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Abstract 22 

Type 2 diabetes (T2D) arises when the pancreatic beta-cell fails to compensate for 23 

increased insulin needs due to insulin resistance. Glucolipotoxicity has been proposed 24 

to induce beta‐cell dysfunction in T2D by formation of reactive oxygen species (ROS). 25 

Here we examined if modelling glucolipotoxic conditions by high glucose-high free 26 

fatty acid (FFA) exposure (GLT) regulate beta-cell iron transport, thereby increasing 27 

the cytosolic labile iron pool and iron-catalyzed ROS formation.   We show that GLT -28 

induced ROS production is regulated by an increased labile iron pool (LIP) associated 29 

with elevated expression of genes regulating iron import. Using pharmacological and 30 

transgenic approaches, we show that iron reduction and decreased iron import protects 31 

from GLT-induced ROS production, prevents impairment of the mitochondrial 32 

membrane potential, and inhibits apoptosis. This study identifies a novel pathway 33 

underlying GLT-induced apoptosis involving increased iron import, generation of 34 

hydroxyl radicals from hydrogen peroxide through the Fenton reaction in the cytosolic 35 

compartment associated with dissipation of the mitochondrial membrane potential and 36 

beta cell apoptosis. 37 

 38 

  39 
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Introduction 40 

Chronic nutritional overload is a very recent event in evolution, against which the 41 

development of cellular defense mechanisms has therefore not been advanced by 42 

selection pressure.  In contrast, fluctuations in circulating substrate levels as a result of 43 

bouts of fasting and feeding have prevailed throughout human history and have selected 44 

for acute accommodations to nutritional fluxes, thereby defining the physiological 45 

regulation of metabolism. The pathophysiology of metabolic disorders is thus in part 46 

characterized by the adverse effects of inappropriate handling of nutritional overload, 47 

and in part by aberrant and chronic activation of normal metabolic pathways. Much is 48 

still to be learned about the molecular sensing, signaling and organelle relaying of 49 

substrate overload. Three main hypotheses have been proposed to explain the 50 

impairment of cellular replication, differentiation, function, and survival caused by 51 

increased circulating levels of FFAs and glucose now by many referred to as gluco-52 

lipotoxicity (GLT) (Muoio and Newgard 2008): oxidative stress mediated by excess 53 

generation of reactive oxygen intermediates (ROS); lipid partitioning, i.e. redirection 54 

of FFA metabolism from beta-oxidation to build-up of toxic lipid metabolites and lipid 55 

storage; and activation of low-grade inflammation.  The molecular mechanisms 56 

regulating and executing the consequences of these major pathways are only partially 57 

understood.  58 

In highly metabolically active cells such as cardiomyocytes and hepatocytes exhibiting 59 

high mitochondrial densities, the oxidative burden is typically counteracted by high 60 

mitochondrial oxidative capacity and by the expression of antioxidant enzymes (Lenzen 61 

2017; Lenzen, et al. 1996). In spite of lower mitochondrial density, the highly 62 

metabolically active pancreatic beta-cells are uniquely sensitive to oxidative stress due 63 

to inadequate antioxidant defense (Lenzen et al. 1996).  64 
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Iron-sulfur (Fe-S) proteins in the electron transport chain (ETC) contribute to the 65 

generation of ROS from the mitochondria via the Fenton reaction (Thomas, et al. 2009) 66 

and in the cytosol via NAPDH oxidase activity (Bedard and Krause 2007). Tissue iron 67 

overload confers risk for the development of diabetes (Ellervik, et al. 2011; Ellervik, et 68 

al. 2001; Jehn, et al. 2004; Jiang, et al. 2004; Montonen, et al. 2012), and diabetes and 69 

the metabolic syndrome are associated with elevated circulating ferritin, a marker of 70 

cellular iron deposition (Ford and Cogswell 1999; Gabrielsen, et al. 2012). 71 

Additionally, human and rodent beta-cells accumulate iron in conditions of increased 72 

circulating iron, as seen in hereditary hemochromatosis and transfusional iron overload, 73 

promoting islet apoptosis, decreased islet mass and impaired insulin secretion due to 74 

increased ROS production (Cooksey, et al. 2004; Lu and Hayashi 1994; Lu, et al. 1991). 75 

These clinical observations confirm that the beta-cell is particularly vulnerable to 76 

aberrant intracellular iron accumulation.  77 

It is not known if GLT plays a causal role in enhancing beta-cell iron transport, thereby 78 

leading to excess ROS formation, beta-cell dysfunction and apoptosis. Therefore, we 79 

investigated this important science gap of considerable translational importance for the 80 

development of novel antidiabetic therapies targeting beta-cell iron handling.  81 

 82 

Materials and Methods 83 

Animal care 84 

Mice were housed with access to water and food ad libitum, in a 12 hr light/dark cycle 85 

(Hansen, et al. 2012) (Supplemental Materials and Methods). 86 

All the protocols were approved by the animal care committee of the University of 87 

Toronto or Danish Animal Inspectorate. 88 

 89 
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Islet isolation 90 

Islets were isolated after collagenase digestion and hand-picked (Supplemental 91 

Materials and Methods). 92 

 93 

Cell culture and treatment 94 

MIN6 cells were cultured in DMEM (Gibco, Hvidovre, DK) containing 4.5 g/L 95 

glucose, 10% foetal bovine serum (FBS, Gibco, Hvidovre, DK), 0.1% penicillin and 96 

streptomycin, and 50 µmol/L beta-mercaptoethanol (Gibco, Hvidovre, DK). 97 

Isolated islets were cultured in RPMI 1640 supplemented with 10% FBS and 0.1% 98 

penicillin and streptomycin at 37°C with 5% CO2.  99 

For GLT treatment, culture medium was supplemented with or without endotoxin-free 100 

glucose and/or palmitate +/- oleate (both Invitrogen, Nærum, Denmark) dissolved in 101 

