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Abstract: The development of obesity and type 2 diabetes (T2D) has been associated with impaired
mitochondrial function. In pancreatic beta (β) cells, mitochondrial energy metabolism plays a central
role in triggering and controlling glucose-stimulated insulin secretion (GSIS). Here, we have explored
whether mitochondrial bioenergetic parameters assessed with Seahorse extracellular flux technology
can quantitatively predict insulin secretion. We metabolically stressed male C57BL/6 mice by high-fat
feeding (HFD) and measured the glucose sensitivity of islet respiration and insulin secretion. The
diet-induced obese (DIO) mice developed hyperinsulinemia, but no pathological secretory differences
were apparent between isolated DIO and chow islets. Real-time extracellular flux analysis, however,
revealed a lower respiratory sensitivity to glucose in DIO islets. Correlation of insulin secretion with
respiratory parameters uncovers compromised insulin secretion in DIO islets by oxidative power.
Normalization to increased insulin contents during DIO improves the quantitative relation between
GSIS and respiration, allowing to classify dysfunctional properties of pancreatic insulin secretion,
and thereby serving as valuable biomarker for pancreatic islet glucose responsiveness and health.

Keywords: mitochondria; bioenergetics; glucose-stimulated insulin secretion; pancreatic islets; respi-
ration

1. Introduction

Pancreatic β cells are specialized endocrine cells that integrate signals from glucose
and other fuels to control the secretion of insulin [1]. Glucose induces insulin secretion via
both triggering and amplifying pathways [2]. The triggering pathway involves oxidative
glucose catabolism, a rise in the cytosolic adenosine triphosphate/adenosine diphosphate
(ATP/ADP) ratio, closure of ATP-sensitive potassium (KATP) channels, depolarization of
the plasma membrane, influx of calcium ions, and eventual exocytosis of insulin-containing
granules [3–5]. The amplifying pathways boost this glucose-stimulated insulin secretion
(GSIS) in a KATP-channel-independent (but Ca2+-dependent) way [4,6]. Many steps of
the β cell insulin secretory pathways can affect the efficiency of insulin secretion. Mito-
chondria are intimately involved in glucose catabolism because oxidative phosphorylation
has control over the ATP/ADP ratio and, thus, GSIS [7]. Oxidative phosphorylation is
ideally assessed by combining respiratory flux and mitochondrial membrane potential
measurements [8,9]. While mitochondrial membrane potential measurements of β cell
mitochondria are challenging in intact β cells because of glucose-evoked plasma membrane
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potential fluctuations [10], cellular respiratory flux measurements are relatively straight-
forward [11]. Several parameters are readily calculated from whole-cell oxygen uptake to
give insight in the efficiency by which energy liberated from oxidative glucose breakdown
is conserved as ATP. These parameters include glucose sensitivity (GS), i.e., the magnitude
of respirational increase upon glucose stimulus, and coupling efficiency (CE) of oxidative
phosphorylation, i.e., the part of mitochondrial respiration coupled to ATP synthesis [8].
Notably, these bioenergetic parameters are internally normalized and, thus, dimensionless,
which renders them more sensitive indicators of oxidative phosphorylation than absolute
oxygen uptake rates [8]. For example, CE has been instrumental for demonstrating a glu-
cose sensitivity of oxidative phosphorylation in INS-1E insulinoma cells that is regulated
by mitochondrial uncoupling protein-2 [12]. This bioenergetic regulation is reflected by
insulin secretion activity, which suggests the possibility that CE has broader predictive
power that may be exploited to forecast β cell dysfunction.

In this study, we correlated mitochondrial respiration and insulin secretion in pan-
creatic islets from chow-fed and diet-induced obese (DIO) mice, with the aim to identify
parameters that allow classification of insulin secretion deficiencies. DIO mice represent a
model of a well-established risk scenario in which obesity leads to insulin resistance, β cell
dysfunction, and eventually type 2 diabetes mellitus [13]. Our findings suggest that loss of
mitochondrial respiratory sensitivity to glucose is an early warning sign for compromised
insulin secretion.

