme
of the size spectrum (p< 0.01), in comparison with WT mice
(Fig. 4b) and a decrease in total beta cell mass (AUC, p< 0.01,;
Fig. 4c).

Loss of Mcu from pancreatic beta cells does not alter body

mass or fed blood glucose levels but impairs GSIS in vivo We
next explored the role of beta cell MCU in the control of
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insulin secretion and in vivo glucose homeostasis. Male
BMcu-KO animals displayed normal growth and weight
changes from 6 to 24 wecks of age (ESM Fig. la).
However, a slight, but significant, increase (p< 0.05) in weight
gain was observed from 20 to 24 weeks of age in Mcu-KO
compared with control mice. We observed no differences in
random fed blood glucose levels between male 3Mcu-KO and
control animals at all ages examined (ESM Fig. 1b). No
genotype-dependent differences in the above metabolic
parameters were observed in female mice at any age (ESM
Fig. 1c, d; ESM Fig. 2a-d).

Glucose tolerance was investigated in 3Mcu-KO and WT
mice by i.p. injection of 1 g/kg body weight glucose (IPGTT)
at 8, 12, 16 and 24 weeks of age. A small but significant
improvement in glucose tolerance was observed in male
3Mcu-KO mice vs controls at 8 (p<0.001) and 12 (p< 0.05)
weeks of age (Fig. 5a—d). Older male BMcu-KO animals
displayed unaltered glucose tolerance (Fig. Se-h) vs WT
mice.

To assess GSIS in vivo, 8-10-week-old male mice were
challenged with 3 g/kg body weight glucose and plasma insu-
lin was sampled at 0, 5, 15 and 30 min. Although improved
glucose tolerance was observed in BMcu-KO animals post-
15 min i.p. glucose administration (Fig. 6a), a dramatic reduc-
tion (p<0.001) in insulin release was observed 5 min post-
glucose injection (Fig. 6b). BMcu-KO animals also displayed
improved oral glucose tolerance at 15 and 30 min post-oral
gavage (p<0.05; Fig. 6¢) and increased insulin secretion at
5 min (p<0.05; Fig. 6d) vs WT littermates. No differences
in i.p. insulin tolerance (Fig. 6e,f) or C-peptide levels (not
shown) were observed between WT and KO mice.

Finally, to impose a metabolic stress, 3Mcu-KO mice and
control littermates were maintained on a HFHS diet and
subjected to IPGTTs and IPITTs, as above. No differences in
blood glucose levels or insulin secretion were observed
between phenotypes (ESM Fig. 3a, b). In addition, no
genotype-dependent differences in C-peptide secretion were
apparent (not shown).

Discussion

Using a novel mouse model to achieve highly efficient and
selective ablation of Mcu in beta cells, we show that mito-
chondrial Ca®* uptake can play an important role in the first
phase of insulin secretion in the living mouse.

Mitochondria are highly dynamic organelles, critical for
maintaining normal beta cell function and secretory responses
to glucose [26-28]. As mitochondrial dynamics and biogene-
sis are impaired in these cells in the face of insulin resistance
and in type 2 diabetes [9], it is conceivable that preserving the
normal function of mitochondria may slow the loss of normal
insulin secretion and disease progression [29, 30].
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ed or WT vs KO mice at the time points indicated, analysed by two-way
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Recent findings have demonstrated the importance of
MCU for Ca** uptake into mitochondria in several cell types
and have established this as the most important route for Ca**
accumulation into these organelles [11]. Analysis of published
RNA sequencing (RNASeq) data [31] revealed that both long
(containing exon 6) and short protein-coding Mcu splice vari-
ants are present in mouse beta cells. To ensure efficient dele-
tion of each splice variant, we targeted exons 11 and 12 and
neighbouring intronic sequences, ensuring the removal of the
C-terminal coiled coil and trans-membrane domains of the

weight insulin injection resulted in normal insulin sensitivity as compared
with WT mice. (f) Corresponding AUC for (e) is also shown (7= 8 mice
per genotype in three independent experiments; unpaired two-tailed
Student’s ¢ test and Mann—Whitney correction). All mice were maintained
on a standard chow diet. Blue, WT mice; red, 3Mcu-KO mice. Data are
presented as mean = SEM. *p< 0.05; ***p< 0.001 for WT vs KO mice at
the time points indicated

protein. As a result, near-complete elimination of the mRNA
encoding Mcu (likely reflecting nonsense-mediated decay),
but also of other functional subunits of the Mcu pore, was
accomplished throughout the beta cell population, without
affecting other tissues, such as the heart, liver or adipose
tissues. Reduction in the mRNA expression of the pore gate-
keeping proteins Micul, Micu3 [32] and Smdti, responsible
for maintaining the pore architecture [33], indicate that dele-
tion of Mcu can be linked to an impaired Ca®* flux within the
mitochondrial matrix.