80% ethanol. Fatty acids were conjugated to BSA for at least 4 hours at 37 °C in a molar 102 

ratio of 3:1 in culture medium prior to use, and the final concentrations were: palmitate 103 

(400 µM), combination of fatty acids palmitate (200 µM) and oleate (200 µM) and 104 

glucose 30 mM. Islets and MIN6 cells were treated with up to 72 hours and human 105 

islets for 24 hours.  Culture medium supplemented with BSA and ethanol was used as 106 

control for GLT.  107 

IL-1β (150 pg/mL) (BD Bioscience Pharmingen, San Diego, CA, USA) and IFN-γ (5 108 

ng/mL) (R&D Systems, Bad Nauheim, Germany) exposure was performed for 24 109 

hours.  110 

The iron chelator desferroxamine (DFO) (Sigma, Brøndby, Denmark) was dissolved in 111 

water and deferasirox (D-sirox) (Santa Cruz Biotechnology, Heidelberg, Germany) 112 

diluted in DMSO and added directly to the culture medium (See also Supplemental 113 

Materials and Methods). 114 

 115 

Glucose-stimulated insulin secretion perifusion and total islet insulin content: Basal 116 

insulin secretion was established by pre-incubating islets or MIN6 cells for at least one 117 
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hour in 3 mM glucose KRB. For stimulation, islets or MIN6 cell were incubated in 118 

KRB with the given concentrations of glucose for 30 minutes. KCl-induced insulin 119 

secretion was performed with 16.7 mM glucose and 30 mM KCl for 30 minutes. After 120 

GSIS experiments islets were lysed in ethanol-HCl at -20°C for at least 24 hours. 121 

Lysates were dried in a vacuum centrifuge, pellets were dissolved in ultra-pure water, 122 

and DNA was measured by spectrophotometry using NanoDrop 2000 (Thermo Fisher, 123 

DK). 124 

 125 

Islet perifusion: Fifty islets from littermates were preincubated in KRB (3 mM Glc) for 126 

two hours in KRB prior to perifusion, and then perifused at a flow rate of 1 mL per 127 

minute (Hansen et al., 2012). Total islet insulin was extracted from 10-20 islets lysed 128 

in ethanol-HCl at -20°C for at least 24 hours. Insulin was measured using an insulin 129 

homogeneous time resolved fluorescence (HTRF) kit according to manufacturer’s 130 

protocol (Cisbio, Codolet, France), or insulin ELISA (Kekow et al., 1988). 131 

 132 

Calcein assay 133 

Islets were incubated in imaging buffer with 0.25 µM calcein-AM (Molecular Probes, 134 

Nærum, Denmark) for 1 hour. Fluorescence was detected and analyzed as described 135 

(Hansen et al. 2012) and Supplemental Materials and Methods.Total islet calcein 136 

loading was measured after chelation with 0.015 mM D-Sirox, and changes in LIP was 137 

calculated as difference between total calcein load and quenched calcein fluorescence.  138 

 139 

Quantitative PCR 140 

RNA was extracted using RNeasy Mini Kit (Qiagen, Copenhagen, DK), and RNA was 141 

measured using NanoDrop 2000 (Thermo Fisher, DK). cDNA was synthesized using 142 
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SuperScript II Reverse Transcriptase (Sigma, Brøndby, DK), run with SybrGreen 143 

(Applied Biosystems, Nærum, DK), and analyzed on ViiA7 Real-Time PCR System 144 

(Applied Biosystems, Nærum, DK). Primers were purchased from TagCopenhagen 145 

(Copenhagen, DK) (Supplemental Materials and Methods). 146 

 147 

Mitochondrial membrane potential and HIF1a translocation 148 

Mitochondrial membrane potential and HIF1a translocation were measured in whole 149 

islets as previously described (Chan, et al. 2001; Cheng, et al. 2010) (Supplemental 150 

Materials and Methods). In brief, islets were loaded with Rhodamine123 (Rhod123; 151 

Molecular Probes, Nærum, Denmark) (2.5 mg/mL) for 10 min in imaging buffer and 152 

the increase in mitochondrial membrane potential was measured as quenching of 153 

Rhod123 fluorescence. Fluorescence was recorded and analysed as described in 154 

Supplemental Materials and Methods. 155 

 156 

Apoptosis assay 157 

Twenty-five islets per condition in duplicates were used for apoptosis assay. Apoptosis 158 

was detected using Roche Cell Death Detection ELISA (Roche, Hvidovre, DK) 159 

according to the manufacturer’s protocol. 160 

 161 

ROS 162 

Islets were loaded with CM-H2DCFDA (Molecular Probes, Nærum, Denmark) (10 163 

µM) for 45 minutes in imaging buffer, washed once and ROS was detected on Flex 164 

Station 3 as described (Friberg, et al. 2010) and  Supplemental Materials and Methods).  165 

 166 

Quantification of cytosolic and mitochondrial thiol oxidation 167 
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Islets were cultured, in batches of 10 at different glucose concentrations and/or 168 

palmitate with or without DFO (0.1 mM), infected with adenovirus coding mito-169 

roGFP1 or cyto-roGFP1 and transferred to a perifusion chamber in inverted microscope 170 

and fluorescence was measured every 30 s. After 20 min, 10 mM DTT was added to 171 

maximally reduce roGFP1, followed by 100 μM aldrithiol to maximally oxidize roGPF. 172 

The fluorescence ratio during the initial perifusion period was normalized to the ratio 173 

in DTT (set to 0%) and in aldrithiol (set to 100%). (Roma, et al. 2012) and Supplemental 174 

