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Mitochondrial glucose metabolism is essential for stimu-
lated insulin release from pancreatic pB-cells. Whether
mitofusin gene expression, and hence, mitochondrial net-
work integrity, is important for glucose or incretin signal-
ing has not previously been explored. Here, we generated
mice with B-cell-selective, adult-restricted deletion
knock-out (dKO) of the mitofusin genes Mfn1 and Mfn2
(BMfn1/2 dKO). BMfn1/2-dKO mice displayed elevated
fed and fasted glycemia and a more than fivefold de-
crease in plasma insulin. Mitochondrial length, glucose-
induced polarization, ATP synthesis, and cytosolic and mi-
tochondrial Ca* increases were all reduced in dKO islets.
In contrast, oral glucose tolerance was more modestly af-
fected in BMfn1/2-dKO mice, and glucagon-like peptide
1 or glucose-dependent insulinotropic peptide receptor
agonists largely corrected defective glucose-stimulated
insulin secretion through enhanced EPAC-dependent

signaling. Correspondingly, cAMP increases in the cyto-
sol, as measured with an Epac-camps-based sensor,
were exaggerated in dKO mice. Mitochondrial fusion and
fission cycles are thus essential in the B-cell to maintain
normal glucose, but not incretin, sensing. These findings
broaden our understanding of the roles of mitofusins in
B-cells, the potential contributions of altered mitochondri-
al dynamics to diabetes development, and the impact of
incretins on this process.

Mitochondria are often referred to as the powerhouses or
“chief executive organelles” of the cell, using fuels to
provide most of the energy required to sustain normal
function (1). Mitochondrial oxidative metabolism plays a
pivotal role in the response of pancreatic $-cells to stimu-
lation by glucose and other nutrients (2). Thus, as blood
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glucose increases, enhanced glycolytic flux and oxidative
metabolism lead to an increase in ATP synthesis, initiat-
ing a cascade of events that involve the closure of Karp
channels (3), plasma membrane depolarization, and the in-
flux of Ca®" via voltage-dependent Ca?* channels (VDCC).
The latter, along with other less well-defined “amplifying”
signals (4), drive the biphasic release of insulin (2). Gut-de-
rived incretin hormones, including glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic peptide
(GIP) (5), further potentiate secretion by binding to class-B
G protein-coupled receptors (GPCRs) to generate cAMP
and other intracellular signals (5).

Under normal physiological conditions, mitochondria
undergo fusion and fission cycles that are essential for
quality control and adaptation to energetic demands (6).
Thus, highly interconnected mitochondrial networks allow
communication and interchange of contents between mi-
tochondrial compartments as well as with other organ-
elles such as the endoplasmic reticulum (ER) (7). These
networks exist interchangeably with more fragmented
structures, displaying more “classical” mitochondrial mor-
phology (8). Mitochondrial fission is also necessary for
“quality control” and the elimination of damaged mito-
chondria by mitophagy (9).

While the mitofusins MFN1 and MFN2, homologs of
the Drosophila melanogaster fuzzy onions (fzo) and mitofu-
sin (dmfn) gene products (10), are guanosine-5'-triphospha-
tases that mediate fusion of the outer mitochondrial
membrane, optic atrophy protein 1 (OPA1) controls that
of the inner mitochondrial membrane. Dynamin-related
protein 1 (DRP1) is responsible for mitochondrial fission
(11). Other regulators include mitochondrial fission 1
protein (FIS1), mitochondrial fission factor (MFF), and
MiD49/51 (12).

Earlier studies (13-18) have shown that perturbations
in mitochondrial structure in B-cells have marked effects
on glucose-stimulated insulin secretion (GSIS). Surprising-
ly, whether the canonical and evolutionarily conserved
machinery involved in mitochondrial fusion (i.e., the mi-
tofusins), control mitochondrial structure in B-cells has
not been explored yet. Furthermore, none of the earlier
studies have investigated the actions of mitochondrial
structure destruction in adult mice. Finally, whether and
to what extent they impact secretion stimulated by other
agents, including incretins, is less clear. This question is
important given that changes in mitochondrial oxidative
metabolism (19) and structure contribute to type 2 diabe-
tes (T2D).

Here, we first explored the potential contribution of
mitofusins to the effects of diabetic conditions. We next
determined whether deletion of Mfnl and Mfn2 in B-cells
in adult mice may impact insulin secretion. Lastly, we
aimed to determine whether incretins may rescue or by-
pass any observed perturbations. We show that mitofusin
ablation exerts profound effects on insulin release, glu-
cose homeostasis, and Ca®* dynamics. Remarkably, the
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deficiencies in insulin secretion are largely corrected by in-
cretin hormones. This suggests a possible approach to
ameliorating the consequences of mitochondrial fragmen-
tation with these agonists in some forms of diabetes.

RESEARCH DESIGN AND METHODS

Study Approval

C57BL/6J mice were housed in individually ventilated
cages in a pathogen-free facility at 22°C with a 10-14-
h light-dark cycle and were fed ad libitum with a standard
mouse chow diet (Research Diets, New Brunswick, NJ).
All in vivo procedures were approved by the U.K. Home
Office, according to the Animals (Scientific Procedures)
Act 1986 with local ethical committee (Hammersmith
Hospital Campus, London, U.K.) approval under personal
project license number PAO3F7F07 to L.L.

Generation of B-Cell Selective Mfn1/Mfn2 Knockout,
Clec16a Null, and Pdx1CreER Mice

C57BL/6J male mice bearing Mfnl (Mfn1™?°<; JAX
stock no. 026401) and M2 (B6.129(Cg)-Mfn2™3P</J;
JAX stock no. 026525; The Jackson Laboratory, Bar Har-
bor, ME) alleles (20) with loxP sites flanking exons 4 and
6 were purchased from The Jackson Laboratory and
crossed to C57BL/6J transgenic animals carrying an in-
ducible Cre recombinase under Pdx1 promoter control
(Pdx1-Cre®®?) (21). Mice bearing floxed Mfn alleles but
lacking Cre recombinase were used as littermate controls
in this study. Mice were genotyped following protocols
described by The Jackson Laboratory for each of these
strains (see Supplementary Table 1). Recombination was
achieved by daily tamoxifen (10 mg/mouse diluted in
corn oil; Sigma-Aldrich, Dorset, U.K.) ip. injections for 5
days at 7-8 weeks of age in both control and (-cell selec-
tive Mfn1l/Mfn2 deletion knockout (dKO) (BMfn1/2 dKO)
groups.