2. Results and Discussion
2.1. Inducing Metabolic Stress in Mice

We tested our hypothesis on the relation between respiration and insulin secretion
in DIO mice, a typical model for the development of insulin resistance and hyperinsu-
linemia. Male C57BL/6 mice were kept on high-fat diet (HFD) for 16 weeks to induce
obesity (~45.8 g HFD vs. ~28.8 g chow; Figure 1A). Plasma insulin levels were dramat-
ically increased (Figure 1B). However, plasma glucose levels were unchanged (Figure
1C), suggesting that hyperinsulinemia was sufficient to compensate insulin resistance in
HFD mice.
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Figure 1. Characterization of chow (black bars) and HFD (white bars) fed C57BL/6 mice. (A) Body weight; (B) plasma 
insulin level; and (C) plasma glucose levels. The mice were 8 weeks old at the start of the feeding experiment. Data are 
represented as ± SEM (n = 8 mice per group). Statistical significance of mean differences was tested by unpaired two-tailed 
student t-test. p < 0.001 (***). 

2.2. Respiratory Activity but Not Insulin Secretion Is Impaired in Islets of DIO Mice 
Interestingly, the assessment of insulin secretion between chow and DIO islets re-

vealed no differences (Figure 2A). In contrast, averaged real-time oxygen consumption 
traces in Figure 2B demonstrate clearly that respiration in DIO islets differs drastically 

Figure 1. Characterization of chow (black bars) and HFD (white bars) fed C57BL/6 mice. (A) Body weight; (B) plasma
insulin level; and (C) plasma glucose levels. The mice were 8 weeks old at the start of the feeding experiment. Data are
represented as ± SEM (n = 8 mice per group). Statistical significance of mean differences was tested by unpaired two-tailed
student t-test. p < 0.001 (***).

2.2. Respiratory Activity but Not Insulin Secretion Is Impaired in Islets of DIO Mice

Interestingly, the assessment of insulin secretion between chow and DIO islets re-
vealed no differences (Figure 2A). In contrast, averaged real-time oxygen consumption
traces in Figure 2B demonstrate clearly that respiration in DIO islets differs drastically
from that exhibited by their control counterparts. After normalizing oxygen uptake to
DNA content and correcting respiratory activity for non-mitochondrial (i.e., rotenone-and-
antimycin-A-resistant) oxygen consumption, it transpired that there was no difference in
basal respiration between the two systems (Figure 2C). However, the strong respiratory
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stimulation provoked by glucose in control islets was more than halved in DIO islets
(Figure 2D,E), which was the combined result of attenuated respiration linked to mito-
chondrial proton leak (Figure 2F) and ATP synthesis (Figure 2G). In other words, both
oligomycin-sensitive and -insensitive oxygen uptake was decreased by DIO, which ex-
plains why the CE of oxidative phosphorylation, which reflects the oligomycin sensitivity
of overall glucose-stimulated respiration (GSR), was not affected to a statistically significant
degree (Figure 2H). The reduction of both proton leak and ATP-linked respiration can be
indicative of compromised substrate oxidation capacity [8]. Next, we plotted absolute
secreted insulin values vs respiratory parameters related to insulin triggering (ATP-linked
respiration and GSR), and assessed their relation by correlation analysis. Within chow islets,
insulin values correlate significantly with ATP-linked respiration and GSR (Figure 2I,J).
This relationship appeared to be shifted upwards in DIO islets (dotted regression line).
In our experimental conditions in vitro, however, no secretagogues or other amplifying
mechanisms are present, to the best of our knowledge, which could selectively act on DIO
islets. However, we cannot formally exclude amplifying factors deriving from glucose
catabolism [14], and we thus refer to altered secretory pathways of insulin secretion rather
than to altered triggering of insulin secretion.
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Figure 2. Glucose-stimulated insulin secretion and mitochondrial bioenergetics of pancreatic islets from chow and HFD-
fed mice. (A) Insulin secretion. Batches of eight size-matched islets were exposed to either 2 or 16.5 mM glucose for 1 h 
before supernatants and lysates were collected. (B) Representative time-resolved oxygen consumption traces. Batches of 
30 size-matched islets were exposed to 2 mM glucose to assess basal respiration (4 cycles), glucose-stimulated respiration 
(10 cycles), proton leak respiration by inhibition of ATP synthase using oligomycin (10 cycles), and non-mitochondrial 
respiration by final injection of rotenone/antimycin A. (C) Mitochondrial basal respiration at low glucose (2 mM). (D) 
Glucose-stimulated respiration expressed as percentage of basal (E) Mitochondrial stimulated respiration at high glucose 
(16.5 mM). (F) Proton leak respiration at high glucose. (G) ATP-linked respiration at high glucose. (H) Coupling effi-
ciency at high glucose. (I) Correlation of insulin secretion (absolute values) and ATP-linked respiration. (J) Correlation of 
insulin secretion (absolute values) and glucose-stimulated respiration. Data are represented as means ± SEM (n = 6 mice 