Materials and Methods). 175 

 176 

Statistics 177 

Statistics were performed using Prism (GraphPad, La Jolla, CA, USA). Student’s t-test, 178 

and one- and two-way ANOVA with Bonferroni’s post hoc test were used to assess 179 

significance. p < 0.05 was considered statistically significant. 180 

 181 

Results  182 

Glucolipotoxicity increases the beta-cell labile iron pool.  183 

Islets isolated from mice fed a high fat diet (HFD) for eight weeks had significantly 184 

increased LIP compared to islets from control-fed mice (Fig. 1A). GLT exposure in 185 

vitro for up to 72 hours (Fig. 1B), but not palmitate alone (Fig. S1A), significantly 186 

increased the islet LIP after 48 hours compared to vehicle-treated islets. Of note, a 187 

combination of palmitate and oleate considered to a be more relevant model of 188 

glucolipotoxicity in vivo significantly increased the LIP in isolated human islets (Fig. 189 

1C) to an even higher degree than the pro-inflammatory cytokines IL-1β and IFN-γ 190 

(Fig. 1D), previously shown to upregulate the iron transporter divalent metal transporter 191 

(DMT) 1 in human islets (Hansen et al., 2012).  192 
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To verify that the increase in islet LIP was beta-cell derived, we exposed insulin-193 

producing mouse MIN6 cells to palmitate for up to 72 hours. We did not manipulate 194 

the glucose concentration in MIN6 cell experiments, since MIN6 cells are normally 195 

grown in 25 mM glucose. Palmitate significantly increased LIP in MIN6 cells after 24 196 

hours of exposure (Fig. 1E). This increase in beta-cell LIP was associated with 197 

decreased glucose-induced insulin secretion and increased ROS production and 198 

apoptosis (Fig. S1B-D).  199 

Next, we investigated if the GLT-mediated increase in the beta-cell LIP was associated 200 

with changes in expression of iron handling genes in MIN6 cells exposed to palmitate 201 

for up to 24 hours (Figs. 1F-G and S1E-G). Palmitate significantly increased expression 202 

of the iron import genes DMT1 and transferrin receptor (Trfr) after 18 and 24 hours, 203 

while the iron storage gene ferritin heavy chain (Fth) was transiently downregulated at 204 

6 hours. Ferritin light chain (Ftl) and the iron export gene ferroportin (Fpn) were not 205 

regulated by palmitate exposure. Since increased ROS production has been suggested 206 

to induce beta-cell dysfunction through altered transcriptional activity (Prentice, et al. 207 

2014), we measured the expression of the beta-cell transcription factor pancreatic and 208 

duodenal homeobox 1 (Pdx1). Pdx1 was transiently downregulated after 6 hours of 209 

palmitate exposure, while insulin 1 (Ins1) gene expression was unaffected (Fig. S1H-210 

I), suggesting that GLT-induced transient differences in transcriptional activity are not 211 

responsible for the observed differences in GSIS. 212 

 213 

Iron-mediated beta-cell apoptosis is associated with an increase in cytosolic thiol 214 

oxidation 215 

To investigate the causal role of GLT-induced increases in intracellular beta-cell LIP 216 

for apoptosis, we used the pharmacological iron chelator DFO to decrease the LIP in 217 
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islets. DFO reduced the beta-cell LIP in a concentration-dependent manner after 48 218 

hours of treatment (Fig. 2A), without impacting absolute levels of GSIS, islet insulin 219 

content, accumulated insulin secretion or HIF1 nuclear translocation (Fig. S2A-C and 220 

data not shown). The stimulatory index of the GSIS from the iron-chelated islets was 221 

decreased as expected (Fig. S2A). The impact of the beta-cell LIP on GLT-induced 222 

apoptosis was then investigated in isolated islets exposed to vehicle or GLT for 48 hours 223 

in the presence or absence of DFO. GLT significantly increased islet apoptosis two-224 

fold, which was completely prevented by co-treatment with DFO (Fig. 2B).  225 

We next asked if an increase in the LIP in islets exposed to a moderate glucose 226 

concentration (G11), G11 supplemented with palmitate (G11_PA), high glucose (G30), 227 

or G30 supplemented with palmitate (G30_PA) caused an increase of ROS in the 228 

cytosol or in the mitochondria (Fig. 2C-D). We first verified that DFO did indeed 229 

reduce GLT-induced LIP in a concentration-dependent manner in MIN6 cells (Fig. 230 

S2D). Palmitate exposure for 48 hours increased thiol oxidation in the cytosol 231 

independently of iron, since DFO co-treatment did not reduce cytosolic thiol oxidation 232 

(Fig. 2C). This was consistent with the inability of palmitate alone to increase the beta-233 

cell LIP (Fig. S1A). In contrast, high glucose in combination with palmitate increased 234 

islet cytosolic thiol oxidation, which was decreased by iron chelation using DFO (Fig. 235 

2C). Islet mitochondrial thiol oxidation was significantly decreased by DFO at basal, 236 

G30 and G30_PA, whereas a 48 h exposure to high glucose or palmitate did not change 237 

the mitochondrial thiol oxidation (Fig. 2D).  238 

DFO treatment protected against FFA-mediated dysfunction estimated by GSIS and 239 

KCl-induced insulin secretion in islets exposed to a combination of palmitate and oleate 240 

for 24 hours (Fig. 2E) shown above to increase human islet LIP (Fig. 1C), 241 

 242 
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Iron is required for normal mitochondrial function 243 