Animals with floxed Clec16a alleles were bred to mice
carrying the Pdx1-Cre transgene (Clec16a®P*™), as previ-
ously described (22). Pdx1-Cre alone mice were used as
littermate controls. Pdx1CreER mice were generated as
previously described (21).

RNA Extraction and Quantitative RT-PCR

For measurements of mRNA levels, pancreatic islets from
control and BMfn1/2-dKO mice were isolated by collage-
nase digestion (23). Total RNA from 50 to 100 islets was
extracted and underwent quantitative (q)RT-PCR, as pre-
viously described (24) (see Supplementary Table 2 for
primer details).

Tissue DNA Extraction and Measurement of mtDNA
Copy Number

Total islet DNA was isolated using Puregene Cell and Tis-
sue Kit (Qiagen, Manchester, UK. and was amplified
(100 ng) using NADH dehydrogenase I primers (25), also
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Figure 1—Generation of a conditional BMfn1/2-dKO mouse line, which displays a highly impaired glucose tolerance in vivo. A: qRT-PCR
quantification of Mfn1, Mfn2, Drp1, Opa1, and Fis1 expression in control and dKO islets relative to -actin (n = 3-5 mice per genotype in
two independent experiments). B: Western blot analysis demonstrating efficient MFN1 (84 kDa) and MFN2 (86 kDa) deletion relative to
GAPDH (36 kDa) in isolated islets (n = 3—4 mice per genotype in three independent experiments). C: Glucose tolerance was measured in
dKO mice and littermate controls by IPGTT (1 g/kg body wt). D: Corresponding area under the curve (AUC; AU, arbitrary units) from (C) (n
= 8 mice per genotype, in two independent experiments). Glucose tolerance measured by IPGTT (using 3 g/kg body wt) (E), and the corre-
sponding AUC (F) were assessed in BMfn1/2-dKO and control mice (n = 8 mice per genotype in two independent experiments). Plasma
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known as complex I (mt9/mt11) for mtDNA and Ndufvl
for nuclear DNA.

SDS-PAGE and Western Blotting

Islets were collected and lysed (20 ng), as previously de-
scribed (24). The antibodies used are summarized in
Supplementary Table 3.

Intraperitoneal or Oral Gavage of Glucose, Followed by
Insulin, Proinsulin, or Ketone Levels Measurement and
Insulin Tolerance Test In Vivo

Intraperitonal glucose tolerance tests (IPGTTs), intraperi-
toneal insulin tolerance tests (IPIITTs), oral glucose toler-
ance tests (OGTTs), and plasma insulin measurements
were performed as previously described (24). Plasma pro-
insulin levels were measured in fasted (16 h) animals us-
ing a rat/mouse proinsulin ELISA kit (Mercodia). Plasma
B-ketones were measured from fed or fasted (16 h) mice
using an Areo 2K device (GlucoMen, Berkshire, U.K.).

In Vitro Insulin Secretion

Islets were isolated from mice and incubated for 1 h in
Krebs-Ringer bicarbonate buffer containing 3 mmol/L glu-
cose, as previously described (24).

Single-Cell Fluorescence Imaging

Dissociated islets were incubated with 100 nmol/L Mito-
Tracker Green (Thermo Fisher Scientific) in Krebs-Ringer
bicarbonate buffer containing 11 mmol/L glucose for 30
min. MitoTracker Green was then washed with Krebs
buffer with 11 mmol/L glucose before fluorescence imag-
ing. Experiments with tetramethylrhodamine ethyl ester
(TMRE) were performed as previously described (24). Clus-
ters of dissociated islets were transduced for 48 h with an
adenovirus encoding the low-Ca”"-affinity sensor D4 ad-
dressed to the ER, Ad-RIP-D4ER (multiplicity of infection:
100), as previously described (26). Bleaching was corrected
as previously described (27). Clusters of dissociated islets
were transduced for 24 h with an adenovirus encoding
Epacl-camps, as previously described (28).

Mitochondrial Shape Analysis

For each stack, one image at the top, middle, and bot-
tom of the islet was analyzed. After background sub-
traction, the following parameters were measured for
each cell: number of particles, perimeter, circularity,
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elongation (1/circularity), density, and surface area of
each particle (29).

Whole-Islet Fluorescence Imaging

Cytosolic and mitochondrial Ca®* imaging as well as ATP-
to-ADP changes in whole islets were performed as previ-
ously described (24).

TIRF Fluorescence Imaging

Experiments using the membrane-located zinc sensor
ZIMIR (50 pmol/L) (30) or the fluorescent genetically en-
coded and vesicle-located green marker neuropeptide Y
(NPY)-Venus were performed as previously described (31).

Pancreas Immunohistochemistry

Isolated pancreata were fixed and imaged as previously
described (24). The antibodies used are summarized in
Supplementary Table 3. For examination of apoptosis,
TUNEL assay was performed using a DeadEnd Fluorometric
TUNEL system kit and DNase [ treatment (Promega, Madi-
son, WI), according to the manufacturer's instructions.

Metabolomics/Lipidomics

Metabolites were quantified using targeted ultrahigh-
performance liquid chromatography coupled with triple
quadrupole mass spectrometry, as described earlier (32).
Lipidomic sample preparation followed the Folch proce-
dure with minor adjustments. Significance was tested by
the Student two-tailed t test using GraphPad Prism
8 software.

Measurement of Oxygen Consumption Rate

The oxygen consumption rate (OCR) was measured with
XF96 assays (Seahorse Bioscience, Agilent, Santa Clara, CA)
using mouse islets (~10 per well), as previously described
(33). Parameters were analyzed as previously described
(34).