Figure 2. Glucose-stimulated insulin secretion and mitochondrial bioenergetics of pancreatic islets
from chow and HFD-fed mice. (A) Insulin secretion. Batches of eight size-matched islets were
exposed to either 2 or 16.5 mM glucose for 1 h before supernatants and lysates were collected. (B)
Representative time-resolved oxygen consumption traces. Batches of 30 size-matched islets were
exposed to 2 mM glucose to assess basal respiration (4 cycles), glucose-stimulated respiration (10
cycles), proton leak respiration by inhibition of ATP synthase using oligomycin (10 cycles), and
non-mitochondrial respiration by final injection of rotenone/antimycin A. (C) Mitochondrial basal
respiration at low glucose (2 mM). (D) Glucose-stimulated respiration expressed as percentage of
basal (E) Mitochondrial stimulated respiration at high glucose (16.5 mM). (F) Proton leak respiration
at high glucose. (G) ATP-linked respiration at high glucose. (H) Coupling efficiency at high glucose.
(I) Correlation of insulin secretion (absolute values) and ATP-linked respiration. (J) Correlation of
insulin secretion (absolute values) and glucose-stimulated respiration. Data are represented as means
± SEM (n = 6 mice per group, each mouse was considered as independent experiment and islets were
plated in triplicate). Statistical significance of mean differences was tested by unpaired two-tailed
student t-test. p < 0.05 (*), p < 0.001 (***).



Metabolites 2021, 11, 405 4 of 7

2.3. Compensating Increase of Insulin Content in DIO Islets Masks Defects of the
Triggering Pathway

Exploring compensatory responses to loss of insulin sensitivity in HFD mice (Figure 1),
we found a 15% higher insulin content in DIO islets (Figure 3A), consistent with increases
in β cell proliferation during DIO [15]. Normalizing insulin secretion to insulin content,
GSIS of the DIO islets was lower than that from control islets (Figure 3B). Importantly,
plotting GSIS values normalized to insulin content shifted DIO insulin values onto the
regression of chow islets, with a better regression to glucose-stimulated than to ATP-linked
respiration (Figure 3C,D). Insulin secretion correlates less well with coupling efficiency
(CE, Figure 3E), but it should be noted that the internal standardization benefits data
comparisons between different experimental settings and laboratories. The normalization-
dependency of the GSIS phenotype suggests that DIO islets respond to an obesity-induced
drop in glucose sensitivity by increasing insulin content, a response that appears to fix the
secretory impairment.
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Figure 3. Glucose-stimulated insulin secretion in chow and HFD mice. Batches of eight size-matched
islets were exposed to either 2 or 16.5 mM glucose for 1 h at which point supernatants and lysates
were collected for (A) insulin content, and (B) secreted insulin measurements. Correlation between
insulin secretion (% content) and (C) glucose-stimulated respiration, (D) ATP-linked respiration,
and (E) coupling efficiency (F) correlation model classifying defects of insulin secretion. Data are
represented as means ± SEM (n = 6 mice per group, each mouse was considered as independent
experiment and islets were plated in triplicate). Statistical significance of mean differences was tested
by unpaired two-tailed student t-test. p < 0.05 (*), p < 0.001 (***).