Tamoxifen-inducible beta-cell specific DMT1 KO (Cre+Flox+) islets (Fig. S3A) had 244 

significantly decreased LIP (Fig. 3A) resulting in decreased ROS formation compared 245 

to WT (Cre-Flox+) islets (Fig. 3B).  246 

Since cytosolic ROS production promotes mitochondrial superoxide generation that 247 

may impair mitochondrial function (Coughlan, et al. 2009), we next investigated the 248 

change in mitochondrial membrane potential (MMP) of isolated  Cre-Flox+ and  249 

Cre+Flox+ islets upon glucose stimulation (Fig. 3C). At 3 mM glucose,  Cre+Flox+ islets 250 

exhibited a significant hyperpolarization of the MMP compared to Cre-Flox+ islets, 251 

confirming that the decreased GSIS observed in  Cre+Flox+ islets, is due to inability to 252 

increase the MMP upon high glucose exposure. The MMP of  Cre-Flox+ and  Cre+Flox+ 253 

islets were similar when stimulated with 20 mM glucose, as well as when the 254 

mitochondria were completely depolarized using NaN3.  255 

 256 

DMT1 KO protects from GLT-induced islet apoptosis associated with decreased ROS 257 

formation and preservation of the MMP 258 

GLT-induced islet apoptosis was completely inhibited in  Cre+Flox+ islets compared to  259 

Cre-Flox+ islets (Fig. 4A), and correlated with decreased GLT-induced ROS formation 260 

(Fig. 4B). Additionally, since lipotoxic exposure of islets promotes attraction of pro-261 

inflammatory macrophages to the islets to facilitate islet dysfunction (Eguchi et al., 262 

2012), we investigated islet secretion of IL-6, TNF-α and MCP-1 (Fig. S4A-F). We did 263 

not observe upregulation of the cytokines or the chemoattractant by GLT; however, 264 

DFO treatment significantly reduced the production of MCP-1. Iron chelation with 265 

DFO, but not DMT1 KO, significantly increased islet production of TNF-α, suggesting 266 

that this action is not associated with iron chelating properties of DFO.  267 
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Since  Cre+Flox+ islets were completely protected from apoptosis induced by 48 hours 268 

of GLT exposure, we wanted to investigate if  Cre+Flox+ islets had preserved secretory 269 

function. The stimulatory index of the GLT exposed DMT1 KO islets was significantly 270 

increased compared to GLT exposed WT islets (Fig.4C), showing that DMT1 KO in 271 

addition to protecting from GLT-induced apoptosis improves the ability of the islets to 272 

respond to glucose.  273 

We next wanted to investigate if reduced ROS formation in  Cre+Flox+ islets protected 274 

mitochondrial function by measuring islet MMP after 48 hours exposure to GLT (Fig. 275 

4D-E). GLT did not affect the MMP at 3mM glucose in  Cre-Flox+ islets; notably 276 

however, at 20 mM glucose  Cre-Flox+ islets exposed to GLT had significantly 277 

decreased MMP compared to vehicle exposed  Cre-Flox+ islets as measured by the area 278 

under the curve. In  Cre+Flox+ islets, 48 hours exposure to GLT neither affected the 279 

MMP at 3mM glucose or the MMP at 20mM glucose compared to vehicle treated  280 

Cre+Flox+ islet, suggesting that protection from cytosolic ROS formation prevented 281 

mitochondrial damage, and subsequent impairment in MMP.  282 

 283 

Discussion 284 

In the present study we investigated the mechanisms of GLT-induced beta-cell ROS 285 

production and cellular dysfunction. We found that GLT specifically alters the iron 286 

metabolism in beta-cells both in vivo and in vitro resulting in apoptosis. GLT induced 287 

Dmt1 and Trfr mRNA up-regulation in beta-cells, and this was associated with 288 

increased iron uptake, increased intracellular LIP, cytosolic ROS production, 289 

mitochondrial dysfunction and beta-cell apoptosis. Importantly, we observed an 290 

increase in islet LIP from islets isolated from mice fed HFD for 8 weeks, where severe 291 
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beta-cell damage is yet to occur but dysfunction is progressing. This suggests that 292 

increases in LIP and ROS formation might precede apoptosis in vivo. 293 

Our work is in line with previously published findings by ourselves and others, where 294 

decreased dietary iron or decreased iron uptake protects beta-cells from HFD-induced 295 

dysfunction (Cooksey, et al. 2010; Hansen et al. 2012). However, this observation was 296 

recently challenged in a study claiming that palmitate-mediated beta-cell apoptosis is 297 

mediated through a reduction in LIP and that DFO promotes beta-cell apoptosis (Jung, 298 

et al. 2015). Because DFO is a potent iron chelator and iron is an absolute growth 299 

requirement for insulin-producing cells (Nielsen 1989), it is not surprising to us that 300 

DFO induces beta-cell apoptosis, which we have in fact demonstrated in MIN6 cells at 301 

concentrations of 0.1 mM (Hansen, JB; unpublished data). It is therefore important to 302 

carefully titrate iron chelators for such studies.  303 

 304 

Dmt1 and Trfr are likely upregulated by JNK activation and ER stress, since 1) they 305 

contain predicted binding sites for the transcription factors AP1 and XBP1 respectively; 306 