Electron Microscopy
For conventional electron microscopy, islets were fixed
and imaged as previously described (35).

Connectivity Analysis

Pearson (r)-Based Connectivity and Correlation Analyses
Correlation analyses in an imaged islet were performed as
previously described (36).

insulin levels during IPGTT in dKO and control mice (n = 11-12 mice per genotype in three independent experiments) (G), and the corre-
sponding AUC (H). I: Glucose tolerance after oral gavage (3 g/kg body wt) was measured in eight animals per genotype in two independent
experiments. Glucose baseline values between control and dKO mice were significantly different (*P < 0.05). Increases in glucose from
baseline in control animals were ****P < 0.0001, ***P < 0.001, and **P < 0.01 and were ****P < 0.0001 in dKO animals from 15 to 60
min accordingly. J: The corresponding AUC. Plasma insulin levels during OGTT in dKO and control mice (n = 8 mice per genotype in two
independent experiments) (K) and the corresponding AUC (L). All experiments were performed in 14-week-old male mice. Data are pre-
sented as mean + SD in A and as mean + SEM in B-L. *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001, as indicated, or control vs.
dKO mice at the time points as indicated in K, analyzed by unpaired two-tailed Student t test and Mann-Whitney correction or two-way

ANOVA test and the Sidak multiple comparisons test.
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Figure 2—Mitochondrial ultrastructure is altered following Mfn1/2 deletion. A: Confocal images of the mitochondrial network of dissociated
B-cells stained with MitoTracker Green; scale bar: 5 wm. Lower right panels: magnification of selected areas. B: Mitochondrial morphology anal-
ysis on deconvolved confocal images of dissociated B-cells. A macro was developed to quantify the number of mitochondria per cell and mea-
sure the elongation, perimeter, circularity (0: elongated; 1: circular mitochondria), density, and surface area of the organelles in control and dKO
animals (n = 40-54 cells; n = 3 mice per genotype). C: Electron micrographs of mitochondria indicated with black arrows in islets isolated from
control and dKO mice; scale bars: 1 pm. Right panel: magnification of selected areas showing the cristae structure (black arrow heads); scale
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RNA Sequencing Data Analysis

Processing and differential expression analysis of RNA se-
quencing data from islets isolated from mice fed a high-
fat high-sugar diet (HFHS; D12331, Research Diets) or
regular chow (RC) diet (C57Bl/6J, DBA/2J, BALB/cJ, A/J,
AKR/J, 129S2/SvPas) was performed as previously de-
scribed (37) using the Limma package in R. P values were
adjusted for multiple comparisons using the Benjamini-
Hochberg procedure (38).

Statistics

Data are expressed as mean + SD, unless otherwise stated.
Significance was tested by the Student two-tailed t test
and Mann-Whitney correction or two-way ANOVA with
the Sidiak multiple comparison test for comparison of
more than two groups, using GraphPad Prism 9 software
(GraphPad Software, San Diego, CA). P < 0.05 was con-
sidered significant. Experiments were not randomized or
blinded.

Data and Resource Availability

The data sets generated and/or analyzed during the cur-
rent study are available from the corresponding author
upon reasonable request. No applicable resources were
generated or analyzed during the current study.

RESULTS

Changes in Mfn1 and Mfn2 Expression in Mouse
Strains Maintained on RC or HFHS Diet

To determine whether the expression of Mfnl or Mfn2
might be affected under conditions of hyperglycemia mim-
icking T2D in humans, we interrogated data from a previ-
ous report (37) in which RNA sequencing was performed
on six mouse strains. BALB/cJ mice showed “antiparallel”
changes in Mfnl and Mfn2 expression in response to main-
tenance on an HFHS diet for 10 days, and similar changes
were obtained in DBA/2J mice at 30 and 90 days
(Supplementary Fig. 1A and B).

Generation of a Conditional BMfn1/2-dKO Mouse Line

Efficient deletion of Mfnl and Mfm2 in the B-cell was
achieved in adult mice using the Pdx1-Cre* " transgene
and tamoxifen injection at 7-8 weeks. Possession of this
transgene, which does not contain the human growth
hormone (hGH) ¢DNA (21), alone had no effect on glyce-
mic phenotype or cellular composition of pancreatic islets
(Supplementary Fig. 2A-C). Deletion of mitofusin genes
was confirmed by qRT-PCR (Fig. 1A) and Western (immu-
no-) blotting (Fig. 1B) analysis, ~7 weeks posttamoxifen
injection. Relative to f-actin, expression of the Mfnl and
M2 transcripts in isolated islets from dKO mice
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decreased by ~ 83 and 86% accordingly versus control is-
lets (Fig. 1A), consistent with selective deletion in the
B-cell compartment (39). No differences were detected in
the expression of other mitochondrial fission and fusion
mediator genes such as Opal, Drpl, and Fisl in islets (Fig.
14) or in Mfml and Mfm2 in other relevant tissues
(Supplementary Fig. 34). dKO mice were significantly ligh-
ter than control animals after 20-21 weeks (Supplementary
Fig. 3B).

BMfn1/2-dKO Mice Are Glucose Intolerant With
Impaired GSIS In Vivo

Glucose tolerance was impaired in dKO mice compared
with control littermates at 14 weeks (Fig. 1C and D), and
this difference was further exaggerated at 20 weeks
(Supplementary Fig. 3 and Fig. 3C). At 14 weeks, BMfm1/
2-dKO mice (with a 27 mmol/L glycemia at 15 min) (Fig.
1E and F) showed a dramatically lower insulin excursion
upon glucose challenge versus control animals (Fig 1G
and H). Following an oral gavage, glucose tolerance was
more modestly affected in dKO mice (Fig. 1I and J), while
plasma insulin levels in these animals (with a glycemia of
27 mmol/L at 15 min) were indistinguishable from con-
trol animals (0 vs. 15 min in dKO) (Fig. 1K and L). Insulin
tolerance was unaltered in BMfn1/2-dKO versus control
mice (Supplementary Fig. 3D), while proinsulin conver-
sion was impaired (Supplementary Fig. 3E and F). dKO
mice displayed significantly elevated plasma glucose
(Supplementary Fig. 3G) under both fed and fasted condi-
tions, and B-ketones (ketone bodies) were also elevated in
fasted versus control animals (Supplementary Fig. 3H),
whereas plasma insulin levels were lower (Supplementary
Fig. 3I). Apparent insulin secretion was also impaired after
i.p. injection, with a lower glucose in 14- and 20-week-old
dKO versus control mice (Supplementary Fig. 4A-D). In
contrast, plasma insulin levels were not statistically differ-
ent between control and dKO animals following an OGTT
at either age (Supplementary Fig. 4E-H), although a trend
toward lower insulin excursion was evident in dKO mice.