2.4. Classifying Defects in Insulin Secretion

From Figure 3C–E, it transpires that secreted insulin values require normalization to
insulin content to establish a robust linear relationship between insulin and bioenergetics
parameters. The relationship between oxidative phosphorylation and GSIS leads to a
simple linear correlation model to classify defects of insulin secretion (Figure 3F). In
relation to control values, descending along the regression line suggests reduced oxidative
power by either compromised substrate delivery or respiratory dysfunction. In the case
of DIO islets, the secretory pathway is compromised by reduced oxidative power, which
could be mediated by impaired glucose uptake, glycolysis, or pyruvate oxidation—the
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latter being recently suggested in response to impaired mitochondrial dynamics [16] or
inflammation [17]. In contrast, ascending values suggest improved substrate delivery or
oxidative phosphorylation. Upwards deviation from regression is explained by amplifying
pathways, while downwards deviation points towards secretory dysfunction downstream
or no mitochondrial impact.

3. Materials and Methods

Animals—male C57BL/6 mice with an age of 8 to 10 weeks were purchased from
Janvier Labs (Le Genest-Saint-Isle, France). The animals were maintained on a 12/12
h light/dark cycle in a temperature-controlled environment and allowed free access to
standard chow diet (5.6% fat, LM-485, Harlan Teklad) or a high-fat diet (HFD) (58% kcal
fat; Research Diets Inc., New Brunswick, NJ, USA) for 16 weeks. All in vivo procedures
were conducted under the guidelines of the Institutional Animal Care Committee of the
Helmholtz Center Munich, which approved all animal maintenance and experimental
procedures. The animal experiments complied with all ethical regulations for animal
testing and research, including animal maintenance and experimental procedures that
the animal welfare authorities of the local animal ethics committee of the state of Bavaria
(Regierung Oberbayern) approved in accordance with European guidelines.

Islet isolation and culture—mouse islets were isolated by digestion with collagenase
as described elsewhere [12]. Around 150–200 islets were obtained per mouse. Islets were
incubated overnight in RPMI 1640 culture medium supplemented with 10% (v/v) fetal calf
serum (Life technologies) at 37 ◦C and 5% CO2 before experimentation.

Insulin secretion—groups of eight size-matched islets were handpicked into individual
wells of V-bottomed 96-well plates and incubated for 60 min at 37 ◦C in HEPES-balanced
Krebs-Ringer (KRH) bicarbonate buffer containing 114 mM NaCl, 4.7 mM KCl, 2.5 mM
CaCl2, 1.16 mM MgSO4, 1.2 mM KH2PO4, 25.5 mM NaHCO3, 20 mM HEPES (pH 7.2–7.4),
supplemented with 0.2% (w/v) bovine serum albumin (BSA), and 2 mM glucose. The islets
were then incubated for a further 60 min in KRH-bicarbonate buffer containing 2 or 16.5 mM
glucose. Subsequently, supernatants were collected to quantify secreted insulin. Following
the secretion assay, islets were lysed with ice-cold RIPA buffer to allow total insulin content
to be determined. Insulin was detected with the Ultra-Sensitive Mouse Insulin Elisa Kit
(ALPCO, Salem, NH, USA). Data were normalized to DNA content measured with the
Quant-it Pico Green DNA assay kit (Invitrogen, Darmstadt, Germany).

Mitochondrial respiration—oxygen consumption rates (OCR) were measured in islet-
capture plates of the XF24 extracellular flux analyzer (Agilent, Seahorse Bioscience, Santa
Clara, CA, USA). Briefly, groups of 30 size-matched islets were handpicked into individ-
ual wells of islet capture plates and incubated for 60 min at 37 ◦C without CO2 in KRH-
bicarbonate free buffer containing 2 mM glucose. Additional glucose (16.5 mM), oligomycin
(10 µg/mL), and a mixture of rotenone and antimycin A (both 2 µM) were injected se-
quentially. Mitochondrial respiration was calculated by subtracting non-mitochondrial
respiration from all other oxygen uptake rates. The individual bioenergetics parameters of
OXPHOS parameters were calculated as follows: basal mitochondrial respiration = (last
rate measured before glucose and/or other secretagogues injection) − (non-mitochondrial
respiration rate). Glucose-stimulated mitochondrial respiration = (last rate measured
before oligomycin injection) − (non-mitochondrial respiration rate). Proton-leak-linked
respiration = (minimum rate measured after oligomycin injection) − (non-mitochondrial
respiration rate). ATP-synthesis-linked respiration = (glucose-stimulated mitochondrial
respiration) − (proton leak-linked respiration). Coupling efficiency = the fraction of res-
piration used to drive ATP synthesis for each run, calculated as CE = 1 − (proton-leak-
linked respiration/mitochondrial glucose-stimulated respiration). Data were normalized
to DNA content.

