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Abstract: Mitochondria play a pivotal role in energy metabolism, but whether insulin signaling
per se could regulate mitochondrial function has not been identified yet. To investigate whether
mitochondrial function is regulated by insulin signaling, we analyzed muscle and liver of insulin
receptor (IR)*/~-insulin receptor substrate-1 (IRS-1)*/~ double heterozygous (IR-IRS1dh) mice, a well
described model for insulin resistance. IR-IRS1dh mice were studied at the age of 6 and 12 months and
glucose metabolism was determined by glucose and insulin tolerance tests. Mitochondrial enzyme
activities, oxygen consumption, and membrane potential were assessed using spectrophotometric,
respirometric, and proton motive force analysis, respectively. IR-IRS1dh mice showed elevated serum
insulin levels. Hepatic mitochondrial oxygen consumption was reduced in IR-IRS1dh animals at
12 months of age. Furthermore, 6-month-old IR-IRS1dh mice demonstrated enhanced mitochondrial
respiration in skeletal muscle, but a tendency of impaired glucose tolerance. On the other hand,
12-month-old IR-IRS1dh mice showed improved glucose tolerance, but normal muscle mitochondrial
function. Our data revealed that deficiency in IR/IRS-1 resulted in normal or even elevated skeletal
muscle, but impaired hepatic mitochondrial function, suggesting a direct cross-talk between insulin
signaling and mitochondria in the liver.

Keywords: insulin signaling; insulin receptor; insulin receptor substrate 1; mitochondria; liver;
skeletal muscle; glucose metabolism

1. Introduction

Since mitochondria have a central role in cellular metabolism, there is dynamic and continuous
crosstalk between them and other organelles like nucleus, endoplasmic reticulum (ER), and cell
membrane, using metabolites like ATP, NAD(P)H, reactive oxygen species (ROS), tricarboxylic cycle
(TCA) metabolites as well as calcium as signaling molecules [1]. Mitochondrial dysfunction is
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implicated in many diseases and there is increasing evidence that mitochondrial function in skeletal
muscle or liver is altered in insulin resistance and diabetes [2,3]. On the other hand, little knowledge
has been established on the direct crosstalk between insulin signaling and mitochondria.

In our previous studies, we already investigated the interaction between insulin resistance and
mitochondprial function in different tissues like muscle and liver in various animal models. We found
that the ablation of insulin receptor in muscle (MIRKO mice) or insulin deficiency caused by beta-cell
reduction (streptozotocin (STZ) treated mice) led to an impairment of skeletal muscle mitochondrial
performance [4]. In contrast to muscle, liver mitochondria of insulin-deficient STZ mice showed
better coupling and elevated oxygen consumption [5], suggesting a compensatory capacity of liver in
insulin-deficient states [6].

Insulin receptor (IR) and insulin receptor substrate-1 (IRS-1) are the first two key molecules
transmitting insulin signaling to the cell [7]. Several mutations or polymorphisms have been shown
in their genes, which were associated with insulin resistance and type 2 diabetes [7]. Mouse models
serve as a unique tool to investigate the consequence of insulin resistance due to ablation of these
receptor types in specific tissues (IR knockout (KO) mice) [8]. These mice have been intensively
studied earlier and most of IR KO mice showed disturbed glucose metabolism [8], however, there is
limited information about mitochondrial function. Our aim was to study both liver and skeletal muscle
mitochondrial function in a well-established mouse model of insulin resistance, IR*/ ~-IRS-1*/~ double
heterozygous (IR-IRS1dh) mice [9], at advanced age, since moderately reduced insulin signaling was
implicated in increased lifespan [10] and these mice have been rarely analyzed at older age [9,11,12].
IR-IRS1dh mice were originally generated by the Kahn laboratory and are characterized by attenuated
hepatic and skeletal muscle insulin signaling [9,12]. In order to study (i) whether moderately impaired
insulin signaling could affect mitochondrial function in different tissues and (ii) whether ageing could
impact glucose metabolism or mitochondrial function, we have analyzed mitochondrial performance
in hepatic and skeletal muscle mitochondria of IR-IRS1dh mice at 6 and 12 months of age.

2. Results

2.1. IR*/~-IRS-1*/~ Double Heterozygous (IR-IRS1dh) Mice

IR-IRS1dh mice demonstrated less body weight and decreased fasting blood glucose levels at
both ages (6 and 12 months old) compared to age-matched wild-type (wt) controls (Table 1).

Table 1. Metabolic parameters.