2) AP1 activity is increased by glucotoxicity in a beta-cell line; and 3) Xbp1 mRNA is 307 

increased in rat islets by palmitate exposure and by palmitate and oleate exposure in 308 

human islets respectively (Cunha, et al. 2008; Maedler, et al. 2008). These observations 309 

also provide a potential mechanism for the synergistic effect of glucose and FFAs in 310 

inducing the LIP in mouse beta-cells.  311 

 312 

From studies in hepatocytes, another highly metabolically active cell, it has been 313 

proposed that GLT-induced ROS formation is caused by physical interaction between 314 

the mitochondria and ER with release of calcium from the ER to the mitochondria, 315 

resulting in decreased mitochondrial function, increased mitochondrial ROS formation 316 
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and JNK activation (Arruda, et al. 2014). Importantly, our data suggests that GLT 317 

induces cytosolic ROS production, rather than increasing mitochondrial ROS 318 

production. This, however, does not exclude GLT-induced beta-cell ER-mitochondrial 319 

interactions via calcium signalling and mitochondrial ROS production post or prior to 320 

iron accumulation, since DFO and DMT1 have limited or no calcium affinity 321 

(Ehrnstorfer, et al. 2014; Munoz, et al. 2011). 322 

 323 

Recently, iron uptake in metabolically unstressed human beta-cells was proposed to be 324 

carried out primarily via non-transferrin dependent iron import by the plasma 325 

membrane protein ZIP14 (solute carrier family 39 member 14, SLC39A14), 326 

independently of DMT1 and TRFR (Coffey and Knutson 2017), suggesting the 327 

existence of two distinct pathways for iron uptake. We hypothesize a physiological role 328 

for DMT1 to maintain insulin secretion by controlling the LIP and thereby the ROS 329 

levels required to fine-tune insulin-secretion driven by the stimulus-secretion coupling. 330 

Of note we found that the iron chelator DFO decreased the islet mitochondrial but not 331 

the cytosolic thiol oxidation in the absence of metabolic stress. This suggests that under 332 

normal conditions the cytosolic LIP and ROS production is minimal and their 333 

contribution to GSIS likely to be limited. In addition, it confirms previous findings that 334 

mitochondrial function and ROS production primarily contribute to GSIS (Leloup, et 335 

al. 2009), and shows the importance of iron in maintaining mitochondrial ROS 336 

production.  337 

 338 

A caveat for the in vivo translation of the findings in this study is the diverse reports 339 

regarding the cellular effects and mechanisms of glucotoxicity, lipotoxicity and 340 

glucolipotoxicity and their dependence on experimental contexts (type of cell line, 341 
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species, animal model for ex vivo studies, duration or concentrations of exposures). It 342 

should be noted, however, that we observed protection against HFD induced glucose 343 

intolerance associated with increased circulating insulin levels in mice with inducible 344 

beta-cell specific deletion of DMT-1 (Hansen et al., 2012), providing in vivo evidence 345 

for the validity of the in vitro observations in the present study. 346 

 347 

We conclude that iron transport via DMT-1 is a novel central mechanism relaying GLT 348 

with generation of hydroxyl radicals from hydrogen peroxide through the Fenton 349 

reaction and ROS formation in the cytosolic compartment associated with dissipation 350 

of the mitochondrial membrane potential and beta cell apoptosis. Taken together with 351 

the accumulating epidemiological evidence suggesting that iron overload leads to 352 

diabetes (Bonfils, et al. 2015; Ellervik et al. 2011) and that patients with diabetes have 353 

increased tissue iron accumulation (Gabrielsen et al. 2012; Rajpathak, et al. 2009), our 354 

findings highlight control of iron levels as an attractive novel treatment option for the 355 

prevention of diabetes. Clinical trials are warranted to validate this translation of our 356 

preclinical findings.  357 

 358 
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Figure Legends 1 

 2 

Figure 1. The beta-cell labile iron pool is increased by GLT.  3 

(A) Quantification of the labile iron pool (LIP) from isolated islets of mice fed a high 4 

fat diet (HFD) or chow for seven weeks was measured by calcein assay. Means +SEM 5 

of n=4-5, *p<0.05, Student’s t-test. 6 

(B) Quantification of the LIP from isolated mouse islets exposed to GLT (400 µM 7 

palmitate and 30 mM glucose) or vehicle (BSA and ethanol) for up to 72 hours using 8 

calcein assay. Means +SEM of 4-7 independent experiments, *p<0.05, Student’s t-9 

test. 10 

(C) Quantification of the LIP in human islets exposed to a combination of palmitate 11 

(200µM) and oleate (200 µM) for 24 hours using calcein assay. Means +SEM of n=4, 12 

*p<0.05, Student’s t-test. 13 

(D) Quantification of the LIP in human islets exposed to a combination of IL-1β (150 14 

pg/mL) and IFN-γ (5 ng/mL) for 24 hours using calcein assay. Means +SEM of n=3, 15 

*p<0.05, Student’s t-test. 16 

(E) Quantification of the LIP in MIN6 cells exposed to with palmitate (400 µM) or 17 

vehicle (BSA and ethanol) for up to 72 hours using calcein assay. Means +SEM of 3-18 

4 independent experiments, *p<0.05, Student’s t-test. 19 

(F-G) Transferrin (Trfr) and divalent metal transporter 1 (Dmt1) mRNA in MIN6 cells 20 

exposed to palmitate (400 µM) or vehicle (BSA and ethanol) for up to 24 hours. 21 

Means +SEM of six independent experiments, *p<0.05, ****p<0.0001, Student’s t-22 

test. 23 

 24 



Figure 2 GLT induces iron dependent cytosolic ROS production, apoptosis and 25 

secretory dysfunction. 26 

(A) Quantification of the LIP from isolated islets treated with different concentrations 27 

of DFO using calcein assay. Means +SEM of 4-6 independent experiments. 28 

(B) Apoptosis measurement using DNA-histone complex detection by ELISA in 29 

isolated islets exposed to GLT (400 µM palmitate and 30 mM glucose) or vehicle 30 