In agreement with previous studies using RNA silencing
[10, 15], Mcu deletion at the genomic level attenuated GSIS
and mitochondrial Ca®* uptake in response to high glucose in
dissociated and whole islets [10]. Of note, 3 Mcu-KO-derived

@ Springer
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whole islets labelled with R-GECO showed a reduced mito-
chondrial Ca®* uptake, demonstrating that the main pathway
of Ca®* entry into the organelles is significantly impaired in
KO mice during the first phase of glucose challenge. On the
other hand, the response to depolarisation by KCl was less
markedly affected, possibly reflecting the opening of other
mitochondrial Ca** transporters/channels at high cytosolic
[Ca®*] [34]. These may include ryanodine receptors [35] or
the rapid mode of mitochondrial Ca®* uptake (RAM) in the
liver.

Surprisingly, quantification of [Ca2+]Cyt in intact islets
demonstrated larger increases in response to high glucose in
KO mouse islets (Fig. 7a,b), perhaps reflecting an impact on
Ca** oscillation frequency, beta cell-beta cell communication
and three-dimensional electrical communication through gap
junctions [36]. The sharp decrease in GSIS in vitro in the face
of higher cytosolic [Ca**] (Fig. 7b) is, again, paradoxical and
argues that lowered ATP:ADP, alongside impairments in
amplifying processes for insulin secretion [37], such as the
Ca**-dependent intra-mitochondrial generation of putative
coupling molecules such as glutamate [38] or others [3], exert
a dominant inhibitory effect in KO mice.

@ Springer

<« Fig.7 Putative involvement of MCU in coordinating the response of beta

cells to nutrient supply, and impact of Mcu deletion on GSIS. (a) In WT
animals, glucose is taken up by beta cells and catabolised glycolytically.
The formed pyruvate (Pyr) is metabolised by mitochondria through the
citrate (TCA) cycle, leading to an increased mitochondrial proton motive
force (hyperpolarised A1,,) and accelerated ATP synthesis. By entering
mitochondria via the MCU, Ca”* potentiates oxidative metabolism to
counter-balance ATP consumption. Ca** exits mitochondria via NCLX.
Consequently, the cytoplasmic ATP:ADP ratio rises, which causes further
closure of K,p channels, depolarisation of plasma membrane potential
(m), opening of VDCCs and influx of Ca**. Elevated [Ca®*].y, triggers
a number of ATP-dependent processes including insulin secretion and
Ca®* removal into the endoplasmic reticulum (via the sarco/
endoplasmic reticulum Ca®* ATPase [SERCA]) and extracellular
medium (plasma membrane Ca>* ATPase [PMCA]), powered by ATP
hydrolysis to ADP and inorganic phosphate (Pi). Mitochondrial
metabolism is also activated by amino acids, such as glutamate and
citrate/malate, which appear to be necessary for appropriate generation
of regulatory ‘amplifying’ signals for insulin secretion. (b) Following
Mecu deletion, [Ca** ]y is reduced, leading to a more highly polarised
A, weaker oxidative or amino acid metabolism and decreased ATP
synthesis, perhaps due to a decrease in mitochondrial FFyATPase and/or
adenine nucleotide transferase (ANT) activity. This is expected to result in
less closure of K rp channels, further potentiated by increased expression
of'the sulfonylurea receptor-1 (SUR1) subunit, weaker 1pm depolarisation
and Ca®* influx. Importantly, lowered ATP supply to the cytosol is
expected to restrict Ca®* pumping across the plasma membrane, as well
as into the endoplasmic reticulum. Despite reporting elevated [Caer]Cyt in
BMcu-KO mice, insulin secretion in vitro was impaired, possibly due to
lower Ca**-dependent intra-mitochondrial generation of putative
coupling molecules, such as glutamate and citrate/malate. ETC, electron
transport chain. Red font and arrows represent enhanced pathways;
dashed arrows represent impaired pathways. This figure was produced
using several illustrations from Servier Medical Art, http://smart.servier.
com/

Importantly, our observations support the view that Ca®*
accumulation by mitochondria stimulates ATP consumption,
consistent with a reduction in glucose-stimulated ATP:ADP
ratio in the KO mouse [7]. Of note, beta cells from 3Mcu-KO
mice tended to be more depolarised than the cells from WT
animals at low glucose concentrations, suggesting the entry of
positively charged ions (Ca>*, Na®) within the mitochondrial
matrix to allow minimal TCA cycle activity, H" pumping and
energy production. Interestingly, during perifusion with high
glucose, the A, of dissociated KO mouse-derived beta cells
was more polarised than cells from WT animals, suggesting an
impaired entrance of the positively charged ions that are
necessary for oxidative phosphorylation and ATP production.
An increase in A1, in the face of lowered cytosolic
ATP:ADP is consistent with a decrease in F,FoATPase activity
[39] (Fig. 7b), an enzyme previously reported to be Ca®* regu-
lated in other tissues [9]. Reduced mitochondrial Ca** extru-
sion via flux through the mitochondrial Na*/Ca®* exchanger
(NCLX) (electrogenic; 3Na*: 1Ca**) may also contribute to
the increase in A, [40]. Additionally, lowered cytosolic
ATP is expected to restrict Ca®* pumping across the plasma
membrane (via Ca**ATPase), as well as into the endoplasmic
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reticulum (via the sarco/endoplasmic reticulum Ca**-ATPase
[SERCAJ; Fig. 7b). Of note, despite attenuated ATP increases
and greater accumulation of cytosolic Ca®*, we observed only
a lower glucose-stimulated plasma membrane depolarisation
and no significant difference in VDCC activity between WT-
and KO-derived beta cells. Quantification of K,rp channel
subunit expression revealed elevated Abcc8 mRNA levels in
BMcu-KO mice, which, alongside attenuation of the increase
in cytosolic ATP:ADP, is expected to lower membrane excit-
ability (Fig. 7b) and Ca" entry [41].