Mouse Parameters 6 mo wt 6 mo IR-IRS1dh 12 mo wt 12 mo IR-IRS1dh
BW (g) 334+59(11) 28.0 £ 1.7*(24) 39.2+6.0(11) 29.7 £+ 1.9 ** (20)
Fasting BG (mg/dL) 115.8 + 23.7 (11) 93.8 + 16.4 * (24) 135.8 + 30.3 (11) 84.8 4 24.7 *** (20)
Insulin (pg/mL) 664 + 565 (11) 2325 + 1455 *** (22) 2891 + 1656 (8) 5390 + 1454 ** (15)
Leptin (pg/mL) 3138 + 1589 (14) 2314 + 1340 (22) 5585 + 853 (7) 2363 =+ 685 *** (15)
IGF-1 (pg/mL) 534 + 142 (14) 543 + 160 (23) 631 £+ 133 (8) 587 + 186 (12)

Body weight (BW), fasting blood glucose (BG), random fed serum insulin, leptin, and insulin-like growth factor 1
(IGF-1) levels, mo denotes the age of mice in months. Numbers represent mean values + standard deviation,
numbers in parenthesis indicate numbers of biological replicates, * denotes significant differences between IR-IRS1dh
mice compared to age-matched wild-type (wt) controls; * p < 0.05, ** p < 0.01, *** p < 0.001. Part of these data have
been published previously [5].

Furthermore, insulin was elevated, but insulin-like growth factor 1 (IGF-1) remained unchanged
in IR-IRS1dh mice (Table 1). Serum leptin level was lower in 12-month-old IR-IRS1dh mice compared
to age-matched controls (Table 1). To study glucose metabolism, we performed glucose and
insulin tolerance tests. While in 6-month-old IR-IRS1dh mice there seemed to be a tendency of
impaired glucose tolerance, 12-month-old IR-IRS1dh mice demonstrated improved glucose metabolism
compared to age-matched wt controls (Figure 1A-D).
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Figure 1. Glucose and insulin tolerance of IR-IRS1dh mice. (A,C) Blood glucose (BG) levels during
intraperitoneal glucose tolerance tests (GTT) and (B,D) area under the curve (AUC) of GTT results.
(E,F) Blood glucose levels during insulin tolerance tests (ITT) normalized to 0 min blood glucose levels
(100%). Columns and symbols represent mean values =+ standard deviation; (A-D) n: 11-24, (E,F) n:
5-13; * denotes significant differences between IR-IRS1dh mice compared to wt controls; ** p < 0.01,
*** p < 0.001.

Insulin tolerance was normal in IR-IRS1dh mice in both ages (Figure 1E-F). These results indicate
that the ablation of one copy of IR and IRS-1 caused a compensatory hyperinsulinemia. The improved
glucose tolerance comparing 6 to 12 months of age suggests an adaptive mechanism in IR-IRS1dh mice
protecting against an ageing-induced defect of glucose metabolism.
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2.2. Mitochondrial Performance in Skeletal Muscle of IR-IRS1dh Mice

In order to investigate muscle mitochondrial function, activities of TCA cycle enzymes as well
as individual respiratory chain complexes were measured in muscle homogenates. Mitochondrial
enzyme activities were rather normal in IR-IRS1dh mice (Figure 2).
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Figure 2. Skeletal muscle mitochondrial activities of IR-IRS1dh mice. (A,B) Mitochondrial tricarboxylic
cycle (TCA) and (C,D) respiratory complex activities determined in skeletal muscle homogenates. CS:
citrate synthase; IDH: isocitrate dehydrogenase; C denotes mitochondrial complexes II-V. Columns
represent mean values + standard deviations, n: 4-6; * denotes significant differences between
IR-IRS1dh mice compared to wt controls; * p < 0.05.

The activity of carnitine palmitoyl transferase I (CPTI), which is the rate limiting enzyme for
transporting fatty acids into mitochondria, tended to be higher in 6-month-old IR-IRS1dh mice and was
significantly higher in 12-month-old IR-IRS1dh mice compared to aged-matched controls (Figure 3A,B).

In situ skeletal muscle mitochondrial performance was assessed by high resolution respirometry
and 6-month-old IR-IRS1dh mice showed elevated complex I driven respiration (Figure 3C), however,
mitochondrial performance in 12-month-old IR-IRS1dh mice was unchanged (Figure 3D). These results
indicate that the deficiency in IR and IRS1 resulted in higher skeletal muscle mitochondrial functional
activity at 6 months of age and was reverted to normal levels during ageing.
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Figure 3. Skeletal muscle mitochondrial performance of IR-IRS1dh mice. (A,B) Carnitine palmitoyl
transferase activities (CPT I and II) measured in skeletal muscle homogenates. (C,D) Mitochondrial
respiration determined in soleus muscle. pyr: pyruvate; glu: glutamate; mal: malate; succ: succinate.
Pyruvate and glutamate were used as complex I substrates, succinate as complex II substrate. Columns
represent mean values + standard deviation; n: 4-6; * denotes significant differences between IR-IRS1dh

mice compared to wt controls; * p < 0.05, ** p < 0.01.