(BSA and ethanol) with or without DFO (0.1 mM) for 48 hours. Means +SEM of four 31 

independent experiments, *p<0.05 Control GLT vs. DFO GLT, #p<0.05 Control 32 

Vehicle vs. Control GLT, two-way ANOVA. 33 

Cytosolic (C) and mitochondrial (D) thiol oxidation in islets exposed to medium 34 

containing 11 mM glucose (G11), G11 supplemented with 400 µM palmitate 35 

(G11_PA), 30 mM glucose (G30) or G30 with 400 µM palmitate (G30_PA) with or 36 

without DFO (0.1 mM) for 48 hours using cyto-roGFP1 and mito-roGFP1 probes, 37 

respectively. Means +SEM of 3-5 independent experiments, **p<0.01 G30_PA vs. 38 

G30_PA DFO, Student’s t-test. 39 

(E) GSIS from isolated islets exposed to FFA (200 µM palmitate and 200 µM oleate) 40 

or vehicle (BSA and ethanol) with or without DFO (0.1 mM) for 48 hours. Means 41 

+SEM of four independent experiments, **p<0.01, Student’s t-test. 42 

Figure 3 Iron is important for beta-cell mitochondrial function  43 

(A) Quantification of the LIP from isolated islets of inducible beta-cell specific WT 44 

(Cre-Flox+) or KO (Cre+Flox+) mice. Means +SEM of n=5-6 independent 45 

experiments, ***p<0.001, Student’s t-test. 46 

(B) ROS production in isolated islets of Cre-Flox+ and Cre+Flox+ islets measured by 47 

H2DCF fluorescence. Means +SEM of n=9, *p<0.05, Student’s t-test. 48 



 (C) MMP measurements using Rhod123 in isolated Cre-Flox+ and Cre+Flox+ islets. 49 

Left, means +SEM fluorescence traces from islets analyzed, n=8-9. Right, means 50 

+SEM AUC of fluorescence traces normalized to time of n=5 independent 51 

experiments, *p<0.05, Student’s t-test. 52 

 53 

Figure 4 Beta-cell specific DMT1 KO reduces GLT mediated apoptosis ROS 54 

production and mitochondrial damage. 55 

(A) Apoptosis measurement using DNA-histone complex detection by ELISA in 56 

isolated Cre-Flox+ and Cre+Flox+ islets exposed to GLT (400 µM palmitate and 30 57 

mM glucose) or vehicle (BSA and ethanol). Means +SEM of four independent 58 

experiments, **p<0.01, Student’s t-test. 59 

(B) ROS production in isolated islets of Cre-Flox+ and Cre+Flox+ islets exposed to 60 

GLT (400 µM palmitate and 30 mM glucose) or vehicle (BSA and ethanol) measured 61 

by H2DCF fluorescence. Means +SEM of three independent experiments, **p<0.01 62 

and **p<0.01 Vehicle Cre-Flox+ vs. GLT Cre-Flox+, ##p<0.01 GLT Cre-Flox+ vs. 63 

GLT Cre+Flox+, Student’s t-test. 64 

(C) Insulin secretion measured by perifusion in isolated Cre-Flox+ and Cre+Flox+ 65 

islets exposed to GLT (400 µM palmitate and 30 mM glucose) or vehicle (BSA and 66 

ethanol). Left panel, perifusion traces. Middle panel, stimulatory index of islet 67 

perifusion experiment. Right panel, total islet insulin after perifusion. Graphs show 68 

means +SEM of four independent experiments, **p<0.01, Student’s t-test. 69 

(D) MMP measurements using Rhod123 in isolated Cre-Flox+ islets exposed to GLT 70 

(400 µM palmitate and 30mM glucose) or vehicle (BSA and ethanol). Left panel, 71 

means +SEM of fluorescence traces from islets analyzed, n=5-7. Right panel, means 72 



+SEM AUC of fluorescence traces normalized to time of n=4-7 independent 73 

experiments, *p<0.05, **p<0.01, Student’s t-test. 74 

(E) MMP measurements using Rhod123 in isolated Cre+Flox+ islet exposed to GLT 75 

(400 µM palmitate and 30 mM glucose) or vehicle (BSA and ethanol). Left panel, 76 

means +SEM of fluorescence traces from islets analyzed, n=4-5. Right, means +SEM 77 

AUC of fluorescence traces normalized to time of n=4-5 independent experiments, 78 

*p<0.05, **p<0.01, Student’s t-test. 79 

 80 

Supplemental figure legends 81 

Figure S1  82 

(A) Quantification of the LIP from isolated islets exposed to palmitate (400 µM) or 83 

vehicle (BSA and ethanol) for 24 hours using calcein assay. Means +SEM of three 84 

independent experiments, *p<0.05, Student’s t-test. 85 

(B) ROS production in MIN6 cells exposed to palmitate (400 µM) or vehicle (BSA 86 

and ethanol) for 24 hours measured by H2DCF fluorescence. Means +SEM of five 87 

independent experiments, *p<0.05, Student’s t-test. 88 

(C) GSIS in MIN6 cells exposed to palmitate (400 µM) or vehicle (BSA and ethanol) 89 

for 24 hours. Means +SEM of six independent experiments, *p<0.05, Student’s t-test. 90 

(D) Apoptosis measurement using DNA-histone complex detection by ELISA in 91 

MIN6 cells exposed to palmitate (400 µM) or vehicle (BSA and ethanol) for 24 hours. 92 

Means +SEM of five independent experiments, **p<0.01, Student’s t-test. 93 

(E-I) Expression of ferritin heavy chain (Fth), ferritin light chain (Ftl) ferroportin 94 

(Fpn) pancreatic duodenum homeobox (Pdx) 1, and insulin (Ins) 1 mRNA in MIN6 95 

cells exposed to palmitate (400 µM) or vehicle (BSA and ethanol) for up to 24 hours. 96 

