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Summary 

 

Mitochondrial glucose metabolism is essential for the initiation of insulin release from 

pancreatic β-cells.  Fusion of mitochondria is supported by mitofusin 1 (MFN1) and 

mitofusin 2 (MFN2). Whether this process is important for glucose sensing by β-cells 

is unclear. Here, we generated mice with β-cell-selective, adult-restricted deletion of 

Mfn1 and Mfn2 (Mfn1/2-KO), and explored the impact on insulin secretion and 

glucose homeostasis. Mfn1/2-KO mice displayed higher glycaemia and a >five-fold 

decrease in plasma insulin post-intraperitoneal glucose injection. Mitochondrial length, 

glucose-induced hyperpolarization, ATP synthesis and Ca2+ accumulation were 

significantly reduced in Mfn1/2-KO mouse islets. Ca2+ dynamics and mitochondrial 

membrane potential changes were also suppressed in vivo. Defective glucose-

stimulated insulin secretion in islets isolated from Mfn1/2-KO mice was nevertheless 

normalised by the addition of GLP-1 receptor agonists. Mitochondrial fusion and 

fission cycles are thus essential in the β-cell to maintain normal mitochondrial 

bioenergetics and glucose sensing both in vitro and in vivo. 

 

Keywords: Type 2 diabetes, pancreatic β-cell, mitochondrial dysfunction, mitofusins, 

glucose stimulated insulin secretion, Ca2+ dynamics, incretins, GLP-1, GIP, Exendin-
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Introduction 

Mitochondria are often referred to as the powerhouses or, more recently, as the “chief 

executive organelles” (CEO) of the cell, generating most of the energy required to 

sustain normal function (Anderson, Jackson et al. 2019). Mitochondria are responsible 

for NAD and NADH production via the Krebs cycle, oxidative phosphorylation, ATP 

synthesis, fatty acid oxidation and gluconeogenesis, and mitochondrial DNA (mtDNA) 

distribution. They also contribute to the regulation of apoptosis and their own turnover 

via mitophagy (Chandhok, Lazarou et al. 2018).  

 

Mitochondrial oxidative metabolism plays a pivotal role in the response of pancreatic 

β-cells to stimulation by glucose and other nutrients (Panten and Ishida 1974, 

Maechler and Wollheim 2001, Rutter, Pullen et al. 2015). Thus, as the blood glucose 

levels increase in the blood, enhanced glycolytic flux and oxidative metabolism in β-

cells lead to an increase in ATP synthesis, initiating a cascade of events which involve 

the closure of ATP-sensitive K+ (KATP) channels (Rorsman and Ashcroft 2018), plasma 

membrane depolarisation and the influx of Ca2+ via voltage-gated Ca2+ channels 

(VDCC). The latter mechanism, along with other, less well defined amplifying signals 

(Henquin 2000), drive the biphasic release of insulin (Rutter, Pullen et al. 2015).   

 

The possibility that changes in mitochondrial function in these cells may contribute to 

declining insulin secretion and to type 2 diabetes (T2D) has been the subject of 

extensive investigation (Supale, Li et al. 2012). Reduced glucose-stimulated insulin 

secretion (GSIS) in β-cells, alongside altered mitochondrial function, dynamics and 

morphology, were observed in diabetic models (Del Guerra, Lupi et al. 2005, Mulder 

and Ling 2009, Rutter GA, Georgiadou E et al. 2020).  
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Besides synthesizing ATP, mitochondria are also one of the main producers of rative 

oxygen species (ROS) in the cell, inducing oxidative stress and tissue damage 

(Szendroedi, Phielix et al. 2012). Mitochondrial dysfunction in type 2 diabetic or obese 

patients suffering from hyperglycaemia was shown to be directly linked with lowered 

ATP levels and mitochondrial content as well as the development of insulin resistance 

(Rovira-Llopis, Banuls et al. 2017). Additionally, mitochondrial DNA (mtDNA) 

variations in human populations are associated with increased or decreased risk of 

T2D (van den Ouweland, Maechler et al. 1999), while in animal models, alterations in 

β-cell mtDNA lead to reduced insulin secretion, hyperglycaemia and β-cell death 

(Haythorne, Rohm et al. 2019). 

The multifaceted roles of mitochondria in the cell are associated with an equally 

variable morphology. Under normal physiological conditions, these organelles 

repetitively undergo fusion and fission cycles which are essential for their quality 

control and adaptation to energetic demands (Wada and Nakatsuka 2016). Thus, 

highly inter-connected mitochondrial networks allow communication and interchange 

of contents between mitochondrial compartments, as well as with other organelles 

such as the ER (Rutter and Rizzuto 2000). These networks exist interchangeably with 

more fragmented structures, displaying more “classical” mitochondrial morphology, 

with the balance between the two influenced by external stimuli and metabolic 

demands (Westermann 2012). In many cell types, including insulinoma-derived INS1 

cells, a pro-fused state is often observed during starvation where energy production is 

required for cytoprotection and resistance to apoptosis. The opposite pertains when 

cells are exposed to nutrient overload in obesity or T2D (Liesa and Shirihai 2013) 

which can stimulate mitochondrial fission and uncoupled respiration (Liesa and 
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Shirihai 2013), but is critical for the elimination of damaged mitochondria by mitophagy 

(Wai and Langer 2016).   

Over the past two decades, considerable light has been shed upon the means through 

which mitochondrial dynamics are controlled at the molecular level. The mitofusins 

MFN1 and MFN2, homologues of the D. melanogaster fuzzy onions (fzo) and mitofusin 

(dmfn) gene products (Hwa, Hiller et al. 2002), are key mediators of outer 

mitochondrial membrane (OMM) fusion. Whilst optic atrophy protein 1 (OPA1) controls 

inner mitochondrial membrane (IMM) fusion, dynamin related protein 1 (DRP1) is 

responsible for mitochondrial fission (Yisang Yoon 2011). Other regulators include 

FIS1, mitochondrial fission factor (MFF) and MiD49/51 (Serasinghe and Chipuk 2017).  

 

In pancreatic β-cells, defects in mitochondrial structure and the accumulation of 

damaged or depolarised organelles are associated with the development of diabetes 

in patients and animal models (Wada and Nakatsuka 2016). Changes in mitochondrial 

fusion and fission dynamics are observed in the pancreatic β-cell in animal models of 

diabetes (Higa, Zhou et al. 1999, Supale, Li et al. 2012, Gao, Li et al. 2014), and 

patients with T2D and obesity exhibit smaller and swollen mitochondria in pancreatic 

tissue samples (Masini, Martino et al. 2017). The latter changes were suggested to be 

a consequence of hyperglycaemia (Paltauf-Doburzynska, Malli et al. 2004), implying 

that mitochondrial dynamics may be master regulators of β-cell function (Yu, 

Robotham et al. 2006).  

 

The expression of mitochondrial fusion regulators in extra-pancreatic tissues is 

reportedly altered in diabetes, insulin resistant and obese patients, where MFN2 levels 

are lowered in skeletal muscle (Zorzano, Liesa et al. 2009). These changes have been 
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suggested to result from altered expression of the peroxisome proliferator-activated 

receptor-gamma coactivator-1 alpha (PGC) and the oestrogen-related receptor 

alpha (ERR) (Bach, Pich et al. 2003, Bach, Naon et al. 2005). These alterations are 

in turn associated with increases in ROS production and impaired mitochondrial 

respiration in both skeletal muscle and liver through the JNK pathway (Bach, Pich et 

al. 2003, Bach, Naon et al. 2005, Schrepfer and Scorrano 2016). Whether these 

changes are the cause, or the consequence, of impaired mitochondrial dynamics, 

remains unclear (Quiros, Ramsay et al. 2012, Sebastian, Hernandez-Alvarez et al. 

2012, Wang, Ishihara et al. 2015). 

 

Heren, we explore the potential impact of mitochondrial fragmentation in the control of 

insulin secretion. We show that this manoeuvre exerts profound effects on insulin 

release, β-cell mass and glucose homeostasis. Fragmentation of mitochondria also 

disrupts glucose-regulated O2 consumption, ATP production, intracellular Ca2+ 

dynamics and β-cell-β-cell connectivity. Remarkably, the deficiencies in insulin 

secretion are largely corrected by incretin hormones, suggesting a possible approach 

to ameliorating the consequences of mitochondrial fragmentation in some forms of 

diabetes.   
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Results 

Generation of a conditional βMfn1/2-KO mouse line. Efficient deletion of Mfn1 and 

Mfn2 in the β-cell was achieved in adult mice using the Pdx1-CreERT2 transgene and 

tamoxifen injection at 7-8 weeks. Deletion was confirmed by qRT-PCR (Fig.1A) and 

Western (immuno-) blotting (Fig.1B) analysis. Relative to β-actin, expression of the 

Mfn1 and Mfn2 transcripts in isolated islets from βMfn1/2-KO mice decreased by ~83 

and 86% accordingly vs control islets (p<0.01,p<0.0001;Fig.1A), compatible with 

selective deletion in the β-cell compartment (Elayat, el-Naggar et al. 1995). No 

differences were detected in the expression of other mitochondrial fission and fusion 

mediator genes such as Opa1, Drp1 and Fis1 (Fig.1A). Body weight did not differ 

between groups over the first seven weeks post-tamoxifen injection (Suppl.Fig.1A). 