2.3. Mitochondrial Performance in Liver of IR-IRS1dh Mice

In order to investigate liver mitochondrial function, we measured oxygen consumption and
mitochondrial membrane potential in isolated liver mitochondria. We found a lower complex II and III
driven mitochondrial respiration in IR-IRS1dh mice at both ages compared to wt controls (as described
previously [5] and Figure 4A).
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Figure 4. Liver mitochondrial performance of IR-IRS1dh mice. (A) Liver mitochondrial respiration
determined by polarography. MPox: malate and pyruvate oxidation; MGox: malate and glutamate
oxidation; Sox: succinate oxidation; Gox: glyceraldehyde 3-phosphate oxidation. Pyruvate and
glutamate were used as complex I, succinate as complex II, and glyceraldehyde 3-phosphate as
complex III substrates, respectively. (B) Liver mitochondrial proton motive force (PMF) measurements.
Columns and symbols represent (A) mean values + standard deviation or (B) mean values =+ standard
error; n: 5, * denotes significant differences between IR-IRS1dh mice compared to wt controls; * p < 0.05.
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We also observed a significant decrease in mitochondrial membrane potential in 6-month-old
IR-IRS1dh mice compared to wt controls, as described previously [5], while 12-month-old IR-IRS1dh
mice only showed a tendency of reduced mitochondrial membrane potential (Figure 4B). These results
suggest that ablation of one copy of IR and IRS1 decreased hepatic mitochondrial performance, which
was not reverted upon ageing, in contrast to muscle.

3. Discussion

IR*/~-IRS-1*/~ double heterozygous (IR-IRS1dh) mice showed attenuated insulin signaling in
skeletal muscle and liver [12], which caused a pancreatic 3-cell hyperplasia [9,11], in parallel with
the elevated insulin levels (Table 1). These data suggest that the overproduction of insulin could be a
compensatory mechanism counteracting peripheral insulin resistance in IR-IRS1dh mice, which also
led to lower fasting blood glucose levels [9]. Since ablation of both copies of IR in the liver (LIRKO
mice) also results in fasting hypoglycemia at 6 months of age despite random fed hyperglycemia,
it is conceivable that fasting blood glucose levels are independently regulated from postprandial
glucose levels upon ablating insulin receptor in the liver [13]. Six-month-old IR-IRS1dh mice exhibited
a tendency of impaired glucose tolerance, which is in line with the findings of Kulkarni et al. [14].
Interestingly, 12-month-old IR-IRS1dh mice demonstrated improved glucose tolerance compared
to age-matched wt controls. Furthermore, 12-month-old IR-IRS1dh mice also showed a 25% lower
body weight, which could be partly attributed to lower white adipose tissue weight (data not shown).
These results are in line with the lower leptin levels observed in these animals. Since body weight
changes are known to influence energy metabolism [15], the lower body weight and/or lower white
adipose tissue found in 12-month-old IR-IRS1dh mice could also contribute to improved glucose
tolerance. Similar to our findings, LIRKO mice also showed improved glucose tolerance during ageing
(impaired glucose tolerance at 2 months of age and normal glucose tolerance at 6 months of age) [13],
suggesting that insulin receptor signaling is altered during ageing as an adaptation. These results
suggest that at 12 months of age, wt mice of this strain spontaneously developed an ageing-induced
impaired glucose tolerance, while IR-IRS1dh mice were protected against this detrimental effect of
ageing. There is indeed an increasing number of studies which suggest that moderately impaired
insulin signaling is associated with beneficial metabolic effects during ageing, leading to increased
longevity in worms, flies, and mice [16]. Further studies have suggested that the increased longevity
in mice with impaired insulin signaling is mainly due to insulin effects on brain and fat tissues [17,18].
Interestingly, the ablation of insulin receptor in white adipose tissue (FIRKO mice) also resulted in an
improved metabolic state during ageing, since FIRKO mice were protected against ageing-induced
impaired glucose tolerance [19]. In summary, these results indicate that attenuated insulin signaling in
12-month-old IR-IRS1dh mice possibly plays a role in the improved glucose metabolism.