In addition to the above functional alterations, Mcu-KO
mice displayed decreased beta cell mass. This may reflect
either impaired proliferation or generation from progenitor
cells in the absence of functional Mcu, or altered cell death
[20]. Of note, Zhao et al. [42] have recently reported that
downregulation of MCU enhances autophagic death in
neurons due to the activation of AMP-activated protein kinase
(AMPK), a known regulator of beta cell mass [43]. Another
reason could be an increased production of superoxide anions
due to impaired electron transport chain activity (A, and
ATP production) affecting beta cell survival, growth and func-
tion [44].

Extending to the in vivo setting, the current and earlier [10,
15] in vitro data demonstrating roles for MCU in the control of
glucose-induced insulin secretion, we show that insulin secre-
tion is impaired in BMcu-KO vs control mice 5 min post i.p.
injection of glucose. Surprisingly, however, insulin secretion
post-oral gavage was elevated in KO mice at 5 min, perhaps
suggesting that gut-derived factors, such as GIP and the
glucagon-like peptide-1 (GLP-1), are partially responsible
for the enhanced GSIS from beta cells observed in KO mice
[45]. This possibility was explored in vitro by testing the effect
of GIP and exendin-4 (a GLP-1 receptor agonist), which are
known for promoting insulin secretion [46, 47]. Islets from
BMcu-KO mice displayed an impaired sensitivity to incretin
hormones, suggesting that GLP-1 signalling is compromised
in vitro. Since stimulation of the GLP-1 receptor increases
glycolysis and ATP production in beta cells and other tissues
through transcriptional activation and expression of glycolytic
genes [48], it is reasonable to expect a lowered peptide-
induced GSIS in the KO mice in vitro due to an impaired
mitochondrial respiratory function. In contrast, following
OGTT, insulin secretion was greater in KO animals, with the
reasons for this paradoxical result remaining unclear.

Interestingly, earlier studies of inactivating Mcu globally in
the mouse, or in selected tissues, have consistently reported
relatively minor phenotype changes vs controls [49]. Thus,
global Mcu-null mice display relatively unimpaired cardiac
and skeletal muscle function and respiration [12] despite a
near-complete ablation of Ca®* accumulation by mitochondria
in the cells of these tissues. The present results are in line with
these earlier findings. It is, for example, unknown why insulin
secretion is acutely impaired 5 min post i.p. glucose

administration in KO mice. One intriguing possibility, which
may be of particular relevance to the nutrient-responsive beta
cell, is that the mitochondrial NCLX operates in the reverse
mode at low Ay, thus allowing Ca®* influx [50], as a
compensatory mechanism for the loss of MCU.

The findings here also provide evidence of a role for addi-
tional, mitochondria-derived metabolic signals, the generation
of which depends on mitochondrial Ca** uptake, and which
serve to potentiate the actions of increased cytosolic Ca*".
Such molecules have been proposed to underlie the ‘amplifi-
cation’ (K yrp-channel independent) component of GSIS [37]
but still remain elusive. Recent studies have focused on mito-
chondrial pathways of glucose metabolism, and the generation
of second messengers, other than ATP, that such pathways
might generate. In particular, a role for anaplerosis is implied
by the co-expression of pyruvate carboxylase alongside pyru-
vate dehydrogenase (PDH) (reviewed previously [3]), and
isocitrate export linked to NADPH production is involved in
the control of insulin release [51]. Impairments in this and
other pathways might, therefore, restrict normal insulin secre-
tion in BMcu-KO mice (Fig. 7b).

Conclusion To the best of our knowledge, this study provides
only the second description of conditional tissue-restricted
Mcu-KO mice and reveals a critical role for MCU-mediated
mitochondrial Ca** influx in the pancreatic beta cell in vitro
and in vivo. The mechanisms that compensate for defective
insulin secretion in vivo in fMcu-KO mice, ensuring near-
normal or improved glucose homeostasis, will need further
exploration.

Our findings suggest that changes in MCU expression or
activity may contribute to defective insulin secretion in some
forms of diabetes. An alteration in the ratio of the active
(MCU) form of the channel vs MCUDb (encoded by a distinct
gene, Mcub, formerly termed Ccdc109b), a dominant-
negative form of the carrier [24], might also play a part in
the disease process in some settings.
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