After this period, the mean body weight of βMfn1/2-KO mice fell significantly below 

that of control animals, with a 13% weight loss apparent at 21-22 weeks (p<0.05; 

Suppl.Fig.1A).  

 

βMfn1/2-KO mice are glucose intolerant with impaired GSIS in vivo. To study the 

effects of mitofusin gene deletion in β-cells on systemic glucose homeostasis and 

insulin secretion in vivo, i.p. injections of 1g/kg body weight glucose (IPGTT) were 

performed on 14-week old βMfn1/2-KO and WT mice (Fig.1C). Glucose challenge 

revealed impaired glucose tolerance in βMfn1/2-KO mice compared to their control 

littermates with levels of glucose being higher at most time points following glucose 

injection (Fig.2C-D;p<0.05,p<0.01). Insulin concentrations were also measured 

following a 3g/kg body weight glucose i.p. injection (Fig.2E-F), with plasma sampled 

at 0, 5, 15 and 30 min. (Fig.2G). Basal glucose levels were modestly, higher in KO 

mice during all glucose challenges. βMfn1/2-KO mice showed dramatically lower 
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insulin levels upon glucose challenge vs control animals, indicating a severe insulin 

secretory deficiency (Fig.2G-H,p<0.05,p<0.001,p<0.0001).   

 

Insulin tolerance tests revealed unaltered insulin tolerance (percentage change from 

baseline) in βMfn1/2-KO mice as compared with WT littermates (Fig.1I-

J;Suppl.Fig.1B-C). Nevertheless, KO mice displayed significantly elevated plasma 

glucose (Suppl.Fig.1D) under both fed and fasted conditions. Additionally, an increase 

in -ketones was observed in fasted KO mice (Suppl.Fig.1E). These changes were 

inversely related to plasma insulin levels, which were lower in KO than WT mice under 

both fed and fasted, conditions (Suppl.Fig.1F). 

 

Deletion of Mfn1/2 alters mitochondrial morphology in β-cells. To assess changes 

in mitochondrial morphology, the mitochondrial fluorescent probe Mitotracker green 

was used. Deconvolved confocal images uncovered elongated mitochondria in 

dissociated WT β-cells (Fig.2A). In contrast, the mitochondrial network in KO cells was 

more fragmented (Fig.2A; and inset). Mitochondrial structural changes were quantified 

revealing that the number of mitochondria per cell was not altered between groups 

(Fig.2B). Mitochondrial elongation, circularity and perimeter, on the other hand, were 

significantly decreased in βMfn1/2-KO cells, indicative of rounder and smaller 

organelles (Fig.2B;p<0.0001). Lastly, mitochondrial structure was evaluated in 

isolated islets by transmission electron microscopy (TEM).  This approach confirmed 

the presence of more highly fragmented mitochondria in KO mouse islets compared 

to the WT group (Fig.2C). Cristae structure and organisation were also markedly 

altered in βMfn1/2-KO cells. Thus, classical transverse cristae in WT cells were often 
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completely absent and replaced instead with a single crista running the length of the 

mitochondrial section (Fig.2C;enlarged panels and schematic representations). 

 

Mitofusins are essential to maintain normal glucose-stimulated Ca2+ dynamics, 

mitochondrial membrane potential and ATP synthesis in β-cells. Increased 

cytosolic Ca2+ is a major trigger of insulin exocytosis in response to high glucose 

(Rutter, Pullen et al. 2015). In order to determine how β-cell-specific Mfn1/2 deletion 

might affect this pathway Ca2+ dynamics were investigated by live cell fluorescence 

microscopy in whole islets using the Ca2+ sensitive probe Cal-520. After pre-incubation 

with 3 mmol/L glucose and subsequent perifusion with 17 mmol/L glucose, KO mouse 

islets exhibited a significantly lower increase in cytosolic Ca2+ concentration ([Ca2+]cyt) 

compared to WT islets (AUC,p<0.01;Fig.3A-B). The KATP channel opener diazoxide 

and a depolarising K+ concentration (20 mmol/L KCl) were then deployed together to 

bypass the regulation of these channels by glucose. Under these conditions, cytosolic 

Ca2+ increases were not significantly impaired in KO compared to WT animals (Fig.3A-

B). Subsequently, Ca2+ entry into the mitochondrial matrix was determined since this 

is likely to be important for the stimulation of oxidative metabolism (McCormack, 

Halestrap et al. 1990, Georgiadou, Haythorne et al. 2020). Alterations in mitochondrial 

free Ca2+ concentration ([Ca2+]mito) were apparent in KO whole islets, where a 

substantial reduction in the response to 17 mmol/L glucose  was observed (p>0.05; 

Fig.3C-D). Of note, subsequent hyperpolarisation of the plasma membrane with 

diazoxide caused the expected lowering of mitochondrial [Ca2+]mito in WT islets 

(reflecting the decrease in [Ca2+]cyt;Fig.3A), but was almost without effect on KO islets, 

suggesting a return to near pre-stimulatory [Ca2+]mito levels at this time point in the 

absence of MFN1 and MFN2.  
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Finally, we assessed glucose-induced increases in mitochondrial membrane potential 

(Δψm) in dissociated β-cells using tetramethyl rhodamine ethyl ester (TMRE) and 

found that these were sharply reduced in KO vs WT mouse islets (AUC,p<0.01;Fig.3E-

F). Addition of 2-[2-[4-(trifluoromethoxy)phenyl]hydrazinylidene]-propanedinitrile 

(FCCP) resulted in a similar collapse in apparent Δψm in islets from both genotypes 

(Fig.3E). To assess whether mitochondrial fragmentation may impact glucose-induced 

increases in mitochondrial ATP synthesis we performed real-time fluorescence 

imaging using the ATP sensor, Perceval (Tarasov and Rutter 2014). Whereas WT 

islets responded with a substantial and time-dependent rise in the ATP:ADP ratio in 

response to a step increase in glucose from 3 mmol/L to 17 mmol/L, βMfn1/2-KO β-

cells failed to mount any response to this challenge (AUC,p< 0.05; Fig.3G-H). 

 

β-cell-β-cell connectivity is impaired by Mfn1/2 ablation. Intercellular connectivity 

is required in the islet for a full insulin secretory response to glucose (Johnston, 

Mitchell et al. 2016, Rutter GA, Georgiadou E et al. 2020). To assess this, individual 

Ca2+ traces recorded from Cal-520-loaded beta-cells in mouse islets (Fig.3A) were 

subjected to correlation (Pearson r) analysis to map cell-cell connectivity 

(Suppl.Fig.2A). Following perfusion at 17 mmol/L glucose, βMfn1/2-KO β-cells tended 

to display an inferior, though not significantly different, coordinated activity than WT 

cells (Suppl.Fig.2A), as assessed by counting the number of coordinated cell pairs 

(Suppl.Fig.2C; 0.94 vs 0.90 for WT vs KO, respectively). By contrast, β-cells displayed 

highly coordinated Ca2+ responses upon addition of 20 mM KCl (the latter stimulating 

depolarisation and a synchronised Ca2+ peak) in KO islets. Similarly, analysis of 

correlation strength in the same islets revealed significant differences in response to 

17 mmol/L glucose between genotypes. In fact, KO islets had weaker mean β-β-cell 
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coordinated activity (p<0.05; Suppl. Fig.2B, D; 0.88 vs 0.77 for WT vs KO, 

respectively), indicating that mitofusins affect the strength of connection rather than 

the number of coordinated β-cell pairs. Nevertheless, no significant changes were 

observed in the expression of the gap junction protein Cx36/Gjd2 between the groups 

(Suppl.Fig.2E).  

 

We also explored β-cell connectivity using signal binarisation to determine whether a 

hierarchy existed in the degree to which individual β-cells were coupled across the 

islet  (Johnston, Mitchell et al. 2016, Salem, Silva et al. 2019). Clear adherence to a 

power law distribution of connected β-cells was apparent in the WT islet group in the 

elevated glucose condition where 5.70% of the β-cells hosted at least 60% of the 

connections with the rest of the β-cells (R2=0.15; Suppl.Fig.3). Interestingly, no clear 

adherence to a power-law distribution of connected β-cells was present in the KO 

group (R2=0.002) despite displaying a higher percentage (15.06%) of β-β-cell 

connections.  

 

Unaltered ER Ca2+ release but decreased mitochondrial O2 consumption and 

mtDNA depletion in βMfn1/2-KO islets. Agonism at the Gq-coupled metabotropic 

acetylcholine (Ach) receptor in β-cells results in the production of inositol 

(1,4,5)trisphosphate (IP3) which, in turn, triggers rapid release of Ca2+ from the ER 

(Gilon, Chae et al. 2014). Since MFN2 is implicated in the control of ER-mitochondria 

interactions (Filadi, Greotti et al. 2017) cytosolic Ca2+ dynamics were again recorded 

in whole islets using Cal-520. These experiments did not reveal any differences in 

apparent ER Ca2+
 release between groups following Ach treatment (Fig.4A-B), arguing 

against a substantial impact on ER-mitochondria contacts.  
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Given the marked alterations in mitochondrial morphology, cristae structure and 

glucose-induced changes in ATP/ADP ratio in KO cells described above, we decided 

to pursue further assessments of mitochondrial function using orthogonal approaches. 