Skeletal muscle mitochondrial dysfunction was shown to be associated with muscle insulin
resistance in humans and mice [4,20,21] and decreased mitochondrial performance is postulated to
be an adaptation to nutrient induced changes in energy expenditure during insulin resistance [22].
Insulin deprivation was shown to decrease mitochondrial ATP production in patients with type 1
diabetes [23] and insulin treatment of human or rat muscle cells in vitro elevated oxygen consumption
and respiratory control ratio [24]. These data suggest that insulin could directly regulate mitochondrial
function in skeletal muscle. IR-IRS1dh mice demonstrated higher insulin levels, which may be involved
in stimulation of the increased skeletal muscle respiration found in 6-month-old animals. On the other
hand, 12-month-old mice still showed hyperinsulinemia but normal mitochondrial function in skeletal
muscle, therefore other factors in addition to insulin have to be involved in the increased mitochondrial
performance observed in 6-month-old IR-IRS1dh animals. Whether mitochondrial dysfunction is a
cause or consequence of insulin resistance has not been resolved yet, but our results of IR-IRS1dh mice
showing insulin resistance but elevated (at 6 months of age) or normal (at 12 month of age) muscle
mitochondrial function suggest that mitochondrial dysfunction is not a self-evident process in insulin
resistant condition.
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The interaction between insulin signaling and mitochondrial function in the liver is even less
understood [25]. Reduced, elevated, or normal mitochondrial function was found in animal models or
humans with non-alcoholic fatty liver disease (NAFLD)/non-alcoholic steatohepatitis (NASH) [5,26,27].
The current data suggest that in an early disease state of increased hepatic lipid levels (like NAFLD),
mitochondrial function is elevated probably via a compensatory mechanism [6], however, in the later
disease stages with inflammation (like NASH), mitochondrial function is reduced [28]. In IR-IRS1dh
mice, the defect in insulin signaling led to a clear reduction of mitochondrial performance in both
ages, which was also associated with decreased mitochondrial membrane potential at 6 months
of age. These results suggest that insulin signaling is tightly interconnected with mitochondrial
function, but the detailed biological pathways behind the cross-talk are not resolved yet [29].
Insulin resistant ob/ob mice were characterized by impaired hepatic mitochondrial function and
altered mitochondria-associated endoplasmic reticulum (ER) membranes (MAM) morphology [30].
Furthermore, increasing the defective coupling between ER and mitochondria improved insulin
signaling in vitro [31]. Therefore, MAM could play an important role in hepatic insulin action and
mitochondrial function/dynamics. Recent studies indicate that several key insulin signaling molecules
like AKT and mTORC?2 are localized in MAM and they could serve as an interaction site between
insulin signaling and mitochondprial function [29]. Another possible factor that could also influence
hepatic mitochondrial function in IR-IRS1dh mice is the altered body weight. Obese rodent models fed
with high fat diet demonstrate elevated mitochondrial respiration in skeletal muscle and liver [5,32].
Furthermore, obese patients also showed increased hepatic mitochondrial respiration compared to
lean controls [26]. Therefore, the reduced mitochondrial respiration observed in IR-IRS1dh mice may
be partly attributed to lower body weight.

To overcome mitochondrial dysfunction in metabolic diseases, mitochondrial targeting drugs
were applied, which show beneficial metabolic effects [33]. Recently, we and others have shown
that peroxisome proliferator-activated receptor (PPAR) and PPAR gamma coactivator 1-« (PGC-1«x)
activating drugs improve mitochondrial mass/function and, in turn, ameliorate insulin resistance
and diabetes [34-36]. These results suggest that mitochondrial dysfunction is a crucial metabolic
disturbance in insulin resistance, and targeting mitochonderia is a promising approach for the treatment
of diabetes.

4. Materials and Methods

4.1. Animal Studies

Since metabolic phenotype was previously shown to be more profound in male mice [14], only
male animals were used in our study. Mice received a standard diet containing 16.4% protein, 4% fat,
and 48.5% carbohydrates (Harlan/Envigo, Indianapolis, IN, USA) and had ad libitum access to food
and water. IR-IRS1dh mice were backcrossed to C57BL/6N background for eight generations. All
animals received humane care and mouse studies were approved by Landesamt fiir Natur, Umwelt
und Verbraucherschutz Nordrhein-Westfalen (2010, Reference number 20.11.245) and performed
according to GV-SOLAS (Society for Laboratory Animal Science) in accordance with the German
Animal Welfare Act. Dissected tissues were prepared as stated below. Blood glucose levels were
measured in tail blood samples using a glucometer (A. Menarini Diagnostics, Berlin, Germany) and
serum insulin, IGF-1, and leptin levels were determined with ELISA (Chrystal Chem Inc., Downers
Grove, IL, USA and R&D Systems Minneapolis, MN, USA). Intraperitoneal glucose tolerance tests
were performed with 2 g/kg glucose and intraperitoneal insulin tolerance tests were performed with
0.75 U/kg insulin.

4.2. Mitochondrial Enzyme Activities

Musculus soleus and plantaris (red muscles) were dissected and frozen in liquid nitrogen. Muscles
were homogenized in homogenization buffer (255 mM sucrose, 2 mM ethylene glycol-bis([3-aminoethyl
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ether)-tetraacetic acid (EGTA), 40 mM KCl, 0.1 % bovine serum albumin, 20 mM Tris, pH 7.2).
Mitochondrial complex (CII-CV) and TCA enzyme (citrate synthase, isocitrate dehydrogenase,
fumarase) activities as well as carnitine palmitoyl transferase activities (CPT I and II) were determined
in muscle homogenates, as described previously [4].