Deletion of Mfn1/2 Alters Mitochondrial Morphology in
B-Cells

While the mitochondrial network was highly fragmented
in dKO cells (Fig. 2A and inset), the number of mitochon-
dria per cell or density was not altered (Fig. 2B). Mito-
chondrial elongation, perimeter, and surface area were
also significantly decreased in BMfm1/2-dKO cells, while
circularity was increased (Fig. 2B). Transmission electron
microscopy confirmed these changes (Fig. 2C). Cristae
structure and organization were also altered in BMfnl/2-
dKO cells, with a single crista often running the length of

bar: 0.5 um. Schematic representation of enlarged mitochondria. D: The relative mitochondrial DNA copy number was measured by determin-
ing the ratio of the mtDNA-encoded gene mt-Nd1 to the nuclear gene Ndufv1 (n = 3 mice per genotype). Experiments were performed in 14-
week-old male mice. Data are presented as mean + SEM in A-C and as mean + SD in D. *P < 0.05, ***P < 0.001, ****P < 0.0001 as indicated,
analyzed by unpaired two-tailed Student t test and Mann-Whitney correction.
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Figure 4—Mfn1/2 deletion from pancreatic 3-cells impairs cytosolic and mitochondrial Ca®?* uptake and changes mitochondrial potential
and ATP synthesis in vitro. A: Each snapshot of isolated control (i—iv) and dKO-derived (v-viii) islets was taken during the time points indi-
cated by the respective arrows in B. Scale bar: 50 um. See also Supplementary Video 1. B: [Ca2+]cyt traces in response to 3 mmol/L glu-
cose (3G), 17 mmol/L glucose (17G), with or without 100 wmol/L diazoxide (diaz), or 20 mmol/L KCI with diaz were assessed following
Cal-520 uptake in whole islets. Traces represent mean normalized fluorescence intensity over time (F/F ). C: The corresponding area un-
der the curve (AUC) is also presented (AU, arbitrary units) (n = 17-26 islets, four mice per genotype); 17G AUC was measured between
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a mitochondrial section. Finally, dKO islets displayed an
~5% reduction in mtDNA (Fig. 2D).

Mitofusin Deletion Leads to Modest Changes in B-Cell
Mass

Pancreatic 3-cell mass decreased by 33%, whereas a-cell
mass was not affected in dKO mice (Fig. 3A-C). The
B-cell-to-a-cell ratio was decreased by 53% (Fig. 3D), in
line with an increase in TUNEL-positive B-cells in dKO
versus control animals (Fig. 3E and F).

Mitochondrial Fragmentation, p-Cell Mass
Deterioration, and Hyperglycemia Emerge in dKO Mice
2 Weeks After Tamoxifen Administration

We next sought to exclude the possibility that mitochon-
drial fragmentation may simply be the consequence of the
observed hyperglycemia. Two distinct groups of organelles
(both elongated and circular) were apparent in BMfnl/2-
dKO cells (Supplementary Fig. 5A and B) 2 weeks after ta-
moxifen treatment. Neither fed nor fasted glycemia or
plasma insulin levels following glucose challenge were dif-
ferent between groups (Supplementary Fig. 5C-E). A trend
toward lower B-cell mass and mtDNA was detected in dKO
animals (Supplementary Fig. SF-I).

pB-Cell Identity Is Modestly Altered in BMfn1/2-dKO
Islets

While Ins2, Ucn3, and Glut2 (Slc2a2) were significantly
downregulated, Trpm5 was upregulated in dKO islets
(Supplementary Fig. 6). No changes in a- or B-cell disal-
lowed genes (40) were detected. In contrast, genes involved
in mitochondrial function, such as Smdtl and Vdac3, were
upregulated in dKO -cells (Supplementary Fig. 6). Lastly,
genes involved in ER stress and mito/autophagy were also
affected, with Chop (Ddit3) and p62 being upregulated and
Lc3 and Cathepsin L downregulated.

Mitofusins Are Essential to Maintain Normal Glucose-
Stimulated Ca* Dynamics, Mitochondrial Membrane
Potential, and ATP Levels

Increased cytosolic Ca”" is a key trigger of insulin exocy-
tosis in response to high glucose (2). dKO mouse islets ex-
hibited a significantly smaller glucose-induced [Ca®*],
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rise versus control islets (Fig. 4A-C). When the Kprp chan-
nel opener diazoxide and a depolarizing K™ concentration
were then deployed together to bypass the regulation of
these channels by glucose, cytosolic Ca®" increases were
not significantly impaired in dKO compared with control
animals (Fig. 4B and (). A substantial reduction in mito-
chondrial free Ca’" concentration ([Ca®*],,) in re-
sponse to 17 mmol/L glucose (24) was also observed in
dKO islets (Fig. 4D-F). Of note, subsequent hyperpolari-
zation of the plasma membrane with diazoxide caused the
expected lowering of mitochondrial [Ca?* ], in control
islets, reflecting the decrease in [CaH]Cyt (Fig. 4E and F),
but was almost without effect on dKO islets.