Measurements of O2 consumption revealed that both basal and glucose-stimulated 

mitochondrial respiratory capacities were significantly impaired in βMfn1/2-KO islets, 

as reflected by the calculated AUC values (p< 0.05;Fig.4C-D). Consistent with these 

reduced rates of respiration, KO islets also displayed a ~75% reduction in mtDNA 

(Fig.4E).  

 

βMfn1/2-KO mice display impaired GSIS in vitro and insulin vesicle exocytosis 

which can be rescued by incretins. We next explored the consequences of Mfn1/2 

deletion for glucose-stimulated insulin secretion (GSIS), as well as secretion 

stimulated by other agents, by comparing islets isolated from WT and βMfn1/2-KO 

mice. With respect to WT controls, KO islets exhibited a sharp blunting in the secretory 

response to high glucose, as well as to depolarisation with KCl. In each case, a near-

complete elimination of insulin secretion in response to stimulation was observed 

(p<0.05;p<0.01;Fig.4F). However, ncubation of islets with incretins (GLP-1 or GIP), or 

the GLP1R agonist exendin-4, at 10 mmol/L glucose led to a significant potentiation in 

GSIS in both groups (WT: 3G vs ex-4; p<0.05 and KO: 3G vs ex-4; p<0.0001, or 3G 

vs GLP-1; p<0.001, or 3G vs GIP; p<0.001). Strikingly, these results revealed the 

rescue of robust insulin secretion by incretins in βMfn1/2-KO islets.  

 

Finally, total internal reflection fluorescence (TIRF) was adopted to image insulin 

granule trafficking and exocytosis in dissociated β-cells. By over-expressing the 

secretory vesicle marker neuropeptide Y-Venus (NPY-Venus), the number of insulin 
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granules was quantified by confocal microscopy and revealed a significantly higher 

number of vesicles in close proximity with the plasma membrane in KO cells after 

treatment with 20 mmol/L KCl (p<0.05; Suppl.Fig.4A-B). However, when we then used 

a cell surface-targeted zinc indicator to monitor induced exocytotic release (ZIMIR) in 

response to depolarisation as a surrogate for insulin secretion, weaker increases were 

observed in KO mouse β-cells. These findings indicate impaired exocytosis at the 

plasma membrane of an otherwise normal or increased pool of docked granules 

(Suppl.Fig.4C-E).   

 

Mitofusin deletion leads to increased β-cell death and reduced β-cell mass. 

Immunohistochemical analysis of pancreata from mice sacrificed at 14 weeks showed 

that removal of Mfn1 and Mfn2 caused a significant (~33%) loss of pancreatic beta 

(insulin-positive) cells in the KO vs the WT group (p<0.05; Fig.5A-B). Alpha (glucagon-

positive) cell surface was not affected by the loss of the mitofusin genes (Fig.5C). 

However, Mfn1 and Mfn2 loss was associated with a ~53% reduction in β-cell-alpha 

cell ratio (p<0.05; Fig.5D). In line with these findings, the number of TUNEL-positive 

β-cells were markedly increased in β-cells from βMfn1/2-KO vs WT animals (p<0.05; 

Fig.5E-F), suggesting that programmed cell death contributes to the observed 

decrease in β-cell mass.  

 

Gene dysregulation in βMfn1/2-KO islets. We next explored whether the defects in 

β-cell secretory function could potentially be due to impaired expression of “signature” 

genes, known to be vital for β-cell differentiation and function, or to increased 

expression of β-cell “disallowed” genes (Pullen, Huising et al. 2017). Measurements 

of these, alongside genes involved in mitophagy and ER stress, in WT and KO islets 
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indicated that β-cell function was affected at the transcriptional level in βMfn1/2-KO 

mice (Fig.6). Whilst Ins2, Ucn3 and Glut2 (Slc2a2) were significantly downregulated, 

Trpm5 was upregulated, in KO islets. No changes in alpha or β-cell disallowed genes 

were detected. In contrast, genes involved in mitochondrial function such as Smdt1 

and Vdac3 were upregulated in βMfn1/2-KO islets, consistent with compromised 

mitochondrial Ca2+ uptake, and ATP release, respectively, in KO β-cells. Lastly, genes 

involved in ER stress and mito/autophagy were also affected by inactivation of Mfn1 

and Mfn2 with Chop (Ddit3) and p62 being upregulated and Lc3 and Cathepsin L 

downregulated in KO islets.  

 

Altered plasma metabolomic and lipidomic profiles in βMfn1/2-KO mice. We 

applied an -omics approach to study metabolite and lipid changes in peripheral plasma 

samples from WT and KO mice (Suppl.Fig.5). Of 29 metabolites, the levels of five 

metabolic species (shown in red) were significantly altered in βMfn1/2-KO compared 

to WT animals (p<0.05;p<0.01;Suppl.Fig.5A). More precisely, bile acids such as 

glycocholic acid (GCA), taurocholic acid (TCA) and 

taurodeoxycholic/taurochenodeoxycholic acid (TDCA/TCDCA) involved in the 

emulsification of fats were found upregulated in KO mice. Leucine (Leu) and isoleucine 

(Ile) were also upregulated in KO mice. In this lipidomics analysis, 298 lipid species 

from 17 different classes were studied. When comparing KO to WT samples, the 

majority of lipid classes displayed a remarkably homogeneous downward trend of the 

individual lipid species they comprised (Suppl.Fig.5B). Most prominently, plasma 

concentrations of lipids within the Cer, PC, PC(P-)/PC(O-), PE (O-), PI, SM and LPC 

classes were significantly less abundant in KO than WT mice (p<0.05;p<0.01; 

Suppl.Fig.5B).   
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Glucose-induced cytosolic Ca2+ and Δψm changes are impaired in βMfn1/2-KO 

β-cells in vivo. To further explore the extent to which defective mitochondrial 

membrane polarisation and Ca2+ dynamics observed in isolated islets were likely to 

underlie the defects in insulin secretion in vivo, two-photon imaging was used to allow 

visualisation of the intact pancreas, exposed through an abdominal incision, in 

anaesthetised mice (Reissaus, Piñeros et al. 2019). Animals previously infected with 

an adenovirus expressing the Ca2+ probe GCaMP6s, and co-stained with tetramethyl 

rhodamine methyl ester (TMRM) immediately prior to data capture, were imaged for 

18-30 min. during which cytosolic Ca2+ oscillations and mitochondrial membrane 

potential were recorded post i.p. injection of glucose in WT (Fig.7A; Suppl.Fig.6A) and 

KO (Fig.7B; Suppl.Fig.6B) mice. Under these conditions, glucose concentrations in 

WT mice were 17.12.5 mmol/L and 32.13.9 mmol/L in KO animals after glucose 

injection. Analysis was performed on the most responsive β-cells where oscillations 

could be detected in both groups and revealed cytosolic Ca2+ oscillations (upward 

traces) and synchronous mitochondrial membrane depolarisation (downward traces; 

TMRM positive organelles) in response to elevated glucose in WT β-cells. On the other 

hand, cytosolic Ca2+ oscillations and TMRM fluctuations were largely abolished in 

βMfn1/2-KO islets in response to glucose (Fig.7B;Suppl.Fig.6B). Measurement of the 

AUC of fold change traces above baseline depicted significantly impaired GCaMP6s 

spike signals in response to glucose (Fig.7C;p<0.001 and p<0.05; Suppl.Fig.6C) and 

a tendency towards less TMRM (Fig.7D) uptake in βMfn1/2-KO islets.  

 

Changes in Mfn1 and Mfn2 expression in mouse strains maintained on regular 

chow or high fat high sugar (HFHS) diet. To determine whether the expression of 
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Mfn1 or Mfn2 might be affected under conditions of hyperglycaemia mimicking T2D in 

man, we interrogated data from a previous report (Cruciani-Guglielmacci, Bellini et al. 

2017) in which RNA sequencing was performed on islets from six mouse strains 

(C57Bl/6J, DBA/2J, BALB/cJ, A/J, AKR/J, 129S2/SvPas). Animals were maintained 

on regular chow or a high fat/high sugar diet (Suppl.Fig.7A-B). BALB/cJ mice showed 

“antiparallel” changes in Mfn1 and Mfn2 expression in response to maintenance on 

HFHS diet for 10 days, and similar changes were obtained in DBA/2J mice at 30 and 

90 days (Suppl.Fig.7A-B).  
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Discussion 

Mitochondrial dynamics contribute to the maintenance of a metabolically-efficient 

mitochondrial population, with an impaired balance between fusion and fission 

impacting mitochondrial morphology and functionality. To date, dynamic and 

bioenergetic mitochondrial defects have been explored in conditional KO mouse 

models where different organs such as the liver, skeletal muscle, adipocyte, heart, 

nervous system, placenta and optic nerve were examined (Eisner, Picard et al. 2018).  