4.3. High Resolution Respirometry

Contralateral soleus muscles were used immediately for oxygen consumption studies,
as described previously [4]. Briefly, isolated muscle fibers were saponin treated and analyzed using
high resolution respirometry (Oroboros Instruments, Inssbruck, Austria) at the following conditions.
Basal respiration (basal): 5 mM MgCl,, 10 mM pyruvate, 0.5 mM malate. Pyruvate respiration (pyr):
2 mM ADP. Glutamate and malate respiration (glu + mal): 10 mM glutamate, 10 mM malate. Succinate
respiration (succ): 10 mM succinate, 0.5 uM rotenone.

4.4. Polarography

Briefly, liver mitochondria were freshly isolated from liver by differential centrifugation and
resuspended in homogenization buffer (see above). Oxygen consumption was determined with
Clark-electrodes (Hansatech Instruments, Norfolk, UK) at the following conditions, as described
previously [37]. Malate and pyruvate oxidation (MPox): 0.2 mM malate, 8 mM pyruvate, 0.4 mM ADP,
1 mM NAD*. Malate and glutamate oxidation (MGox): 10 mM malate, 10 mM glutamate. Succinate
oxidation (Sox): 10 mM succinate, 0.4 mM ADP, 4 uM rotenone. Glyceraldehyde 3-phosphate oxidation
(Gox): 10 mM glyceraldehyde 3-phosphate.

4.5. Proton Motive Force Measurement

Briefly, liver mitochondria were freshly isolated from liver during differential centrifugation
and resuspended in homogenization buffer (see above). Mitochondrial membrane potential was
determined using a methyltriphenylphosphonium (TPMP) ion-sensitive electrode, while analyzing in
parallel the respiration rate with a Clark type electrode (Hansatech Instruments, Norfolk, UK) in a
proton leak titration assay, as described previously [5,38].

4.6. Statistics

Statistical evaluations were performed using GraphPad Prism 7.02 (GraphPad Software Inc,
LaJolla, CA, USA). Two tailed, unpaired Student’s t-tests were applied with unequal distribution when
two groups were compared and two-way analysis of variance (ANOVA) with post hoc Holm-Sidak’s
multiple comparison tests were used to calculate statistical significance for GTT and ITT results
comparing different time points and groups. Statistical significance was assumed at p < 0.05.
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insulin receptor substrate-1
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TCA tricarboxylic cycle

KO knockout

NAFLD non-alcoholic fatty liver disease

NASH non-alcoholic steatohepatitis

PPAR peroxisome proliferator-activated receptor

PGClax peroxisome proliferator-activated receptor gamma coactivator 1-alpha

References

1. Wanet, A.; Arnould, T.; Najimi, M.; Renard, P. Connecting Mitochondria, Metabolism, and Stem Cell Fate.
Stem Cells Dev. 2015, 24, 1957-1971. [CrossRef] [PubMed]

2. Jelenik, T.; Roden, M. Mitochondrial plasticity in obesity and diabetes mellitus. Antioxid. Redox Signal. 2013,
19, 258-268. [CrossRef] [PubMed]

3.  Hesselink, M.K.; Schrauwen-Hinderling, V.; Schrauwen, P. Skeletal muscle mitochondria as a target to
prevent or treat type 2 diabetes mellitus. Nat. Rev. Endocrinol. 2016, 12, 633-645. [CrossRef] [PubMed]

4. Franko, A.; von Kleist-Retzow, J.C.; Bose, M.; Sanchez-Lasheras, C.; Brodesser, S.; Krut, O.; Kunz, W.S.;
Wiedermann, D.; Hoehn, M.; Stohr, O.; et al. Complete failure of insulin-transmitted signaling, but not
obesity-induced insulin resistance, impairs respiratory chain function in muscle. J. Mol. Med. 2012, 90,
1145-1160. [CrossRef] [PubMed]

5.  Franko, A.; von Kleist-Retzow, J.C.; Neschen, S.; Wu, M.; Schommers, P.; Bose, M.; Kunze, A.; Hartmann, U.;
Sanchez-Lasheras, C.; Stoehr, O.; et al. Liver adapts mitochondrial function to insulin resistant and diabetic
states in mice. J. Hepatol. 2014, 60, 816-823. [CrossRef] [PubMed]

6.  Franko, A.; Hrabe de Angelis, M.; Wiesner, R.J. Mitochondrial Function, Dysfunction and Adaptation in the
Liver during the Development of Diabetes. In Mitochondria in Liver Disease; Han, D., Kaplowitz, N., Eds.;
CRC Press: Abingdon, UK, 2015; pp. 383—411.