Means +SEM of six independent experiments, *p<0.05, Student’s t-test. 97 

 98 

Figure S2 99 

(A) Stimulatory index (fold of 3 mM glucose, right) of mouse islets exposed to 100 

various concentrations of DFO for 48 hours. Means +SEM of five independent 101 

experiments. 102 



(B) Quantification of accumulated insulin secreted into the media from isolated islets 103 

during treatment with DFO (0.1mM) for 48 hours. Means +SEM of three independent 104 

experiments. 105 

(C) Total islet insulin content of islets after treatment with DFO (0.1 mM) for 48 106 

hours. Means +SEM of three independent experiments. 107 

(D) Quantification of LIP in MIN6 cells exposed to palmitate (400 µM) with 108 

increasing concentrations of DFO. Data shown as fold of vehicle control with means 109 

+SEM of 3-4 independent experiments, *p<0.05, Student’s t-test. 110 

  111 

Figure S3 112 

(A) DMT1 KO verification by RT-PCR in isolated Cre-Flox+ and Cre+Flox+ islets. 113 

Means +SEM of n=2 independent experiments. 114 

(B) GSIS and KCl induced insulin secretion from isolated Cre-Flox+ and Cre+Flox+ 115 

islets normalized to secretion at 3 mM glucose. Means +SEM of three independent 116 

experiments. 117 

 118 

Figure S4 119 

(A-C) Measurements of IL-6, TNF-α and MCP-1 secretion to the culture medium 120 

from islets exposed to GLT (400 µM palmitate and 30 mM glucose) or vehicle (BSA 121 

and ethanol) in the presence or absence of DFO (0.1 mM) for 48 hours, or (D-F) in 122 

GLT or vehicle exposed Cre-Flox+ and Cre+Flox+ islets. Means +SEM of 2-4 123 

independent experiments, *p<0.05, Student’s t-test. 124 
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Figure 2

DFO Effect on LIP in Mouse Islets
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Figure 3
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Figure 4
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Supplemental	Information	

	

Supplemental	Materials	and	Methods	

Animal	care	

The	floxed	Slc11a2	(Gunshin	et	al.,	2005)	and	Cre‐ERT	(Gu	et	al.,	2002)	mice	were	

bred	by	heterozygous	breeding	to	generate	the	inducible	beta‐cell	specific	DMT1	

knock‐out	(KO)	mouse	(Hansen	et	al.,	2012),	used	for	experimentation	at	10‐12	

weeks	of	age.	Tamoxifen‐induced	beta‐cell	specific	DMT1	KO	was	performed	as	

previously	described	(Hansen	et	al.,	2012).	CD1	and	NMRI	mice	were	used	for	

wild‐type	mouse	experiments.	For	high	fat	diet	(HFD)	studies,	five‐week‐old	

male	CD1	mice	were	purchased	from	Charles	River	(Toronto,	ON,	Canada)	and	

allowed	to	acclimatize	for	one	week	prior	to	being	placed	on	a	high	fat	diet	with	

60%	kcal	from	fat	(OpenSource	diets	D12492,	Research	Diets	Inc,	New	

Brunswick,	NJ,	USA)	or	a	matched	sucrose	chow	diet	with	10%	kcal	from	fat	

(OpenSource	diets	D12450J,	Research	Diets	Inc,	New	Brunswick,	NJ,	USA)	for	

eight	weeks.	

	

Islet	Isolation	

Mice	were	sacrificed	by	cervical	dislocation,	and	pancreata	were	inflated	with	0.8	

mg/mL	collagenase	V	(Sigma,	Brøndby,	Denmark)	solution	in	RPMI	1640	(Gibco,	

Nærum,	Denmark)	without	serum	via	injection	through	the	common	bile	duct.	

Digestion	was	carried	out	on	a	37°C	water	bath,	and	the	enzymatic	reaction	was	

stopped	by	addition	of	cold	RMPI	1640	supplemented	with	10%	foetal	bovine	

serum	(FBS,	Gibco,	Nærum,	Denmark)	and	0.1%	penicillin	and	streptomycin.	

Islets	were	hand‐picked	and	cultured	over	night	before	experimentation.	

	

Islet	and	cell	culture	reagents	

The	iron	chelator	desferroxamine	(DFO)	(Sigma,	Brøndby,	Denmark)	was	

dissolved	in	ultra‐pure	water	and	sterile	filtered.	DFO	was	prepared	fresh	for	

each	experiment.	The	cell	permeant	iron	chelator	deferasirox	(D‐sirox)	(Santa	

Cruz	Biotechnology,	Heidelberg,	Germany)	was	diluted	in	DMSO.	

IL‐1β	(Invitrogen,	Nærum,	Denmark)	and	IFN‐γ	(RnD	Systems,	Abingdon,	UK)	

stocks	were	prepared	in	PBS	(Gibco,	Nærum,	Denmark)	supplemented	with	0.1%	



	 2

fatty	acid‐free	bovine	serum	albumin	(BSA)	(Sigma,	Brøndby,	Denmark)	as	

carrier	protein.	

	

Calcein	assay	

Islets	were	incubated	in	freshly	made	imaging	buffer	(130	mM	NaCl,	5	mM	KCl,	2	

mM	CaCl2,	1	mM	MgCl2,	5	mM	NaHCO3,	10	mM	HEPES,	pH	=	7.4)	with	0.25	µM	

calcein‐AM	(Molecular	Probes,	Nærum,	Denmark)	for	1	hour.	Fluorescence	

(excitation:	488	nm,	emission:	517	nm)	was	detected	using	an	Olympus	BX51W1	

microscope	(Tokyo,	Japan)	with	a	×20/0.95NA	water	immersion	objective	and	a	

cooled	charge‐coupled	device	camera	and	analyzed	using	ImageMaster	version	

3.0	software	(Photon	Technology	International,	Birmingham,	NJ,	USA)	or	Flex	

Station	3	(Molecular	Devices,	Sunnyvale,	CA,	USA)	in	black	clear‐bottom	96‐well	

plates.	Total	islet	calcein	loading	was	measured	after	chelation	with	0.015	mM	D‐

Sirox,	and	changes	in	LIP	was	measured	as	difference	between	total	calcein	load	

and	quenched	calcein	fluorescence.		