A number of studies have demonstrated that mitochondrial dysfunction contributes to 

the deterioration of β-cell function and the development of T2D (Maechler and 

Wollheim 2001, Anello, Lupi et al. 2005, Lowell and Shulman 2005, Dlaskova, Spacek 

et al. 2010, Haythorne, Rohm et al. 2019). Deletion of Drp1 from primary mouse β-

cells resulted in glucose intolerance, with impaired GSIS and abnormal mitochondrial 

morphology associated with lower expression of MFN1, MFN2 and OPA1 (Reinhardt, 

Schultz et al. 2016, Hennings, Chopra et al. 2018). Similarly, over-expression of DRP1 

in clonal INS1 cells decreased GSIS and increased the levels of apoptosis (Stiles and 

Shirihai 2012), suggesting that a balance between fission and fusion is critical to avoid 

pathological changes. In line with these data, mice deficient for Opa1 in the β-cell 

develop hyperglycaemia, and show defects in the electron transport chain complex IV 

which lead to compromised glucose-stimulated ATP production, O2 consumption, Ca2+ 

dynamics, and insulin secretion (Zhang, Wakabayashi et al. 2011).  

The chief aim of this study was to determine the impact of compete ablation of MFN 

activity from the β-cell. We report that deletion of both mitofusin isoforms, Mfn1 and 

Mfn2, leads to a profound disruption of β-cell function and identity. This strategy was 

chosen over the deletion of either gene alone given the similar levels of expression of 
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these genes in the β-cell (Kone, Pullen et al. 2014) and the likelihood of at least partial 

functional redundancy (Filadi, Pendin et al. 2018). Through the highly efficient and 

selective ablation of Mfn1 and Mfn2 in adult pancreatic β-cells, we reveal that an intact 

mitochondrial network is essential to maintain normal insulin secretion and circulating 

glucose levels.  

 

Deletion of Mfn1/2 ensured near-complete elimination of the mRNA encoding Mfn1 

and Mfn2 throughout the β-cell population while MFN1 and MFN2 protein expression 

was completely abolished.  As a consequence, βMfn1/2-KO mice lost significant body 

weight 14 weeks post tamoxifen injection, consistent with the onset of hyperglycaemia 

and diabetes. In agreement with earlier studies (Maechler and Wollheim 2001, Anello, 

Lupi et al. 2005, Lowell and Shulman 2005, Dlaskova, Spacek et al. 2010), where 

altered mitochondrial dynamics were shown to affect β-cell function, GSIS post i.p. 

injection in vivo, or in isolated islets in vitro, was severely compromised in the present 

model. Reduced insulin exocytotic activity measured by TIRF indicated that KO β-cells 

fail to respond to glucose or depolarising factors, leading to impaired glucose 

clearance and hyperglycaemia during IPGTTs. Insulin secretion was nevertheless 

potentiated following exposure to incretin hormones or GLP1R agonists suggesting 

that signalling by the latter receptors may restore β-cell responsiveness to glucose in 

diabetic mice (Nauck and Meier 2018). Future investigations will be needed to better 

understand the underlying mechanisms. However, since cAMP levels are required for 

efficient insulin secretion (Pipeleers, in't Veld et al. 1982) and may be lowered in KO 

islets as a result of ATP depletion, a likely possibility is that incretin stimulation is 

required to raise intracellular cAMP levels to the threshold levels needed for secretion 

(Khan, Tomas et al. 2020).  
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We assessed how mitochondrial morphology was affected in βMfn1/2-KO β-cells 

using complementary strategies. Firstly, quantitative analysis of deconvolved confocal 

images revealed distinct and more rounded organelles in the KO group compared to 

WT littermates where web-like mitochondrial networks were often apparent. Secondly, 

TEM confirmed mitochondrial fragmentation in isolated islets and, interestingly, 

revealed a marked alteration in cristae shape and structure in KO mice. Mitochondrial 

adaptation to altered physiological conditions relies on the regulation of mitochondrial 

morphology, especially at the level of cristae compartment (Quintana-Cabrera, 

Mehrotra et al. 2018). Since cristae shape determines the assembly and stability of 

the respiratory chain complexes (Cogliati, Frezza et al. 2013), loss of the latter is 

associated with lowered respiratory chain efficiency, as observed directly in 

respirometry measurements. These findings are also in line with our observation of 

lowered mtDNA copy number in KO islets (Silva, Köhler et al. 2000).   

 

Under normal conditions, glucose-induced increases in cytosolic Ca2+ in β-cells 

stimulate insulin exocytosis by inducing closure of KATP-channels, plasma membrane 

depolarisation and Ca2+ influx (Ashcroft and Rorsman 2013, Rutter, Pullen et al. 2015). 

This pathway appears to be inhibited in KO islets both in vivo and in vitro.  We also 

demonstrate here that mitochondrial ultra-structure is important for normal β-β-cell 

connections which are, in turn, essential for coordinated Ca2+ influx into β-cells and 

ultimately, efficient and oscillatory insulin secretion (Salem, Silva et al. 2019). Thus, 

the strength of coordinated β-cell responses at 17 mmol/L glucose, assessed using 

Pearson r analysis, was lowered in βMfn1/2-KO mice. The mechanisms underlying 

these changes are, however, unclear and were not associated with any changes in 
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Cx36/Gjd2 gene expression required to form gap junctions between β-cells (Rutter, 

Georgiadou et al. 2020). Furthermore, these changes were not associated with any 

loss of hierarchical behaviour or the loss of a more highly connected “hub” cell 

population.  

 

Immunofluorescence analysis showed reduced β-cell volume (the ratio of β-cell over 

total pancreas area) in KO islets describing the occurrence of β-cell loss and 

dysfunction in T2D (Butler, Janson et al. 2003). The underlying mechanisms remain 

to be fully elucidated but appear to involve a dramatic increase in β-cell apoptosis 

(Marchetti, Del Guerra et al. 2004) though we do not exclude altered β-cell replication 

or neogenesis (Butler, Janson et al. 2003) as contributors. Previous studies have 

raised a number of potential mechanisms by which mitochondrial fragmentation can 

affect apoptosis (Frank, Gaume et al. 2001, Olichon, Baricault et al. 2003). 

Fragmentation occurs early in the cell death pathway (Heath-Engel and Shore 2006) 

and is thought to contribute to cytochrome c production and release into the cytosol, 

decrease in O2 consumption and thereby, enhancing oxidative stress  (Molina, 

Wikstrom et al. 2009).  

 

Loss of β-cell identity is now thought to be a key element driving impaired β-cell 

function in T2D (Talchai, Xuan et al. 2012, Rutter, Pullen et al. 2015) and may underlie 

impaired insulin secretion from remaining β-cells in type 1 diabetes (Rui, Deng et al. 

2017). As GSIS was almost completely eliminated in vivo and in vitro after Mfn1/2 

deletion in the β-cell, despite only partial loss of β-cells, our data support the view that 

a similar change may contribute to functional alterations in the current model. Whilst 

we observed decreases in Ins2, Ucn3 and Glut2/Slc2a2 expression, Trpm5 was 
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upregulated in KO islets. This denotes that β-cell maturation (UCN3) as well as 

function (glucose uptake through GLUT2/SLC2A2), insulin production (Ins2) and β-

cell plasma membrane excitability (TRPM5) were all affected when mitochondrial 

fusion was repressed. Thus, the mitochondrial abnormalities in Mfn1/2-deficient β-

cells appear to affect β-cell identity, leading to metabolic derangement and defective 

secretion. We note that the progressive hyperglycaemia that ensues may further 

aggravate dedifferentiation (Brereton, Iberl et al. 2014) and lead to changes in β-cell 

transcription factor expression (Yin, Ni et al. 2020). No changes in inactivated 

(“disallowed”) β-cell gene levels were detected in Mfn1/2-deficient mice, suggesting 

that mitochondrial structure alterations do not affect disallowed gene expression, at 

least in young mice.  

 

Moreover, genes encoding mitochondrial channel subunits such as Smdt1 and Vdac3 

were upregulated in βMfn1/2-KO mice suggesting that mitochondrial Ca2+ uptake via 

the mitochondrial Ca2+ uniporter (MCU) subunit EMRE (Georgiadou, Haythorne et al. 

2020), encoded by Smdt1, and extrusion of ATP through VDAC3 (Maldonado, 

Sheldon et al. 2013) are impacted when mitochondria are highly fragmented. Lower 

Vdac3 expression is also linked to mitochondrial permeability transition pore (mPTP) 

opening (Reina, Guarino et al. 2016) and hence could be a driver of increased 

apoptosis. Lastly, genes involved in ER stress and mito/autophagy were also altered 

in βMfn1/2-KO mice, with Chop/Ddit3 and p62 being upregulated and, Lc3 and 

Cathepsin L downregulated. These results demonstrate that highly fragmented 

mitochondria undergo ER stress but are unable to enter the autophagosome-lysosome 

pathway in order to eliminate dysfunctional mitochondria and avoid β-cell apoptosis 

(Sidarala, Pearson et al. 2020).  
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It has previously been reported that ER overload triggers ER stress through Chop 

overexpression and can lead to increased β-cell apoptosis and the onset of diabetes 

in mice (Araki, Oyadomari et al. 2003, Song, Scheuner et al. 2008). Additionally, and 

although we did not observe any changes in the expression of the mitophagy inducers 

Pink1/Parkin (Gegg, Cooper et al. 2010), the autophagy adaptor gene p62, which 

mediates the clearance of dysfunctional mitochondria via macroautophagy (Tanida 

and Waguri 2010), was upregulated at the mRNA level. These elevated levels of 

ubiquitin and p62 may conceivably lead to the formation of proteinaceous aggregates 

and ultimately cell death (Komatsu, Waguri et al. 2007). Finally, reduction in Lc3 gene 

expression known to contribute to the autophagosome body formation (Tanida and 

Waguri 2010) and in lysosomal proteases (Cathepsin L), known to degrade 

macromolecules contained in autophagolysosomes (Tanida and Waguri 2010) further 

confirm our speculations that dysfunctional  regulation of autophagic processes can 

lead to increased β-cell death, as demonstrated in βMfn1/2-KO pancreatic sections.  