Glucose-induced increases in A, were also sharply re-
duced in dKO versus control mouse islets (Fig. 4G and H).
Addition of 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinyli-
dene]-propanedinitrile (FCCP) resulted in a similar col-
lapse in apparent Ay, in islets from both genotypes (Fig.
4G). Cytosolic Ca®" oscillations and synchronous Ay, de-
polarization were also largely abolished in response to glu-
cose in dKO cells when measured by intravital imaging
in vivo (41). Finally, to assess whether deletion of Mfnl
and Mfn2 may impact glucose-induced increases in mito-
chondrial ATP synthesis, we performed real-time fluores-
cence imaging using Perceval (Fig. 4] and J). While control
islets responded with a time-dependent rise in the ATP-to-
ADP ratio in response to a step increase in glucose from 3
mmol/L to 17 mmol/L, BMm1/2-dKO B-cells failed to
mount any response (Fig. 4J).

B-Cell-B-Cell Connectivity Is Impaired by Mfn1/2
Ablation

Intercellular connectivity is required in the islet for a full
insulin secretory response to glucose (42). To assess this,
individual Ca®" traces recorded from Cal-520-loaded
[B-cells in mouse islets (Fig. 4A and B) were subjected to
correlation (Pearson r) analysis to map cell-to-cell connec-
tivity (Supplementary Fig. 7A). Following perfusion at 17
mmol/L glucose, BMfn1/2-dKO B-cells tended to display
an inferior, although not significantly different, coordinat-
ed activity than control cells, as assessed by counting the
number of coordinated cell pairs (0.94 vs. 0.90 for control

245 s and 1,045 s, 17G+diaz AUC was measured between 1,200 s and 1,320 s, and KCI+diaz AUC was measured between 1,424 s and
1,500 s. For each genotype, different baselines (ctrl diaz/KCl: 0.95, dKO diaz/KClI: 0.8) were taken into consideration to measure AUCs. D:
Each snapshot of isolated control (i-iv) and dKO-derived (v-viii) islets was taken during the time points indicated by the respective arrows
in E. Scale bar: 50 pm. See also Supplementary Video 2. E: [Ca®]mito changes in response to 17G, with or without diaz, and 20 mmol/L
KCI were assessed in islets following R-GECO infection. Traces represent mean normalized fluorescence intensity over time (F/Fpin),
where Fi, is the mean fluorescence recorded during imaging under 3G. F: The corresponding AUC is also shown (n = 20-23 islets, three
mice per genotype); 17G AUC was measured between 270 s and 1,100 s, 17G+diaz AUC was measured between 1,101 s and 1,365 s,
and KCI AUC was measured between 1,366 s and 1,500 s. G: Dissociated B-cells were loaded with TMRE to measure changes in Aj;,, and
perifused with 3G, 17G, or FCCP, as indicated. Traces represent normalized fluorescence intensity over time (F/Fmin). H: AUC was mea-
sured between 700 s and 730 s (under 17G exposure) from the data shown in G (n = 146-254 cells, three to six mice per genotype). /:
Changes in the cytoplasmic ATP-to-ADP ratio in response to 17G was examined in whole islets using the ATP sensor Perceval. J: AUC
values corresponding to / were measured between 418 s and 1,400 s (under 17G exposure) (data points from n = 22-23 islets, three to six
mice per genotype). Experiments were performed in 14-week-old male mice. Data are presented as mean + SD. *P < 0.05, **P < 0.01, as-
sessed by unpaired two-tailed Student t test and Mann-Whitney correction or two-way ANOVA test and the Sidak multiple comparisons
test.
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Figure 5—VO, and mtDNA are deleteriously affected when Mfn1/2 are abolished in B-cells, while [Ca?*]gr mobilization remains un-
changed. A: Each snapshot of isolated control (i-v) and dKO-derived (vi—x) islets was taken during the time points indicated by the respec-
tive arrows in B. Scale bar: 50 pm. See also Supplementary Video 3. B: Changes in [Ca®*|eg were measured in whole islets incubated with
Cal-520 and perifused with 17 mmol/L glucose (17G), with or without diazoxide (diaz), 17G with 100 umol/L acetylcholine (Ach) and diaz,
or 20 mmol/L KCI with diaz. C: Area under the curve (AUC) values (AU, arbitrary units) corresponding to B were measured: 17G AUC was
measured between 260 s and 740 s, 17G+diaz AUC was measured between 846 s and 1,020 s, 17G+diaz+Ach AUC was measured be-
tween 1,021 s and 1,300 s, and KCI AUC was measured between 1,301 s and 1,500 s (n = 29-31 islets, three mice per genotype). D: Rep-
resentative OCR traces of islets (~10 per well) were acutely exposed to 20 mmol/L glucose (final concentration), 5 pmol/L oligomycin A
(Oligo), 1 umol/L FCCP, and 5 pmol/L rotenone (Rot) with antimycin A (AA) (performed in n = 7 mice, in two independent experiments). E:
Mitochondrial metabolic parameters were extracted from the OCR traces shown in D. Experiments were performed in 14-week-old male
mice. Data are presented as mean + SD in A-C and as mean + SEM in D and E. *P < 0.05,**P < 0.01, assessed by the unpaired two-tailed
Student t test and Mann-Whitney correction or two-way ANOVA test and the Sidak multiple comparisons test.