7. Boucher, J.; Kleinridders, A.; Kahn, C.R. Insulin receptor signaling in normal and insulin-resistant states.
Cold Spring Harb. Perspect. Biol. 2014, 6, a009191. [CrossRef] [PubMed]

8.  Biddinger, S.B.; Kahn, C.R. From mice to men: Insights into the insulin resistance syndromes. Annu. Rev.
Physiol. 2006, 68, 123-158. [CrossRef] [PubMed]

9. Bruning, J.C.; Winnay, ].; Bonner-Weir, S.; Taylor, S.I.; Accili, D.; Kahn, C.R. Development of a novel polygenic
model of NIDDM in mice heterozygous for IR and IRS-1 null alleles. Cell 1997, 88, 561-572. [CrossRef]

10. Partridge, L.; Alic, N.; Bjedov, L; Piper, M.D. Ageing in Drosophila: The role of the insulin/Igf and TOR
signalling network. Exp. Gerontol. 2011, 46, 376-381. [CrossRef] [PubMed]

11.  Kulkarni, R.N,; Jhala, U.S.; Winnay, ].N.; Krajewski, S.; Montminy, M.; Kahn, C.R. PDX-1 haploinsufficiency
limits the compensatory islet hyperplasia that occurs in response to insulin resistance. J. Clin. Investig. 2004,
114, 828-836. [CrossRef] [PubMed]

12.  Xue, B.; Kim, Y.B.; Lee, A.; Toschi, E.; Bonner-Weir, S.; Kahn, C.R.; Neel, B.G.; Kahn, B.B. Protein-tyrosine
phosphatase 1B deficiency reduces insulin resistance and the diabetic phenotype in mice with polygenic
insulin resistance. . Biol. Chem. 2007, 282, 23829-23840. [CrossRef] [PubMed]

13.  Michael, M.D.; Kulkarni, R.N.; Postic, C.; Previs, S.F,; Shulman, G.I.; Magnuson, M.A.; Kahn, C.R. Loss
of insulin signaling in hepatocytes leads to severe insulin resistance and progressive hepatic dysfunction.
Mol. Cell 2000, 6, 87-97. [CrossRef]

14. Kulkarni, R.N.; Almind, K.; Goren, H.J.; Winnay, ].N.; Ueki, K.; Okada, T.; Kahn, C.R. Impact of genetic

background on development of hyperinsulinemia and diabetes in insulin receptor/insulin receptor
substrate-1 double heterozygous mice. Diabetes 2003, 52, 1528-1534. [CrossRef] [PubMed]


http://dx.doi.org/10.1089/scd.2015.0117
http://www.ncbi.nlm.nih.gov/pubmed/26134242
http://dx.doi.org/10.1089/ars.2012.4910
http://www.ncbi.nlm.nih.gov/pubmed/22938510
http://dx.doi.org/10.1038/nrendo.2016.104
http://www.ncbi.nlm.nih.gov/pubmed/27448057
http://dx.doi.org/10.1007/s00109-012-0887-y
http://www.ncbi.nlm.nih.gov/pubmed/22411022
http://dx.doi.org/10.1016/j.jhep.2013.11.020
http://www.ncbi.nlm.nih.gov/pubmed/24291365
http://dx.doi.org/10.1101/cshperspect.a009191
http://www.ncbi.nlm.nih.gov/pubmed/24384568
http://dx.doi.org/10.1146/annurev.physiol.68.040104.124723
http://www.ncbi.nlm.nih.gov/pubmed/16460269
http://dx.doi.org/10.1016/S0092-8674(00)81896-6
http://dx.doi.org/10.1016/j.exger.2010.09.003
http://www.ncbi.nlm.nih.gov/pubmed/20849947
http://dx.doi.org/10.1172/JCI21845
http://www.ncbi.nlm.nih.gov/pubmed/15372107
http://dx.doi.org/10.1074/jbc.M609680200
http://www.ncbi.nlm.nih.gov/pubmed/17545163
http://dx.doi.org/10.1016/S1097-2765(05)00015-8
http://dx.doi.org/10.2337/diabetes.52.6.1528
http://www.ncbi.nlm.nih.gov/pubmed/12765966

Int. ]. Mol. Sci. 2017, 18, 1156 10 of 11

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Tschop, M.H.; Speakman, J.R.; Arch, J.R.; Auwery, J.; Bruning, J.C.; Chan, L.; Eckel, R H.; Farese, R.V,, Jr.;
Galgani, ].E.; Hambly, C.; et al. A guide to analysis of mouse energy metabolism. Nat. Methods 2012, 9, 57-63.
[CrossRef] [PubMed]

Kenyon, C. The plasticity of aging: Insights from long-lived mutants. Cell 2005, 120, 449-460. [CrossRef]
[PubMed]

Bluher, M.; Kahn, B.B.; Kahn, C.R. Extended longevity in mice lacking the insulin receptor in adipose tissue.
Science 2003, 299, 572-574. [CrossRef] [PubMed]

White, M.F. IRS2 integrates insulin/IGF1 signalling with metabolism, neurodegeneration and longevity.
Diabetes Obes. Metab. 2014, 16, 4-15. [CrossRef] [PubMed]