 

Since quantitative determination of plasma metabolites may be informative about 

pathogenic conditions, we searched for metabolite species related to diabetes, 

complications and metabolic dysfunction while the lipid platform detected lipids to a 

fullest extent. Metabolomic analysis of the plasma of WT and KO mice identified a 

higher synthesis rate of certain bile acids in βMfn1/2-KO animals which correlated with 

published work stating that bile acid pool size and composition can be altered in T2D 

animal models or human patients (Hassan, Subbiah et al. 1980, Andersén, Karlaganis 

et al. 1988, Staels and Fonseca 2009). More precisely, in obese and insulin resistant 

Zucker diabetic fatty (ZDF) rats, hepatic farnesoid X receptor (FXR) expression 

decreased in parallel with diabetes progression while a progressive increase of liver 
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cholesterol-7α-hydroxylase (Cyp7a1) expression, involved in bile acid synthesis, was 

observed (Duran-Sandoval, Mautino et al. 2004). This study suggested that the 

increased bile acid synthesis observed in ZDF rats was a consequence of a lack of 

negative insulin-mediated regulation of genes encoding bile acid synthesis enzymes 

and could hence, also be the case in our mouse model. Additionally, leucine and 

isoleucine known to acutely stimulate insulin secretion and improve glycaemia when 

administrated to humans or rodents (Yang, Chi et al. 2010) were found to be higher in 

βMfn1/2-KO animals. This may imply that potentiation of the iso/leucine mediated 

signalling pathway is required to acutely induce insulin secretion stimulation and serve 

as a rescue mechanism in βMfn1/2-KO mice. It may also influence the mechanistic 

target of rapamycin (mTOR) complex 1 (mTORC1) activity and indicate changes in 

mitochondrial fuel preference/utilization (McDaniel, Marshall et al. 2002, Kwon, 

Marshall et al. 2004). 

Similar to findings in other population-based studies on T1 and T2D patients, our 

mouse lipid profile supports a liver fatty acid synthesis perturbation and could be a 

factor associated with impaired glucose tolerance and altered insulin secretion 

(Sorensen, Ding et al. 2010, Lamichhane, Ahonen et al. 2018). In particular, we found 

that the Cer, PC, PC(P-)/PC(O-), PE (O-), PI, SM and LPC class lipids were lower in 

βMfn1/2-KO mice compared to WT. Finally, the reduction of certain lipids could 

indicate an increase in fatty acid -oxidation in order to produce sufficient energy to 

sustain the energy demand of peripheral tissues and, hence, explain why an increase 

in circulating ketone bodies is observed in KO mice. 

In conclusion, we provide evidence here that an altered balance of mitochondrial 

fusion and fission has a drastic impact on β-cell function. Our findings establish an 
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important role for β-cell Mfn1 and Mfn2 in regulating plasma glucose levels, GSIS, islet 

Ca2+ oscillations and β-cell death. Importantly, changes in the expression of both 

genes were observed in two mouse models of diabetes, suggesting that similar 

changes might be involved in human diabetes.  Although we are not aware of reports 

of changes in the expression of either gene in this setting, we note that measurements 

at the protein level may be important given the possibility that post-translational 

changes may contribute.  Importantly we show that treatment with incretins, commonly 

used as treatments for T2D and obesity (Nauck and Meier 2018), is able largely to 

reverse the deficiencies in insulin secretion, suggesting that this may be an important 

mechanisms of action of this drug class. 
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Figure legends 
 
Fig.1 Generation of a conditional βMfn1/2-KO mouse line which displays a highly 

impaired glucose tolerance in vivo.(A) qRT-PCR quantification of Mfn1, Mfn2, Drp1, 

Opa1 and Fis1 expression in WT (Mfn1/2 +/+) and βMfn1/2-KO (Mfn1/2 -/-) islets relative 

to β-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 Mfn1/2 -/- mice and littermate 

controls (Mfn1/2 +/+) by IPGTT (1 g/kg body weight).(D) The corresponding AUC is 

shown for n=3-6 mice per genotype.(E) Glucose tolerance measured by IPGTT (using 

3 g/kg body weight) and (F) the corresponding AUC were assessed in βMfn1/2-KO 

and WT mice (n=3-6 mice per genotype).(G) Plasma insulin levels during IPGTT in 

KO and WT mice (n=3-6 mice per genotype) and (H) the corresponding AUC.(I) 

Challenging βMfn1/2-KO mice with a 0.75 U/kg body weight insulin injection as 

compared with WT mice.(J) Corresponding AUC for (I) is also shown (n=6 mice per 

genotype).(Blue, Mfn1/2 +/+ mice; red, Mfn1/2 -/- mice. Data are presented as 

mean±SEM. *p<0.05; **p<0.01; ***p<0.001; ****p<0.0001 as indicated or Mfn1/2 +/+ vs 

Mfn1/2 -/- mice at the time points indicated, analysed by unpaired two-tailed Student’s 

t-test and Mann–Whitney correction or two-way ANOVA test and Sidak’s multiple 

comparisons test.  

 

Fig.2 Mitochondrial ultrastructure is altered following Mfn1/2 deletion.(A) Confocal 

images of the mitochondrial network of dissociated β-cells stained with Mitotracker 

green; scale bar: 5 m. Lower right panels: magnification of selected areas.(B) 

Mitochondrial morphology analysis on deconvolved confocal images of dissociated β-

cells. A macro was developed to quantify the number of mitochondria per cell and 

measure the elongation, perimeter and circularity (0: elongated; 1: circular 

mitochondria) of the organelles in WT and KO animals (n=40-54 cells; n=3 mice per 

genotype).(C) Electron micrographs of mitochondria indicated with black arrows in 

islets isolated from Mfn1/2 +/+ and Mfn1/2 -/- mice; scale bars: 1m. Right panel: 

magnification of selected areas showing the cristae structure (black arrow heads); 

scale bar: 0.5 m. Schematic representation of enlarged mitochondria. Data are 
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presented as mean±SEM. ****p<0.0001 as indicated, analysed by unpaired two-tailed 

Student’s t-test and Mann–Whitney correction. 

 

Fig.3 Mfn1/2 deletion from pancreatic β-cells impairs cytosolic and mitochondrial Ca2+ 

uptake and changes mitochondrial potential and ATP synthesis in vitro.(A) [Ca2+]cyt 

changes in response to 3G, 3 mmol/L glucose, 17 mmol/L glucose (17G; with or 

without diazoxide [diaz]) or 20 mmol/L KCl with diaz were assessed following Cal-520 

uptake in whole islets. Traces represent mean normalised fluorescence intensity over 

time (F/Fmin).(B) The corresponding AUC is also presented (n=4 mice per genotype; 

17G AUC measured between 245 s and 1045 s, 17G+diaz AUC measured between 

1200 s and 1320 s), and KCl+diaz AUC measured between 1424 s and 1500 s).(C) 

[Ca2+]mito changes in response to 17G (with or without diazoxide [diaz]) and 20 mmol/L 

KCl were assessed in islets following R-GECO infection. Traces represent mean 

normalised fluorescence intensity over time (F/Fmin).(D) The corresponding AUC is 

also shown (n=3 mice per genotype; 17G AUC measured between 270 s and 1100 s, 

17G+diaz AUC measured between 1101 s and 1365 s and KCl AUC measured 

between 1366 s and1500 s).(E) Dissociated β-cells were loaded with TMRE to 

measure changes in Δψm, and perifused with 3 mmol/L glucose (3G), 17G or FCCP 

as indicated.  Traces represent normalised fluorescence intensity over time 

(F/Fmin).(F) AUC was measured between 700–730 s (under 17G exposure) from the 

data shown in (E).(G) Changes in the cytoplasmic ATP:ADP ratio ([ATP:ADP]) in 

response to 17 mmol/L glucose (17G) was examined in whole islets using the ATP 

sensor Perceval.(H) AUC values corresponding to (G) were measured between 418–

1400 s (under 17G exposure) (data points from n=3-6 mice per genotype). Data are 

presented as mean±SEM.  *p<0.05, **p<0.01, assessed by unpaired two-tailed 

Student’s t-test and Mann–Whitney correction or two-way ANOVA test and Sidak’s 

multiple comparisons test.  