vs. dKO, respectively) (Supplementary Fig. 7C). By con- analysis of correlation strength in the same islets revealed
trast, B-cells displayed highly coordinated Ca®" responses  significant differences in response to 17 mmol/L glucose
upon addition of 20 mmol/L KCl in dKO islets. Similarly, between genotypes. In fact, dKO islets had weaker mean
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Figure 6—Impaired insulin secretion can be rescued by GLP-1R agonists in vitro by increasing cytosolic Ca®" oscillation frequency. A: In-
sulin secretion measured during serial incubations in batches in 3 mmol/L glucose (3G), 10 mmol/L glucose (10G), 17 mmol/L glucose
(17G), 10G supplemented with 100 nmol/L exendin-4 (ex4), GLP-1, GIP, 10 umol/L FSK, 100 umol/L IBMX, or 3G with 20 mmol/L KCI (n =
3-7 mice per genotype in two independent experiments; control: 3G vs. ex4, P < 0.05; and dKO: 3G vs. ex4, P < 0.0001; or 3G vs. GLP-1,
P < 0.001; or 3G vs. GIP, P < 0.001). B: Glucose tolerance measured by i.p. coinjection of 1 g/kg glucose and 3 nmol/kg ex4 were as-
sessed in BMfn1/2-dKO and control mice (n = 4-5 mice per genotype, dotted lines). C: [Ca2+]cyt changes in response to 3G, 10G, with or
without exendin-4 (ex4), or 20 mmol/L KCI were assessed following Cal-520 uptake in whole islets. Traces represent mean normalized
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B-cell-to—B-cell coordinated activity (0.88 vs. 0.77 for
control vs. dKO, respectively; P < 0.05) (Supplementary
Fig. 7B and D), indicating that mitofusins affect the
strength of connection rather than the number of coordi-
nated B-cell pairs. A tendency toward lower expression of
the gap junction gene Cx36/Gjd2 was observed in dKO is-
lets (Supplementary Fig. 7E). B-Cell “hub” and “leader” dis-
tributions (43) were also impaired in the dKO group (data
not shown; see [41]).

Unaltered ER Ca®* Mobilization but Decreased
Mitochondrial VO, and mtDNA Depletion in Mfn1/2-
dKO Islets

No differences in cytosolic Ca’" responses between geno-
types were observed after agonism at the Gg-coupled me-
tabotropic acetylcholine (Ach) receptor (44,45) (Fig. SA-C).
In contrast, measurements of VO, revealed that basal, pro-
ton leak, and maximal respiratory capacities were signifi-
cantly impaired in dKO islets (Fig. 5D and E).

Impaired GSIS In Vitro and p-Cell Connectivity Can Be
Rescued by Incretins in gMfn1/2-dKO Mouse Islets
While GSIS was markedly impaired in dKO islets (Fig. 6A
and Supplementary Table 4), incretins (GLP-1 or GIP), or
the GLP1R agonist exendin-4, at a submaximal concentra-
tion of 10 mmol/L glucose, led to a significant potentiation
in GSIS in both groups. Consequently, insulin secretion in
response to 10 mmol/L glucose was no longer different be-
tween control and BMfn1/2-dKO islets after incretin addi-
tion (Fig. 6A and B). Moreover, under these conditions,
forced increases in intracellular cAMP imposed by the
addition of forskolin (FSK) or 3-isobutyl-1-methylxanthine
(IBMX), which activate adenylate cyclase (AC) and inhibit
phosphodiesterase, respectively, eliminated differences in
GSIS between the genotypes (Fig. 6B). No differences in in-
sulin secretion were observed between control and dKO is-
lets after depolarization with KCL

We next explored whether the incretin-mediated im-
provements in insulin secretion in response to incretins
were the result of altered [Ca2+]Cyt dynamics. Islets from
isolated dKO mice displayed a delayed increase in [Ca2+]Cyt
in response to 10 mmol/L glucose compared with control
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islets (Fig. 6C and D). Addition of exendin-4 led to the
emergence of oscillatory activity in both groups, and under
these conditions, differences between genotypes, as seen in
Fig. 4B, were no longer evident (Fig. 6C). Measured at 10
mmol/L glucose, control and dKO islets displayed increases
in ER Ca’”" in response to exendin-4 (Fig. 6E and F), while
the response was exaggerated in the latter group. Neither
group displayed significant changes in the ATP-to-ADP ra-
tio in response to exendin-4 (Fig. 6G and H). Analysis of
the OCR revealed no significant differences between geno-
types at 10 mmol/L glucose in the presence or absence of
exendin-4 or FSK (Fig. 6]).

Moreover, mitofusin deletion may lead to a partial
activation of “amplification” pathways of GSIS (46) at 3
mmol/L glucose since insulin secretion was enhanced in
dKO islets after depolarization of the plasma mem-
brane with KCl in the presence of diazoxide (Fig. 6J).
Conversely, no differences between islet genotypes were
observed at 17 mmol/L glucose (Fig. 6J).

While glucose-induced B-cell-B-cell connectivity, as as-
sessed by monitoring Ca>" dynamics (Fig. 6C), was mark-
edly impaired in dKO islets (Fig. 7A and Supplementary
Fig 7), these differences were largely abolished in the
presence of exendin-4 (Fig. 8B-D).

Insulin Secretion Is Rescued by Incretins Through an
EPAC-Dependent Activation

To explore the actions of mitochondrial disruption on in-
cretin signaling, we next used a pharmacological approach.
GSIS was more strongly enhanced in dKO versus control is-
lets by IBMX, ESK, or the protein kinase A (PKA) inhibitor
H89 alone (Fig. 84 and Supplementary Table 4). Selective
activation of EPAC also tended to lead to a larger increase
in insulin secretion in dKO than in control islets, and this
difference became significant when PKA was inhibited with
H389 (Fig. 8B).

Glucose-dependent increases in cytosolic cAMP, as-
sessed using the Epac-camps sensor, were also markedly
amplified in dKO versus control cells (Fig. 8C and D). This
difference persisted in the presence of IBMX and FSK,
added separately or alone (Fig. 8C and E). No changes in