	

Mitochondrial	membrane	potential	

Islets	were	grown	on	extracellular	matrix‐coated	coverslips	(Biological	

Industries,	Kibbutz	Beit‐Haemek,	Israel)	in	RPMI	1640	supplemented	with	2%	

human	serum	(BioWhittaker,	VWR,	Søborg,	Denmark)	until	attached.	Islets	were	

cultured	in	RPMI	1640	with	10%	FBS	for	48	hours	prior	to	experimentation	or	

treated	with	vehicle	or	GLT.	Two	hours	prior	to	experimentation,	islets	were	

cultured	in	3.0	mM	glucose	RPMI	to	establish	basal	mitochondrial	membrane	

potential.	Islets	were	loaded	with	Rhodamine123	(Rhod123;	Molecular	Probes,	

Nærum,	Denmark)	(2.5	mg/mL)	for	10	min	in	imaging	buffer	and	the	increase	in	

mitochondrial	membrane	potential	upon	increase	in	glucose	concentration	(3	

mM	to	20	mM)	was	measured	as	quenching	of	Rhod123	fluorescence.	At	the	end	

of	experiment,	total	depolarization	of	the	mitochondrial	membrane	was	

measured	after	addition	of	5	mM	NaN3	(Sigma,	Denmark).	Fluorescence	was	

recorded	using	upright	Zeiss	(Zeiss,	Oberkochen,	Germany)	LSM	700	confocal	

microscope	with	a	488	nm	10	mV	diode	laser,	x40/0.75W	N‐Achroplan	water	

immersion	objective,	and	full	pinhole.	Data	was	analyzed	using	Zeiss	Black	2012	

(Zeiss,	Oberkochen,	Germany)	and	Image	J	(Fiji).	
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Primers	

Fpn:	Fwd:	5’	GCTGCTAGAATCGGTCTTTGG	‘3;	Rev:	5’	

CAGCAACTGTGTCACCGTCAA	‘3.	Trfr:	Fwd:	5’	GAGGAACCAGACCGTTTAGTTGT	‘3;	

Rev:	5’	CTTCGCCGCAACACCAGCA	‘3.	Ftl:	Fwd:	5’	

TGGCCATGGAGAAGAACCTGAATC	‘3;	Rev:	5’	GGCTTTCCAGGAAGTCACAGAGAT	

‘3.	Fth:	Fwd:	5’	TCAGTCACTACTGGAACTGC	‘3;	Rev:	5’	

CGTGGTCACCCAGTTCTTTA	‘3.	Pdx1:	Fwd:	5’	ACAAATACATCTCCCGGCCC	‘3;	Rev:	

5’	GTCACCGCACAATCTTGCTC	‘3.	Beta‐Actin:	Fwd:	5’	CTGAATGGCCCAGGTCTGA	

‘3;	Rev:	5’	CCCTGGCTGCCTCAACAC	‘3.	Ins1:	Fwd:	5’	

GGTGGGCATCCAGTAACCCCCA	‘3;	Rev:	5’GAAGCCACGCTCCCCACACA	‘3.	Dmt1:	

Fwd:	5’CGGAGTCCTCATCACCATCG	’3;	Rev:	5’	TGGGCTTCACTGTAATGTACTCA	‘3.	

	

ROS	

Twenty‐five	islets	per	condition	in	duplicates	were	used	for	ROS	detection	using	

CM‐H2DCFDA	(Molecular	Probes,	Nærum,	Denmark).	Islets	were	loaded	with	

CM‐H2DCFDA	(10	µM)	for	45	minutes	in	imaging	buffer,	washed	once	and	ROS	

was	detected	on	Flex	Station	3	(Molecular	Devices,	Sunnyvale,	CA,	USA),	with	a	

repeated	measurement	after	45	minutes	(Friberg	et	al.,	2010).	

	

Quantification	of	cytosolic	and	mitochondrial	thiol	oxidation	

Isolated	islets	were	cultured	overnight	in	serum‐free	RPMI	medium	

supplemented	with	5g/L	BSA.	Islets	were	dispersed	by	incubation	in	trypsin	for	

3	min,	and	the	reaction	was	stopped	with	RPMI	medium	supplemented	with	

10%	FBS.	The	islets	were	then	cultured,	in	batches	of	10,	at	different	glucose	

concentrations	and/or	palmitate	with	or	without	DFO	(0.1	mM).		

Islets	were	infected	with	200	MOI	of	an	adenovirus	coding	mito‐roGFP1	or	cyto‐

roGFP1.	Two	days	later,	they	were	transferred	to	a	37°C	temperature‐controlled	

perifusion	chamber	placed	on	the	stage	of	an	inverted	microscope.	Islets	were	

perifused	at	a	flow	rate	of	1	ml/min	with	a	bicarbonate‐buffered	Krebs	solution	

containing	the	same	glucose	concentration	as	during	previous	culture.	Cell	

fluorescence	was	measured	at	535	nm	during	alternate	excitation	at	400/480	

nm	every	30	s.	After	20	min	of	perifusion	in	Krebs,	10	mM	DTT	was	added	to	
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maximally	reduce	roGFP1,	followed	by	100	μM	aldrithiol	to	maximally	oxidize	

roGPF.	The	fluorescence	ratio	during	the	initial	perifusion	period	was	

normalized	to	the	ratio	in	DTT	(set	to	0%)	and	in	aldrithiol	(set	to	100%).		

	

Transcription	factor	binding	site	prediction	

Prediction	of	transcription	factor	binding	sites	was	performed	at	Sabiosiences	

homepage	(http://www.sabiosciences.com/chipqpcrsearch.php)	
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