Bluher, M.; Michael, M.D.; Peroni, O.D.; Ueki, K.; Carter, N.; Kahn, B.B.; Kahn, C.R. Adipose tissue selective
insulin receptor knockout protects against obesity and obesity-related glucose intolerance. Dev. Cell 2002, 3,
25-38. [CrossRef]

Sleigh, A.; Raymond-Barker, P.; Thackray, K.; Porter, D.; Hatunic, M.; Vottero, A.; Burren, C.; Mitchell, C.;
Mclntyre, M.; Brage, S.; et al. Mitochondrial dysfunction in patients with primary congenital insulin
resistance. . Clin. Investig. 2011, 121, 2457-2461. [CrossRef] [PubMed]

Lowell, B.B.; Shulman, G.I. Mitochondrial dysfunction and type 2 diabetes. Science 2005, 307, 384-387.
[CrossRef] [PubMed]

Affourtit, C. Mitochondrial involvement in skeletal muscle insulin resistance: A case of imbalanced
bioenergetics. Biochim. Biophys. Acta 2016, 1857, 1678-1693. [CrossRef] [PubMed]

Karakelides, H.; Asmann, Y.W.; Bigelow, M.L.; Short, K.R.; Dhatariya, K.; Coenen-Schimke, J.; Kahl, J.;
Mukhopadhyay, D.; Nair, K.S. Effect of insulin deprivation on muscle mitochondrial ATP production and
gene transcript levels in type 1 diabetic subjects. Diabetes 2007, 56, 2683-2689. [CrossRef] [PubMed]

Nisr, R.B.; Affourtit, C. Insulin acutely improves mitochondrial function of rat and human skeletal muscle
by increasing coupling efficiency of oxidative phosphorylation. Biochim. Biophys. Acta 2014, 1837, 270-276.
[CrossRef] [PubMed]

Crescenzo, R.; Bianco, F.; Mazzoli, A.; Giacco, A.; Liverini, G.; lossa, S. A possible link between hepatic
mitochondrial dysfunction and diet-induced insulin resistance. Eur. . Nutr. 2015. [CrossRef] [PubMed]
Koliaki, C.; Szendroedi, J.; Kaul, K.; Jelenik, T.; Nowotny, P.; Jankowiak, F.; Herder, C.; Carstensen, M.;
Krausch, M.; Knoefel, W.T.; et al. Adaptation of hepatic mitochondrial function in humans with non-alcoholic
Fatty liver is lost in steatohepatitis. Cell Metab. 2015, 21, 739-746. [CrossRef] [PubMed]

Begriche, K.; Igoudjil, A.; Pessayre, D.; Fromenty, B. Mitochondrial dysfunction in NASH: Causes,
consequences and possible means to prevent it. Mitochondrion 2006, 6, 1-28. [CrossRef] [PubMed]

Koliaki, C.; Roden, M. Alterations of Mitochondrial Function and Insulin Sensitivity in Human Obesity and
Diabetes Mellitus. Annu. Rev. Nutr. 2016. [CrossRef] [PubMed]

Theurey, P; Rieusset, J. Mitochondria-Associated Membranes Response to Nutrient Availability and Role in
Metabolic Diseases. Trends Endocrinol. Metab. 2017, 28, 32-45. [CrossRef] [PubMed]

Theurey, P; Tubbs, E.; Vial, G.; Jacquemetton, J.; Bendridi, N.; Chauvin, M.A.; Alam, M.R.; Le Romancer, M.;
Vidal, H.; Rieusset, J. Mitochondria-associated endoplasmic reticulum membranes allow adaptation of
mitochondrial metabolism to glucose availability in the liver. J. Mol. Cell. Biol. 2016, 8, 129-143. [CrossRef]
[PubMed]

Tubbs, E.; Theurey, P; Vial, G.; Bendridi, N.; Bravard, A.; Chauvin, M.A; Ji-Cao, J.; Zoulim, F,; Bartosch, B.;
Ovize, M,; et al. Mitochondria-associated endoplasmic reticulum membrane (MAM) integrity is required for
insulin signaling and is implicated in hepatic insulin resistance. Diabetes 2014, 63, 3279-3294. [CrossRef]
[PubMed]

Hancock, C.R,; Han, D.H.; Chen, M.; Terada, S.; Yasuda, T.; Wright, D.C.; Holloszy, ].O. High-fat diets
cause insulin resistance despite an increase in muscle mitochondria. Proc. Natl. Acad. Sci. USA. 2008, 105,
7815-7820. [CrossRef] [PubMed]

Wanagat, J.; Hevener, A.L. Mitochondrial quality control in insulin resistance and diabetes. Curr. Opin.
Genet. Dev. 2016, 38, 118-126. [CrossRef] [PubMed]