fluorescence intensity over time (F/F,;,). See also Supplementary Video 4. Dashed regions of interest represent fluorescent segments of
extended time scales. Both control and dKO traces reveal faster oscillatory frequencies in response to exendin-4. D: The corresponding
area under the curve (AUC) is also presented (AU, arbitrary units) (n = 19-20 islets, three mice per genotype). The 10G AUC was measured
between 200 s and 660 s, 10G+ex4 AUC was measured between 800 s and 950 s, and KCI AUC was measured between 1,200 s and
1,500 s (AUC 10G: control vs. dKO, P = 0.09; AUC control: 10G vs. ex4, P < 0.05; AUC dKO: 10G vs. ex4, P < 0.001; ex4 vs. KCI, P <
0.05). E: Dissociated B-cells were transfected with D4ER to measure changes in [Ca®*]gg, and perifused with 10G, 10G+ex4, or thapsigar-
gin (10G+thapsi), as indicated. Traces represent corrected ratio values postlinear fitting over time. F: AUC was measured between 350 s
and 900 s (under 10G+ex4) and between 900 s and 1,300 s (10G+thapsi) from the data shown in E (n = 44-46 cells, four to five mice per
genotype). G: Changes in cytoplasmic ATP-to-ADP ratio in response to 10G or 10G with 100 nmol/L ex4 was examined in whole islets. H:
AUC values corresponding to G were measured between 185 s and 720 s (under 10G exposure) or between 721 s and 1,200 s (under 10G
with ex4) (data points from n = 3 mice per genotype). /: Average OCR values of islets (~10 per well) that were exposed to 3G or 10G (final
concentration), 10G supplemented with ex4, FSK, oligomycin A (Oligo), FCCP, and rotenone (Rot) with antimycin A (AA) (n = 3 mice per ge-
notype; experiment performed in duplicate). J: Insulin secretion measured during serial incubations in batches in 3G or 17G supplemented
with 100 pmol/L diazoxide and 30 mmol/L KCl, (n = 3 mice per genotype in two independent experiments). Experiments were performed
in 14-week-old male mice. Data are presented as mean + SD. *P < 0.05, **P < 0.01, ****P < 0.0001, assessed by two-way ANOVA test
and the Sidak multiple comparisons test.
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Figure 7—The GLP1-R agonist, exendin-4, improves intercellular connectivity in BMfn1/2-dKO B-cells. A: Representative Cartesian maps
of control and dKO islets with color-coded lines connecting cells according to the strength of Pearson analysis (color-coded r values from
0 to 1, blue to red, respectively) under 10 mmol/L (10G), 10G with 100 nmol/L exendin-4 (10G+ex4), or 20 mmol/L KClI; scale bars: 40 pm.
B: Representative heat maps depicting connectivity strength (r) of all cell pairs according to the color-coded r values from 0 to 1, blue to
yellow, respectively. C: Percentage of connected cell pairs at 10G, 10G+ex4, or KCI (n = 19-20 islets, three mice per genotype). D: The r
values between B-cells in response to glucose, exendin-4, or KCI (n = 3 mice per genotype). Experiments were performed in 14-week-old
male mice. Data are presented as mean + SD. *P < 0.05,**P < 0.01, ***P < 0.001, assessed by two-way ANOVA test and the Sidak multi-
ple comparisons test.
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Figure 8 —Insulin secretion is rescued through an EPAC-dependent activation in dKO islets. A: Insulin secretion measured during serial in-
cubations in batches in 3 mmol/L glucose (3G), 10 mmol/L glucose (10G), or 10G supplemented with 10 wmol/L H89, or 10 pmol/l FSK
with 100 pmol/I IBMX or H89 (n = 3 mice per genotype, in two independent experiments). B: Insulin secretion measured during serial incu-
bations in batches in 10G, or 10G supplemented with 6 wmol/L EPAC-activator, or EPAC-activator with 10 wmol/L H89 (n = 3 mice per ge-
notype, in two independent experiments). C: Representative Epac1-camps FRET traces in response to 3G or 10G, or 10G supplemented
with 100 nmol/L exendin-4 (10G+ex4), or 10 umol/l FSK with 100 umol/I IBMX in dissociated B-cells. D: Fluorescence ratio peak values
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the expression of Epac, Adcy, or Prkar (PKA) subunits were
apparent between control and dKO islets (Fig. 8F).

Defective GSIS Is Rescued by GLP-1R Agonism in
Clec16a-Null Mice

To determine whether incretins may reverse defective in-
sulin secretion in an alternative model of mitochondrial
dysfunction, we examined mice lacking the mitophagy
regulator Clec16a selectively in the pancreatic islet
(Clec16a°P*™) (22). GSIS was sharply inhibited in null ver-
sus Pdx1-Cre control mice, and these differences between
genotype were largely corrected in by the addition of exen-
din-4 (Supplementary Fig. 84). Correspondingly, whereas
the difference between Clec164"P*™ and control mice was
significant for IPGTTs, there was no such (significant) dif-
ference for the OGTTs at 15 min, in line with the findings
above for Mfn1/2-dKO mice (Supplementary Fig. 8A-C).

Defective Secretion of a Preserved Pool of
Morphologically Docked Granules in Mfn1/2-dKO
Mouse B-Cells

To determine whether the markedly weaker stimulation
of insulin secretion in dKO islets may reflect failed re-
cruitment of secretory granules into a readily releasable
or morphologically docked pool beneath the plasma mem-
brane, we next deployed total internal reflection fluores-
cence microscopy in dissociated B-cells. By overexpressing
NPY-Venus, the number of insulin granules was signifi-
cantly higher in close proximity with the plasma mem-
brane in dKO cells after treatment with 20 mmol/L KCl
(Supplementary Fig. 9A and B). However, when we then
used ZIMIR (30) in response to depolarization as a surro-
gate for insulin secretion, release events were fewer in
number and smaller in dKO (Supplementary Fig. 9C-E).

Altered Plasma Metabolomic and Lipidomic Profiles in
BMfn1/2-dKO Mice

We applied an -omics approach to study metabolite and
lipid changes in peripheral plasma samples from control
and dKO mice (Supplementary Fig. 10). Of 29 metabo-
lites, the levels of five metabolic species (shown in red)
were significantly altered in BMfn1/2-dKO animals
(Supplementary Fig. 10A). In the lipidomics analysis, the
majority of lipid classes displayed a remarkably homoge-
neous downward trend in dKO samples (Supplementary
Fig. 10B).
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DISCUSSION

The key goal of the current study was to determine the
role of mitofusins in controlling mitochondrial dynamics
and hence glucose- and incretin-stimulated insulin secre-
tion in the B-cell. Our strategy involved deleting both mi-
tofusin isoforms since the expression of Mfnl and Mfn2
is similar in the B-cell (47), suggestive of partial function-
al redundancy (48). Our measurements of Mfnl and Mfn2
expression in mouse models of T2D nonetheless revealed
changes in the expression of these genes, which may con-
tribute to the disease.