Metabolic tests—mice were fasted for six hours prior to blood collection. Blood
samples taken from the tail vein were used to measure glycaemia with a glucometer
(Abbott, Wiesbaden, Germany) and insulin by ELISA.
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Statistical analysis—statistical analysis was performed with GraphPad Prism ver-
sion 6.0. The data passed normality tests (Shapiro–Wilk and Kolmogorov–Smirnov test)
and the groups were compared using unpaired Student’s t test. All the data are shown
as mean ± standard error of mean (S.E.M). p values < 0.05 were considered statistically
significant.

4. Conclusions

In this study, we demonstrate that mitochondrial respiratory parameters have predic-
tive value for insulin secretion from pancreatic β cells. In a typical model for metabolic
disease, DIO mice, we found that defective insulin secretion is compensated by increased
insulin content. Although absolute values of insulin secretion are not affected, mitochon-
drial respiration is severely compromised in DIO islets. Correlation of respiration and
GSIS is firmly established by normalizing GSIS to insulin content, showing that mitochon-
drial respiratory parameters quantitatively predict changes in GSIS. Absolute values of
ATP-linked respiration and GSR predict insulin release the best, while CE is less predictive.
CE, however, is a powerful bioenergetic parameter that has been successfully applied to
uncover molecular mechanisms in mitochondria, e.g., the role of UCP2 in β cells [8]. CE
is based on the thermodynamic laws of energy conversion that mitochondrial oxidation
energy is either converted to ATP or lost as heat due to the mitochondrial proton leak. CE
is defined as the fraction of energy that is converted to ATP (thus ranging from 0 to 1). As
internally standardized parameter, CE is not prone to variation in absolute values between
independent experiments. Although CE correlates with GSIS, the relation is steeper and
more variable concerning linear regression, as compared to ATP-linked respiration and GSR
in our experimental setup. Thus, CE may only be used to compare independent studies.
However, the relation of CE and GSIS suggests a “threshold” CE value that is required to
trigger insulin secretion. Considering previous studies from our laboratory [16,18], we find
a tight CE of about 0.4–0.6 as requirement for insulin triggering in islets and in β cell mod-
els. Based on the results we designed a model correlating GSR or ATP linked respiration
vs. insulin secretion that allows classifying dysfunctional properties of pancreatic insulin
secretion under pathological conditions. All these analyses suggest that mitochondrial
bioenergetic parameters reflect insulin secretion in a quantifiable manner, and may thus
serve as biomarkers for glucose responsiveness and pancreatic islet health.

Author Contributions: Conceptualization, M.J., C.A., and U.D.K.; investigation, U.D.K.; resources,
M.J.; writing—original draft preparation, U.D.K., C.A., and M.J.; writing—review and editing,
U.D.K., M.J., and C.A; visualization, U.D.K.; supervision, M.J.; project administration, M.J.; funding
acquisition, M.J. All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially supported by the German Center for Diabetes Research (DZD)
and Novo Nordisk Fonden (to M. J. grant number 0059646).

Institutional Review Board Statement: All in vivo procedures were conducted under the guidelines
of the Institutional Animal Care Committee of the Helmholtz Center Munich, which approved all
animal maintenance and experimental procedures. The ethic code 5.1-568-Gas was granted by the
Landratsamt München. The animal experiments complied with all ethical regulations for animal
testing and research, including animal maintenance and experimental procedures, which the animal
welfare authorities of the local animal ethics committee of the state of Bavaria (Regierung Oberbayern)
approved, in accordance with European guidelines.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank Katrin Pfuhlmann and Maria Kutschke at the Helmholtz
Zentrum München for excellent technical assistance. We are grateful for excellent support by the
central animal facility of the Helmholtz Center Munich and their animal caretakers.