 

Fig.4 O2 consumption and mtDNA are deleteriously affected when Mfn1/2 are 

abolished in β-cells, while [Ca2+]ER storage remains unchanged. Impaired insulin 

secretion can be rescued by GLP-1R agonists in vitro.(A) Changes in [Ca2+]ER  were 

measured in whole islets incubated with Cal-520 and perifused with 17 mmol/L 

glucose (17G; with or without diazoxide [diaz]), 17G with 0.1mmol/L acetylcholine 

(Ach) and diaz, or 20 mmol/L KCl with diaz  (B) AUC values corresponding to (A) were 
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measured (17G AUC measured between 260 s and 740 s, 17G+diaz AUC measured 

between 846 s and 1020 s, 17G+diaz+Ach AUC measured between 1021 s and 1300 

s and KCl AUC measured between 1301 s and 1500 s). (C) Representative oxygen 

consumption rate (OCR) traces of islets (~10 per well) were acutely exposed to 20 mM 

glucose (final concentration), Oligomycin A (Oligo), FCCP, and Rotenone with 

Antimycin A (AA) (performed in triplicate, in two independent experiments).(D) AUC 

values corresponding to (C).(E) The relative mitochondrial DNA copy number was 

measured by determining the ratio of the mtDNA-encoded gene mt-Nd1 to the nuclear 

gene Ndufv1 (n=3 mice per genotype).(F) Insulin secretion measured during serial 

incubations in batches in 3 mmol/L glucose (3G), 10 mmol/L glucose (10G), or 100 

nmol/L exendin-4 (ex-4), GLP-1 or GIP in presence of 10G, 17 mmol/L glucose (17G) 

or 20mmol/L KCl (n=4-7 mice per genotype in two independent experiments).Data are 

presented as mean±SEM.  *p<0.05, assessed by unpaired two-tailed Student’s t-test 

and Mann–Whitney correction or two-way ANOVA test and Sidak’s multiple 

comparisons test.  

 

Fig.5 Absence of Mfn1/2 in β-cells leads to decreased β-cell mass and increased β-

cell apoptosis.(A) Representative pancreatic sections immunostained with glucagon 

(red) and insulin (green); scale bars: 30-50m.(B) The β-cell and alpha cell surface 

(C) measured within the whole pancreatic area in WT and KO mice were determined, 

as well as the beta/alpha cell ratio in (D), (n=4 mice per genotype; experiment 

performed in triplicate).(E) Representative confocal images of islets with TUNEL 

positive (green) apoptotic β-cells (white arrows) and insulin (red). DNase I treated 

sections were used as a positive control in the TUNEL assay. Scale bars: 20m.(F) 

Quantification of the percentage of islets containing TUNEL positive cells (n=4 mice 

per genotype; experiment performed in triplicate). Data are presented as mean±SEM.  

*p<0.05, assessed by unpaired two-tailed Student’s t-test and Mann–Whitney 

correction.  

 

Fig.6 Heatmap of differential gene expression between βMfn1/2-KO and WT islet 

mRNA. Changes in key beta or alpha cell genes, disallowed genes, mitochondrial, ER 

stress or mito/autophagy genes were assessed by qRT-PCR in WT and KO islets 

according to the colour coded median values from 0 to 1, white to dark blue 
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respectively (n=3-4 mice per genotype; experiment performed in duplicate). 

Expression values for each gene were normalised to -actin. *p<0.05; **p<0.01, 

assessed by two-way ANOVA test and Sidak’s multiple comparisons test. 

 

Fig 7. Deletion of Mfn1/2 impairs β-cell function in vivo. Representative in vivo images 

of GCaMP6s labelled islets and TMRM stained mitochondria surrounded by their 

vasculature in WT and βMfn1/2-KO mice.(A) Representative traces depicting 

fluorescence intensity of cytosolic Ca2+ (GCaMP6s) and mitochondrial TMRM signals 

in WT and (B) KO animals; scale bar: 45 µm; (n=2 animals per genotype).(C) AUC of 

fold change measurements above baseline for each GCaMP6s and (D) TMRM traces 

measured (n=4-15 total responding cells). Green, GCaMP6s; red, TMRM signals. 

Islets were imaged in 20 week-old mice. Data are presented as mean±SEM. 

***p<0.001, assessed by unpaired two-tailed Student’s t-test and Mann–Whitney 

correction. 
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STAR Methods 

 

Study approval C57BL/6J mice were housed in individually ventilated cages in a 

pathogen-free facility at 22ºC with a 10-14 h light-dark cycle and were fed ad libitum 

with a standard mouse chow diet (Research Diets). All in vivo procedures were 

approved by the UK Home Office, according to the Animals (Scientific Procedures) 

Act 1986 with local ethical committee approval under personal project license (PPL) 

number PA03F7F07 to I.L.   

 

Generation of β-cell-selective Mfn1/Mfn2 knockout (βMfn1/2-KO) mice 

C57BL/6J male mice bearing Mfn1 (Mfn1tm2Dcc; JAX stock #026401) and Mfn2 

(B6.129(Cg)-Mfn2tm3Dcc/J; JAX stock #026525) alleles (Chen, McCaffery et al. 2007) 

with loxP sites flanking exons 4 and 6 were purchased from the Jackson laboratory 

and crossed to C57BL/6J transgenic animals carrying an inducible Cre recombinase 

under Pdx1 promoter control (Pdx1-CreERT2) (Gu, Dubauskaite et al. 2002). Mice 

bearing floxed Mfn alleles but lacking Cre recombinase were used as WT littermate 

controls. Mice were genotyped following protocols described by the Jackson 

laboratory for each of these strains. (See Electronic Supplemental Material (ESM) 

Table 1 for genotyping primer details). Recombination was achieved by daily 

tamoxifen (20mg/ml [diluted in corn oil; Sigma]) i.p. injections for five days at 7-8 weeks 

of age. Body weight was monitored every week, for 14 weeks, in ad libitum fed mice. 

Unless otherwise stated, all experiments were performed on 14-weeks aged male 

mice.  

 

mRNA extraction and quantitative reverse transcription PCR For measurements 

of mRNA levels, pancreatic islets from WT and βMfn1/2-KO mice were isolated by 
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collagenase digestion (Ravier and Rutter 2010). Total RNA from islets (50-100) was 

extracted using Trizol according to the manufacturer’s instructions. RNA (100-200ng) 

was then reverse transcribed using the High-Capacity cDNA reverse transcription kit 

(Life Technologies) including random primers. Gene expression was determined by 

quantitative reverse transcription PCR (qRT-PCR) using a SYBR Green PCR master 

mix (Life Technologies) and normalised to β-actin (Georgiadou, Haythorne et al. 2020) 

(see ESM Table 2 for primer details).  

 

Tissue DNA extraction and measurement of mitochondrial DNA (mtDNA) copy 

number Total islet DNA was isolated using Puregene Cell and Tissue Kit (Qiagen) 

and was amplified (100ng) using NADH dehydrogenase I primers (Kolesar, Wang et 

al. 2013), also known as complex I ( mt9/mt11) for mtDNA and Ndufv1  for nuclear 

DNA by real-time PCR using the Power SYBR Green RT-PCR kit (Applied 

Biosystems). The mtDNA copy number was calculated using Ndufv1 amplification as 

a reference for nuclear DNA content.  

 
 

SDS-PAGE and western blotting After isolation, ~100 islets were collected and lysed 

in ice-cold buffer (150 mmol/L NaCl, 10 mmol/L Tris HCl pH 7.2, 0.1% SDS, 1% 

sodium deoxycholate, 5 mmol/L EDTA, 1% Triton X-100) containing protease inhibitor 

cocktail (Roche) and phosphatase inhibitors (Sigma-Aldrich). 20 μg of total proteins 

were loaded, according to bicinchoninic acid (BCA) assay (Thermo Fisher) 

quantification. Lysates were denatured and resolved by 12% SDS-PAGE,and 

transferred to poly-vinylidene fluoride (PVDF) membranes (GE Healthcare) before 

immunoblotting. Blots were blocked 1 h at room temperature (RT) with 5% non-fat dry 

milk (Sigma-Aldrich) in TBS-tween (10 mmol/L Tris, 150 mmol/L NaCl, 0.1% Tween 
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20) solution and incubated at 4 °C with the primary antibody. Secondary antibodies 

were incubated 2 h at RT. Antibodies used in Western (immuno-) blot analysis were 

the following: mouse anti-MFN1 (Abcam, ab126575, RRID:AB_11141234, 1:500), 

mouse anti-MFN2 (Abcam, ab56889, RRID:AB_2142629, 1:500), goat anti-rabbit 

GAPDH (Cell signalling, #2118s, RRID:AB_561053; 1:10 000), goat anti-mouse HRP 

(Abcam, ab205719, RRID:AB_2755049, 1:5 000).  

 

Intraperitoneal (i.p.) glucose or insulin tolerance test and measurement of 

insulin secretion or ketone levels in vivo For glucose tolerance tests (IPGTT), WT 

and βMfn1/2-KO mice were fasted overnight followed by i.p. injection of glucose (20% 

w/v, 1g/kg body weight). Insulin tolerance was assessed 4 hours post-fasting and 

injection of insulin (0.75U/kg; Eli Lilly) i.p. (IPITT). Glucose was measured in tail vein 

blood at time points as indicated using an ACCU-CHECK Aviva glucometer (Roche). 