Franko, A.; Huypens, P.; Neschen, S.; Irmler, M.; Rozman, J.; Rathkolb, B.; Neff, E.; Prehn, C.; Dubois, G.;
Baumann, M.; et al. Bezafibrate Improves Insulin Sensitivity and Metabolic Flexibility in STZ-Induced
Diabetic Mice. Diabetes 2016, 65, 2540-2552. [CrossRef] [PubMed]


http://dx.doi.org/10.1038/nmeth.1806
http://www.ncbi.nlm.nih.gov/pubmed/22205519
http://dx.doi.org/10.1016/j.cell.2005.02.002
http://www.ncbi.nlm.nih.gov/pubmed/15734678
http://dx.doi.org/10.1126/science.1078223
http://www.ncbi.nlm.nih.gov/pubmed/12543978
http://dx.doi.org/10.1111/dom.12347
http://www.ncbi.nlm.nih.gov/pubmed/25200290
http://dx.doi.org/10.1016/S1534-5807(02)00199-5
http://dx.doi.org/10.1172/JCI46405
http://www.ncbi.nlm.nih.gov/pubmed/21555852
http://dx.doi.org/10.1126/science.1104343
http://www.ncbi.nlm.nih.gov/pubmed/15662004
http://dx.doi.org/10.1016/j.bbabio.2016.07.008
http://www.ncbi.nlm.nih.gov/pubmed/27473535
http://dx.doi.org/10.2337/db07-0378
http://www.ncbi.nlm.nih.gov/pubmed/17660267
http://dx.doi.org/10.1016/j.bbabio.2013.10.012
http://www.ncbi.nlm.nih.gov/pubmed/24212054
http://dx.doi.org/10.1007/s00394-015-1073-0
http://www.ncbi.nlm.nih.gov/pubmed/26476631
http://dx.doi.org/10.1016/j.cmet.2015.04.004
http://www.ncbi.nlm.nih.gov/pubmed/25955209
http://dx.doi.org/10.1016/j.mito.2005.10.004
http://www.ncbi.nlm.nih.gov/pubmed/16406828
http://dx.doi.org/10.1146/annurev-nutr-071715-050656
http://www.ncbi.nlm.nih.gov/pubmed/27146012
http://dx.doi.org/10.1016/j.tem.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27670636
http://dx.doi.org/10.1093/jmcb/mjw004
http://www.ncbi.nlm.nih.gov/pubmed/26892023
http://dx.doi.org/10.2337/db13-1751
http://www.ncbi.nlm.nih.gov/pubmed/24947355
http://dx.doi.org/10.1073/pnas.0802057105
http://www.ncbi.nlm.nih.gov/pubmed/18509063
http://dx.doi.org/10.1016/j.gde.2016.05.007
http://www.ncbi.nlm.nih.gov/pubmed/27318536
http://dx.doi.org/10.2337/db15-1670
http://www.ncbi.nlm.nih.gov/pubmed/27284107

Int. ]. Mol. Sci. 2017, 18, 1156 11 0f 11

35.

36.

37.

38.

Franko, A.; Neschen, S.; Rozman, J.; Rathkolb, B.; Aichler, M.; Feuchtinger, A.; Brachthauser, L.; Neff, F;
Kovarova, M.; Wolf, E.; et al. Bezafibrate ameliorates diabetes via reduced steatosis and improved hepatic
insulin sensitivity in diabetic TallyHo mice. Mol. Metab. 2017, 6, 256-266. [CrossRef] [PubMed]

Zhang, L.N.; Zhou, H.Y,; Fu, Y.Y,; Li, Y.Y.; Wu, F; Gu, M.; Wu, L.Y,; Xia, C.M.; Dong, T.C; Li, ].Y.; et al. Novel
small-molecule PGC-1« transcriptional regulator with beneficial effects on diabetic db/db mice. Diabetes
2013, 62, 1297-1307. [CrossRef] [PubMed]

Rustin, P.; Chretien, D.; Bourgeron, T.; Gerard, B.; Rotig, A.; Saudubray, ].M.; Munnich, A. Biochemical and
molecular investigations in respiratory chain deficiencies. Clin. Chim. Acta 1994, 228, 35-51. [CrossRef]
Brand, M.D. Measurement of mitochondrial protonmotive force. Bioenergetics 1995, 154, 39-62.

® © 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.molmet.2016.12.007
http://www.ncbi.nlm.nih.gov/pubmed/28271032
http://dx.doi.org/10.2337/db12-0703
http://www.ncbi.nlm.nih.gov/pubmed/23250358
http://dx.doi.org/10.1016/0009-8981(94)90055-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results 
	IR+/--IRS-1+/- Double Heterozygous (IR-IRS1dh) Mice 
	Mitochondrial Performance in Skeletal Muscle of IR-IRS1dh Mice 
	Mitochondrial Performance in Liver of IR-IRS1dh Mice 

	Discussion 
	Materials and Methods 
	Animal Studies 
	Mitochondrial Enzyme Activities 
	High Resolution Respirometry 
	Polarography 
	Proton Motive Force Measurement 
	Statistics 