Metabolites 2021, 11, 405 7 of 7

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Rutter, G.A.; Pullen, T.J.; Hodson, D.J.; Martinez-Sanchez, A. Pancreatic beta-cell identity, glucose sensing and the control of

insulin secretion. Biochem. J. 2015, 466, 203–218. [CrossRef] [PubMed]
2. Henquin, J.C. Triggering and amplifying pathways of regulation of insulin secretion by glucose. Diabetes 2000, 49, 1751–1760.

[CrossRef] [PubMed]
3. Ashcroft, F.M. ATP-sensitive potassium channelopathies: Focus on insulin secretion. J. Clin. Investig. 2005, 115, 2047–2058.

[CrossRef] [PubMed]
4. Bergsten, P.; Lin, J.; Westerlund, J. Pulsatile insulin release: Role of cytoplasmic Ca2+ oscillations. Diabetes Metab. 1998, 24, 41–45.

[PubMed]
5. Lewandowski, S.L.; Cardone, R.L.; Foster, H.R.; Ho, T.; Potapenko, E.; Poudel, C.; VanDeusen, H.R.; Sdao, S.M.; Alves, T.C.; Zhao,

X.; et al. Pyruvate kinase controls signal strength in the insulin secretory pathway. Cell Metab. 2020, 32, 736–750. [CrossRef]
[PubMed]

6. Gembal, M.; Detimary, P.; Gilon, P.; Gao, Z.Y.; Henquin, J.C. Mechanisms by which glucose can control insulin release inde-
pendently from its action on adenosine triphosphate-sensitive K+ channels in mouse B cells. J. Clin. Investig. 1993, 91, 871–880.
[CrossRef] [PubMed]

7. Maechler, P.; Li, N.; Casimir, M.; Vetterli, L.; Frigerio, F.; Brun, T. Role of mitochondria in beta-cell function and dysfunction. In
The Islets of Langerhans. Advances in Experimental Medicine and Biology; Springer: Dordrecht, The Netherlands, 2010; Volume 654,
pp. 193–216. [CrossRef]

8. Affourtit, C.; Brand, M.D. Measuring mitochondrial bioenergetics in INS-1E insulinoma cells. In Methods in Enzymology; William,
S.A., Anne, N.M., Eds.; Elsevier: San Diego, CA, USA, 2009; Volume 457, pp. 405–424. [CrossRef]

9. Gerencser, A.A.; Mookerjee, S.A.; Jastroch, M.; Brand, M.D. Measurement of the Absolute Magnitude and Time Courses of
Mitochondrial Membrane Potential in Primary and Clonal Pancreatic Beta-Cells. PLoS ONE 2016, 11, e0159199. [CrossRef]
[PubMed]

10. Gerencer, A.A.; Chinopoulos, C.; Birket, M.J.; Jastroch, M.; Vitelli, C.; Nicholls, D.G.; Brand, M.D. Quantitative measurement of
mitochondrial membrane potential in cultured cells: Calcium-induced de-and hyperpolarization of neuronal mitochondria. J.
Physiol. 2012, 590, 2845–2871. [CrossRef] [PubMed]

11. Mookerjee, S.A.; Gerencser, A.A.; Nicholls, D.G.; Brand, M.D. Quantifying intracellular rates of glycolytic and oxidative ATP
production and consumption using extracellular flux measurements. J. Biol. Chem. 2017, 292, 7189–7207. [CrossRef] [PubMed]

12. Affourtit, C.; Jastroch, M.; Brand, M.D. Uncoupling protein-2 attenuates glucose-stimulated insulin secretion in INS-1E insulinoma
cells by lowering mitochondrial reactive oxygen species. Free Radic. Biol. Med. 2011, 50, 609–616. [CrossRef] [PubMed]

13. Nilsson, C.; Raun, K.; Yan, F.F.; Larsen, M.O.; Tang-Christensen, M. Laboratory animals as surrogate models of human obesity.
Acta Pharmacol. Sin. 2012, 33, 173–181. [CrossRef] [PubMed]