For in vivo insulin secretion measurements, fasted mice (overnight) were administered 

glucose (20% w/v, 3g/kg body weight) i.p., and plasma insulin was measured using an 

ultra-sensitive mouse insulin enzyme-linked immunosorbent assay (ELISA) kit 

(CrystalChem). -ketones were measured in tail vein blood from fed or fasted (16h) 

mice using an Area 2K device (GlucoMen).  

 
 

In vitro insulin secretion Islets were  isolated from mice and incubated for 1 h in 

Krebs-Ringer bicarbonate buffer (140 mmol/L NaCl, 3.6 mmol/L KCl, 0.5 mmol/L 

NaH2PO4, 2 mmol/L NaHCO3 [saturated with CO2], 1.5 mmol/L CaCl2, 0.5 mmol/L 

MgSO4, 10 mmol/L HEPES; pH 7.4) containing 3 mmol/L glucose. Subsequently, islets 

were incubated (10 islets/well) for 30 min in Krebs-Ringer solution with either 3 

mmol/L, 10mmol/L, 17mmol/L glucose, 20mmol/L KCl or 10mmol/L glucose 
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supplemented with 100nmol/L exendin-4 (Wuxi Apptec), the glucagon-like peptide-1 

(GLP-1; Wuxi Apptect) 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) in a PHERAstar reader (BMG 

Labtech), following the manufacturer's guidelines. Data are presented as secreted 

insulin/insulin content.  

 

Single-cell fluorescence imaging Pancreatic islets were isolated from mice, 

dissociated into single β-cells and plated onto glass coverslips (Tarasov, Semplici et 

al. 2012). To study mitochondrial structure, cells were incubated with 100nM 

Mitotracker green (Thermo Fischer) 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 imaging. Single channel image stacks for 

Mitotracker green were recorded on a LSM780 inverted confocal microscope (Carl 

Zeiss, Cambridge, UK) using a ×63 1.4 numerical aperture (NA) oil objective and 

excitation with an argon laser (488 nm) and captured using a GaAsP (Carl Zeiss) 

detector. The image X,Y and Z dimensions were optimised (Nyquist settings) prior to 

capture images to enable post processing by deconvolution using Huygens software 

(Scientific Volume Imaging). 

 

For experiments with tetramethylrhodamine ethyl ester (TMRE), β-cells were loaded 

with 10 nmol/L TMRE in modified Krebs-Ringer bicarbonate buffer (140 mmol/L NaCl, 

3.6 mmol/L KCl, 0.5 mmol/L NaH2PO4, 24 mmol/L NaHCO3 [saturated with CO2], 1.5 

mmol/L CaCl2, 0.5 mmol/L MgSO4, 10 mmol/L HEPES and 3 mmol/L glucose; pH 7.4) 

with 3 mmol/L glucose for 45 min and re-equilibrated with 2 nmol/L TMRE for 10 min 
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before recordings. TMRE (2 nmol/L) was present throughout and fluorescence was 

excited at 550 nm. Carbonyl cyanide-4-phenylhydrazone (FCCP; 1 μmol/L) was 

administrated, as indicated, and imaging was performed using an AxioObserver.Z1 

microscope (Zeiss) using a ×40 1.4 NA oil objective, a CMOS ORCA Flash 4 camera 

(Hamamatsu) 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). 

Data were analysed using ImageJ (Schneider, Rasband et al. 2012). Traces represent 

mean normalised fluorescence intensity over time (F/Fmin), where Fmin is the mean 

fluorescence recorded during the application of 3 mmol/L glucose.  

 

Mitochondrial shape analysis To determine morphological characteristics of 

mitochondria, confocal stacks were analysed with ImageJ using an in-house macro 

(available upon request). Briefly, for each stack, one image at the top, middle and 

bottom of the islet was analysed. After background subtraction, the following 

parameters were measured for each cell: number of particles, perimeter and circularity 

of each particle and elongation (1/circularity) was calculated (Wiemerslage and Lee 

2016). The average perimeter, circularity and elongation of particles was then 

calculated for each cell.  

 

Whole-islet fluorescence imaging Mitochondrial Ca2+ imaging of whole islets was 

performed after infection with adenovirus encoding the mitochondrially-targeted probe, 

R-GECO  as previously described (Georgiadou, Haythorne et al. 2020) (Addgene; 

RRID:Addgene_46021; MOI: 100; [48 h post-isolation]) in modified Krebs-Ringer 

bicarbonate buffer. To examine ATP:ADP changes in response to a rise in 

extracellular glucose concentration, islets were infected as previously described 
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(Georgiadou, Haythorne et al. 2020) with an adenovirus bearing cDNA encoding the 

ATP sensor pGW1CMV-Perceval (RRID:Addgene_21737; MOI: 100; kindly provided 

by G. Yellen [Yale University, USA]) (Tarasov, Semplici et al. 2012) and incubated for 

48 h prior to fluorescence imaging. Cytosolic Ca2+ imaging was performed after 

incubation with Cal-520 acetoxymethyl (AM; 2 μmol/L; 24 h post-isolation; Stratech) 

for 45 min in Krebs-Ringer bicarbonate buffer containing 3 mmol/L. Imaging was 

performed in Krebs supplemented with 3mmol/L or 17 mmol/L glucose, 17 mmol/L 

glucose with 0.1 mmol/L diazoxide (Diaz; Sigma-Aldrich), or 20 mmol/L KCl with 

diazoxide. ER Ca2+ storage was determined after incubation of islets with Cal-520 and 

3 mmol/L glucose and imaged in Krebs buffer supplemented with 3 mmol/L or 17 

mmol/L glucose, 17 mmol/L glucose with 0.1 mmol/L diazoxide or 100mol/L acethyl 

choline (Sigma). All images were captured at 0.5 Hz on a Zeiss Axiovert microscope 

equipped with a ×10 0.5 NA objective, a Hamamatsu image-EM camera coupled to a 

Nipkow spinning-disk head (Yokogawa CSU-10) and illuminated at 490 nm (Cal-520, 

Perceval) or 580 nm (R-GECO). Data were analysed using ImageJ (W.S 1997-2018). 

 

TIRF fluorescence imaging For experiments using the membrane-located zinc 

sensor ZIMIR (Li, Chen et al. 2011) islets from WT and KO islets were dissociated 

using accutase at 37C during 5 min and dissociated cells were left to attach on a poly-

L-lysine treated glass slides for 3 hours before incubation in KREBS buffer containing 

3 mmol/L glucose and ZIMIR (50 μmol/L) for 40 min. Live-imaging at the membrane 

was performed on a Nikon Ti microscope equipped with a iLas2 TIRF module and a 

100x/1.49 TIRF objective at 488 nM excitation. Acquisition rate was 3 images/second 

and after 3 min, KCl was added to a final concentration of 20 mmol/L.  
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For experiments using the fluorescent genetically-encoded and vesicle-located green 

marker NPY-Venus, islets were infected with an NPY-Venus adenoviral construct 

(Tsuboi and Rutter 2003) and left for expression for 48 hours. Islets were then 

dissociated as described above, left to attach to glass slide and fixed using 4% PFA 

in PBS. TIRF imaging was performed using the same microscopy system.  

 

Pancreas immunohistochemistry Isolated pancreata were fixed in 4% (vol/vol) 

buffered formalin and embedded in paraffin wax within 24 h of removal. Slides (5 μm) 

were submerged sequentially in Histoclear (Sigma, UK) followed by washing in 

decreasing concentrations of ethanol to remove paraffin wax. Permeabilised 

pancreatic slices were blotted with anti-guinea pig insulin (Cell Signalling; 1:500; 

#4590, RRID:AB_659820) and anti-mouse glucagon (Sigma; 1:1 000; G2654, 

RRID:AB_259852) primary antibodies. Slides were visualised by subsequent 

incubation with Alexa Fluor 488 and 568-labelled goat anti-guinea pig and anti-mouse 

antibodies (Thermo Fischer; 1:1 000; #A-11073, RRID:AB_2534117 and #A-11004, 

RRID:AB_2534072). For examination of apoptosis, TUNEL assay was performed 

using a DeadEnd Fluorometric TUNEL system kit and DNase I treatment (Promega) 

according to the manufacturer's instructions. Samples were mounted on glass slides 

using VectashieldTM (Vector Laboratories) containing DAPI. Images were captured on 

a Zeiss AxioObserver.Z1 microscope using a ×40 Plan-Apochromat 206/0.8 M27 air 

objective, a CMOS ORCA Flash 4 camera (Hamamatsu) with a Colibri.2 LED 

illumination system. Fluorescent quantification was achieved using ImageJ  with a 

purpose-designed macro (available upon request). Whole pancreas sections were 

used to quantitate cell mass. The number of TUNEL-positive cells of all visible islets 

was measured using ImageJ.  
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Metabolomics/lipidomics One method measuring mouse plasma molecules 

focused on a panel of known metabolites previously associated with diabetes, 

diabetes complications and metabolic dysfunction. These molecules were fully 

quantified using targeted ultra-high-performance liquid-chromatography coupled 

triple quadrupole mass spectrometry (UHPLC-QqQ-MS/MS) as described earlier 

(Ahonen, Jäntti et al. 2019). The second method aimed to measure a broad array of 

lipid species. Lipidomic sample preparation followed the Folch procedure with minor 

adjustments (Folch, Lees et al. 1957). Lipids were measured with ultra-high-

performance liquid-chromatography coupled quadruple-time-of-flight mass 

spectrometry (UHPLC-QTOF/MS) in both positive and negative ionization mode, 

identification was done using MZmine (version 2.28) matching to an in-house library 

(Pluskal, Castillo et al. 2010). Peak areas were normalized to internal standards 

(Whiley, Godzien et al. 2012). Significance was tested by Student’s two-tailed t-test 

using GraphPad Prism 8 software.  