Importantly, we show that Mfnl and Mfn2 are critical
regulators of the mitochondrial network in B-cells and
consequently of insulin secretion in vitro and in vivo (see
also [41]) (Supplementary Fig. 114 and B). These findings
are in line with earlier studies, albeit involving the dele-
tion of genes other than the mitofusins (13-18). Addition-
ally, we show that changes in Mfnl and Mfn2 expression
occur in models of diabetes, and hence, their forced
changes, as achieved in our study, may have relevance for
the pathoetiology of B-cell failure in T2D and metabolic
changes consistent with insulin deficiency. These include
higher levels of bile acids as previously described in rodent
models of type 1 diabetes (T1D) and T2D and in humans
(49,50), elevated leucine and isoleucine, as observed in hu-
man T1D (51), and an altered triglyceride profile (52). Fi-
nally, these metabolomic/lipidomic data provide further
support for the expected actions of mitofusin deletion via
altered (-cell function, with changes that are somewhat
more in line with metabolomic changes in human T1D
(and models thereof) than T2D (53). Indeed, dKO mice
gain less weight than controls as they show the classic
symptoms of diabetes (54,55). This is likely to be the result
of metabolic dyshomeostasis in the face of lowered circulat-
ing insulin levels, leading to impaired fat storage, loss of
liver and muscle glycogen, and eventually, loss of muscle
mass (i.e., the cardinal symptoms of T1D and of advanced
insulin-requiring T2D in humans).

Of note, none of the earlier reports investigating the ef-
fects of mitochondrial disruption in the B-cell explored the
effects on incretin-stimulated secretion. Suggesting a dif-
ferential effect on glucose- versus incretin-stimulated secre-
tion we show here; firstly, that insulin secretion and
glucose excursion were less markedly affected by mitofusin
knockout during OGTTSs, where an incretin effect is pre-
served (56), than during IPGTTs. Correspondingly, insulin
secretion stimulated by incretins was largely preserved in
dKO cells, in contrast to the ablation of glucose-stimulated
secretion (Supplementary Fig. 11C and D). Strikingly,

corresponding to C were measured between 200 and 250s (under 10G), 620 and 720s (under 10G with ex4) or 1,110 and 1,160s (under
10G with IBMX and FSK) (n = 3-4 mice per genotype, 15-35 cells in two independent experiments). E: Representative Epac1-camps
FRET traces in response to 10G, 10G+ex4, 10 umol/L FSK (dark blue or purple traces), or 100 pmol/L IBMX (light blue or pink traces) in
dissociated B-cells (n = 3 mice per genotype, 15-45 cells). F: gRT-PCR quantification of Epac, Adcy, and Prka genes expression in control
and dKO islets relative to -actin (n = 3 mice per genotype in two independent experiments). Experiments were performed in 14-week-old
male mice. Data are presented as mean + SD. *P < 0.05,**P < 0.01, ***P < 0.001, assessed by two-way ANOVA test and the Sidak muilti-

ple comparisons test.
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mitofusin deletion also enhanced incretin-stimulated cyto-
solic cAMP increases. That this effect was preserved in the
face of phosphodiesterase inhibition (IBMX) and AC activa-
tion was surprising but may reflect an increase in total AC
activity or distribution in dKO cells.

While PKA suppression is considered to be either neu-
tral or inhibitory toward GSIS in wild-type B-cells (57-59),
our data show a rather striking increase in insulin secretion
in the presence of H89 in islets from mice of either geno-
type. While unexpected, and in contrast with those of
others that support a role for PKA downstream of cAMP in
the B-cell, Bryan and colleagues (57) provide some evidence
for the stimulation of GSIS by H89 under certain condi-
tions. Nevertheless, several studies have stressed the im-
portance of both PKA-dependent and PKA-independent
effects of increased [cAMP]; on GSIS from islets (60). Thus,
PKA-independent exocytosis occurs through interactions
between Epac-2/cAMP- guanine-nucleotide-exchange factor
IT (61,62), Rab3A, and Rim2 (proteins involved in vesicle
trafficking [57,58, 63] and fusion) (64). On the other hand,
GLUT2, Kir6.2, and SUR1, and o-SNAP (a vesicle-associat-
ed protein) have been reported to be phosphorylated by
PKA (58). Here, we show that the effect of mitofusin dele-
tion on GSIS is preserved when PKA is inhibited by H89
and even potentiated by EPAC-activation (Supplementary
Fig. 11C and D). These changes appear to be exerted at the
posttranscriptional level, since we observed no changes in
levels of mRNAs encoding the relevant {3-cell isoforms of
Epac. Whether there are changes in the level or the corre-
sponding proteins including EPAC, their subcellular localiza-
tion or interaction with upstream regulators or downstream
effectors, remains to be explored. Finally, the latter findings
could indicate that an intact mitochondrial reticulum re-
stricts signaling by EPAC through a mechanism that is
inhibited by PKA. Future studies, using additional or alter-
native PKA inhibitors (65), will be needed to explore these
possibilities.

Possibly contributing to these differences in the effects
on responses to glucose versus incretin, exendin-4 treat-
ment led to greater Ca’" accumulation in the ER in dKO
cells. By enhancing Ca®" cycling across the ER membrane,
this could conceivably drive larger local increases in cyto-
solic Ca®", which, in turn, may influence plasma mem-
brane potential, trigger Ca%" influx via VDCCs, and hence,
stimulate insulin release (66).

We also demonstrate that preserved mitochondrial ul-
trastructure is critical for normal B-cell-B-cell connectivi-
ty, itself required for normal insulin secretion (41,67).
The mechanisms underlying impaired connectivity in the
absence of mitofusins are unclear but may involve altered
Cx36/Gjd2 expression, phosphorylation, or activity im-
pacting gap junctions (42).

In summary, we show that acute treatment with incre-
tins, commonly used as treatments for T2D and obesity
(56), largely reverses the deficiencies in insulin secretion
that follow mitochondrial disruption. Future studies will be
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needed to address the relevance of these findings to human
B-cells and to the action of incretins in clinical settings.
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