14. Kalwat, M.A.; Cobb, M.H. Mechanisms of the amplifying pathway of insulin secretion in the β cell. Pharmacol. Ther. 2017, 179,
17–30. [CrossRef] [PubMed]

15. Mosser, R.E.; Maulis, M.F.; Moullé, V.S.; Dunn, J.C.; Carboneau, B.A.; Arasi, K.; Pappan, K.; Poitout, V.; Gannon, M. High-fat
diet-induced β-cell proliferation occurs prior to insulin resistance in C57Bl/6J male mice. Am. J. Physiol. Endocrinol. Metab. 2015,
308, E573–E582. [CrossRef] [PubMed]

16. Kabra, U.D.; Pfuhlmann, K.; Migliorini, A.; Keipert, S.; Lamp, D.; Korsgren, O.; Gegg, M.; Woods, S.C.; Pfluger, P.T.; Lickert, H.;
et al. Direct substrate delivery into mitochondrial fission–deficient pancreatic islets rescue insulin secretion. Diabetes 2017, 66,
1247–1257. [CrossRef] [PubMed]

17. Barlow, J.; Solomon, T.P.J.; Affourtit, C. Pro-inflammatory cytokines attenuate glucose-stimulated insulin secretion from INS-1E
insulinoma cells by restricting mitochondrial pyruvate oxidation capacity—Novel mechanistic insight from real-time analysis of
oxidative phosphorylation. PLoS ONE 2018, 13, e0199505. [CrossRef] [PubMed]

18. Schulz, N.; Kluth, O.; Jastroch, M.; Schürmann, A. Minor role of mitochondrial respiration for fatty-acid induced insulin secretion.
Int. J. Mol. Sci. 2013, 14, 18989–18998. [CrossRef] [PubMed]

http://doi.org/10.1042/BJ20141384
http://www.ncbi.nlm.nih.gov/pubmed/25697093
http://doi.org/10.2337/diabetes.49.11.1751
http://www.ncbi.nlm.nih.gov/pubmed/11078440
http://doi.org/10.1172/JCI25495
http://www.ncbi.nlm.nih.gov/pubmed/16075046
http://www.ncbi.nlm.nih.gov/pubmed/9534008
http://doi.org/10.1016/j.cmet.2020.10.007
http://www.ncbi.nlm.nih.gov/pubmed/33147484
http://doi.org/10.1172/JCI116308
http://www.ncbi.nlm.nih.gov/pubmed/8383702
http://doi.org/10.1007/978-90-481-3271-3_9
http://doi.org/10.1016/S0076-6879(09)05023-X
http://doi.org/10.1371/journal.pone.0159199
http://www.ncbi.nlm.nih.gov/pubmed/27404273
http://doi.org/10.1113/jphysiol.2012.228387
http://www.ncbi.nlm.nih.gov/pubmed/22495585
http://doi.org/10.1074/jbc.M116.774471
http://www.ncbi.nlm.nih.gov/pubmed/28270511
http://doi.org/10.1016/j.freeradbiomed.2010.12.020
http://www.ncbi.nlm.nih.gov/pubmed/21172424
http://doi.org/10.1038/aps.2011.203
http://www.ncbi.nlm.nih.gov/pubmed/22301857
http://doi.org/10.1016/j.pharmthera.2017.05.003
http://www.ncbi.nlm.nih.gov/pubmed/28527919
http://doi.org/10.1152/ajpendo.00460.2014
http://www.ncbi.nlm.nih.gov/pubmed/25628421
http://doi.org/10.2337/db16-1088
http://www.ncbi.nlm.nih.gov/pubmed/28174288
http://doi.org/10.1371/journal.pone.0199505
http://www.ncbi.nlm.nih.gov/pubmed/29953508
http://doi.org/10.3390/ijms140918989
http://www.ncbi.nlm.nih.gov/pubmed/24065099

	Introduction 
	Results and Discussion 
	Inducing Metabolic Stress in Mice 
	Respiratory Activity but Not Insulin Secretion Is Impaired in Islets of DIO Mice 
	Compensating Increase of Insulin Content in DIO Islets Masks Defects of the Triggering Pathway 
	Classifying Defects in Insulin Secretion 

	Materials and Methods 
	Conclusions 
	References