 

Measurement of oxygen consumption rate Seahorse XF96 extracellular flux 

analyzer (Seahorse Bioscience) was used for intact mouse islets respirometry. For 

XF96 assays, mouse islets (~10 per well) were seeded in 1µL/well Matrigel (Corning) 

in a poly-D-lysine (PDL)-coated XF96 plate and size-matched between conditions. 

Islets were incubated at 37 °C for 3.5min to solidify the Matrigel before the addition of 

150µL/well of Seahorse assay media (XF Base Media Minimal DMEM, pH 7.4 

supplemented with 3mmol/L glucose, 200mM L-glutamine, 100mM sodium pyruvate 

and 0.1% FBS). Islets were incubated at 37 °C for approximately 1hr before starting 

the assay. 4 baseline (under 3mmol/L glucose) OCR measurements were taken 

before the following substrates/compounds were injected: 20mmol/L glucose in port 
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A, followed by Oligomycin (Sigma, final concentration of 5µM) in port B, FCCP (Sigma, 

final concentration of 1µM FCCP) in port C, and Antimycin A with Rotenone (Sigma, 

final concentration of 5µM) in port D. Data are presented as either pmol O2/min/islets. 

 

Electron microscopy (EM) For conventional EM, islets were chemically fixed in 2% 

paraformaldehyde (EM grade, TAAB Laboratories Equipment), 2% glutaraldehyde 

and 3 mM CaCl2 in 0.1 M cacodylate buffer (Sigma) for 2 h at room temperature then 

left overnight at 4°C in fresh fixative solution, osmicated, enrobed in agarose plugs, 

dehydrated in ethanol and embedded on Epon (TAAB Laboratories Equipment). Epon 

was polymerised overnight at 60°C. Ultrathin 70 nm sections were cut with a diamond 

knife (DiATOME) in a Ultracut UCT ultramicrotome (Leica) before examination on a 

Tecnai T12 TEM (FEI). Images were acquired in a charge-coupled device camera 

(Eagle), and processed in ImageJ. 

 

In vivo Ca2+ imaging of AAV8-INS-GCaMP6s infected endogenous pancreatic 

islets All mice were i.p. injected with tamoxifen daily at 15 weeks old. Endogenous 

pancreatic islets of WT and Mfn1/2-KO mice (16 weeks old) were then infected with 

AAV8-INS-GCaMP6s (Reissaus, Piñeros et al. 2019) viral particles (1*1014 or 

10.1*1013 genome copies/ml) via i.p. injection (50l/mouse), 24-28 days prior to 

terminal intravital imaging. On the day of imaging, mice were anesthetized with 2-4% 

inhaled isoflurane, the pancreas was then externalised and placed on a coverslip on 

a TCS SP8 DIVE (Leica) multiphoton platform equipped with heating pads and an 

objective warmer. Heated blankets were used at all times and temperature was 

constantly monitored using a rodent rectal temperature probe throughout the imaging 

session. A ×40 1.1 NA water immersion objective was used during imaging. Islets were 
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identified using green fluorescence from the GCaMP6s biosensor. Dyes suspended in 

saline, including Hoechst 33342 (Thermo Fisher Scientific: H3570; 70g), 

tetramethylrhodamine methyl ester (TMRM, Thermo Fisher Scientific T668; 3g) and 

Alexa Fluor 647 NHS Ester (Thermo Fisher Scientific; A20006) conjugated to Rat 

serum Albumin (Albumin-647; 500g) were injected retro-orbitally to label nuclei, 

mitochondria and vasculature, respectively. In vivo Ca2+ imaging was performed by 

simultaneously exciting GCaMP6s at both 820 nm and 940 nm to capture non-excited 

and excited states of Ca2+ activity in the β-cells. Fluorescent emission was detected 

by an external HyD detector (Leica) through a 500-550 nm bandpass filter. Hoechst, 

TMRM and the dual excitable Albumin-647 were excited at 820 nm and fluorescence 

emission was detected by either external PMT (Leica) or HyD detectors through 400-

470 nm, 570-630 nm and 650-750 nm bandpass filters, respectively. Baseline imaging 

of islets were recorded 10 min prior i.p. injection of glucose (1g/kg in sterile saline). 

The same islets were imaged for ~20 min to monitor Ca2+ oscillations post glucose 

injection. Baseline and post-imaging glucose measurements were obtained using an 

AlphaTRAK 2 glucometer. All images were collected at a scan speed of 600 Hz with 

a line average of 2, and a 512 x 512 frame size, with a frame rate of 0.576/s. At the 

end of each imaging session, animals were perfused with 4% (vol/vol) PFA and tissues 

were paraffin-embedded for further analysis. All in vivo imaging experiments were 

performed with approval and oversight from the Indiana University Institutional Animal 

Care and Use Committee (IACUC).  

Fluorescent traces were calibrated to calculate fluorescence spikes fold change above 

the baseline on three cells per condition using ImageJ. Then the AUC was determined, 

with a threshold at 0.15 to subtract background noise. 
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Monte Carlo-based signal binarisation and data shuffling for identification of 

highly connected cells Data were analysed using approaches similar to those 

previously described (Johnston, Mitchell et al. 2016, Salem, Silva et al. 2019). Ca2+ 

signals were denoised by subjecting the signal the Huang-Hilbert type (HHT) empirical 

mode decomposition (EMD). The signals were decomposed into their intrinsic mode 

functions (IMFs) in MATLAB (MathWorks) (Flandrin 2008). The residual and the first 

IMF with the high-frequency components were then rejected to remove random noise. 

The Hilbert-Huang Transform was then performed to retrieve the instantaneous 

frequencies (Huang , HUANG, WU et al. 2009, Shen 2014) of the other IMFs to 

reconstruct the new signal using 

𝑋(𝑡) = 𝑅𝑒∑𝑎𝑗(𝑡)𝑒
𝑖 ∫𝜔𝑗(𝑡)𝑑𝑡

𝑁

𝑗=1

 

where aj(t) = amplitude, ωj(t) = frequency of the ith IMF component to retrieve a 

baseline trend and to account for any photobleaching or movement artefacts. A 20% 

threshold was imposed to minimise false positives from any residual fluctuations in 

baseline fluorescence. 

Cell signals with deflection above the de-trended baseline were represented as '1' and 

inactivity represented as '0’, thus binarising the signal at each time point. The coactivity 

of every cell pair was then measured as: 

𝐶𝑖𝑗 =  
𝑇𝑖𝑗

√𝑇𝑖𝑇𝑗
 

where Tij = total coactivity time, Ti and Tj = total activity time for two cells. 

The significance at p<0.001 of each coactivity measured against chance was 

assessed by subjecting the activity events of each cell to a Monte Carlo simulation 

(Björnsdotter, Rylander et al. 2011, Shultis 2011) with 10,000 iterations. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 12, 2021. ; https://doi.org/10.1101/2020.04.22.055384doi: bioRxiv preprint 

https://doi.org/10.1101/2020.04.22.055384
http://creativecommons.org/licenses/by/4.0/


42 
 

Synchronised Ca2+-spiking behaviour was assessed by calculating the percentage of 

coactivity using the binarised cell activity dataset. A topographic representation of the 

connectivity was plotted in MATLAB with the edge colours representing the strength 

of the coactivity between any two cells. 

An 80% threshold was imposed to determine the probability of the data, which was 

then plotted as a function of the number of connections for each cell to determine if 

the dataset obeyed a power-law relationship (Hodson, Molino et al. 2010). 

 

RNA-Seq data analysis Processing and differential expression analysis of RNA-Seq 

data from high fat high sugar (HFHS) and regular chow (RC) fed mice was performed 

previously (Cruciani-Guglielmacci, Bellini et al. 2017). Briefly, differentially expressed 

genes were computed for the HFHS vs RC comparisons at 4 time-points for each of 

six mouse strains using the Limma package in R and p-values were adjusted for 

multiple comparisons using the Benjamini Hochberg procedure (Benjamini and 

Hochberg 1995). 

 

Statistics Data are expressed as mean ± SEM unless otherwise stated. Significance 

was tested by Student’s two-tailed t-test and Mann–Whitney correction or two-way 

ANOVA with Sidak’s multiple comparison test for comparison of more than two groups, 

using GraphPad Prism 8 software. p<0.05 was considered significant.  
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Electronic Supplemental Tables 

ESM Table 1. Sequence of primers used for genotyping Mfn1 and Mfn2 flox. 

ESM Table 2. List of primers used for qRT-PCR. 

ESM Table 3. Metabolite differences found in plasma samples of WT vs KO mice 
according to metabolic class and both fold-change and t-test criteria. 
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