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Joy and woe are woven fine,
A clothing for the soul divine.
Under every grief and pine
Runs a joy with silken twine.
William Blake, Auguries of Innocence

To Kotten

ABSTRACT
The ample supply of food, in conjunction with a sedentary lifestyle and certain genetic risk
factors contribute to the rise in obesity, insulin resistance and type 2 diabetes mellitus. Reduced
mitochondrial capacity for oxidative metabolism has been implicated as one possible cause of
insulin resistance in several tissues; such as liver and skeletal muscle. The adipose-derived
hormone leptin and the metabolic sensor 5’-AMP-activated protein kinase, are two key
regulators that modulate intracellular fuel handling. The aim of this thesis is to investigate the
effects of these metabolic signals on tissue-specific mitochondrial respiration and biogenesis.
The aim of study I was to investigate the role of the AMPK γ3 subunit in determining
mitochondrial function in glycolytic skeletal muscle. The AMPK signaling axis is a metabolic
switch regulated by the intracellular energy charge. A single-nucleotide mutation (R225Q) in the
AMPKγ3 subunit causes elevated basal enzyme activity. Transgenic expression in mice (TgAMPKγ3R225Q) increased expression of regulators and mediators of substrate oxidation, as well
as components of mitochondrial dynamics and electron transport. In summary, this single
nucleotide mutation is associated with mitochondrial biogenesis, concomitant with increased
expression of transcription factors that regulate mitochondrial proteins.
The focus of study II was to characterize tissue-specific mitochondrial function in permeabilized
tissue from lean and leptin receptor-deficient obese db/db mice. Respiratory capacity in oxidative
soleus muscle was similar between genotypes, except for decreased complex II function in db/db
mice. Oxidative function in glycolytic EDL muscle was higher in db/db mice than in lean
littermates; likely as a result of increased mitochondrial biogenesis. Maximal respiratory capacity
in liver from db/db mice was blunted, concomitant with increased mitochondrial fission. In
summary, mitochondrial respiratory performance is controlled by tissue-specific mechanisms
and is not uniformly altered in obesity.
The aim of study III was to determine tissue-specific mitochondrial respiration in obese leptindeficient ob/ob mice, and lean littermates, following treatment with leptin or saline. Oxidative
capacity in soleus muscle was unaffected in saline- and leptin-treated ob/ob mice, whereas
maximal electron transport capacity was increased with obesity in EDL muscle. Regulation of
transcription and mitochondrial fission in EDL was altered in saline-treated ob/ob mice, and only
partially normalized with leptin repletion. In liver, maximal respiratory capacity and mediators of
lipid oxidation were reduced with in saline- and leptin-treated ob/ob mice; while leptin treatment
normalized indicators of mitochondrial stress.
In conclusion, mitochondrial respiratory function is a dynamic process that is tightly regulated to
meet the energy needs of the cell. Despite profound alterations in whole-body or intracellular
energy sensing, mitochondrial adaptation can occur and respiratory adaptations are
comparatively modest. This highlights the need to target several pathways of metabolic
regulation to modulate mitochondrial function to improve systemic homeostasis.
Key words: mitochondria, mitochondrial biogenesis, mitochondrial dysfunction, respirometry,
insulin resistance, type 2 diabetes mellitus, AMPK, leptin.
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1.

RATIONALE

The incidence of obesity, insulin resistance and type 2 diabetes mellitus (T2DM) is increasing
worldwide, as are the secondary complications associated with these states (1; 2). Lifestyle
intervention is important (3), but the development of insulin resistance and β-cell defects often
go undetected until the severity is of such magnitude that T2DM develops and pharmacological
treatment is unavoidable (4-7). All tissues involved in the regulation of whole-body glucose
homeostasis – including hypothalamus (8), liver (9; 10), β-cells (11; 12), skeletal muscle (13; 14)
and white adipose tissue (15) – are affected in a progressively deteriorating manner during the
pathogenesis of insulin resistance (16). Mitochondrial function may play a causal or supportive
role in these pathological processes (17-22).
The aim of this thesis is to study how genetic alterations in energy metabolism influence
mitochondrial function. Tissue-specific metabolic signaling and mitochondrial adaptations were
studied using different mouse models, in which 5’-adenosine monophosphate-activated protein
kinase (AMPK) or leptin signaling was altered.

2.

INTRODUCTION

The link between obesity and T2DM was postulated in the late 19th century, along with the
differentiation between adult T2DM and childhood type 1 diabetes mellitus (23). The clustering
of hypertension, glucose intolerance and aging was suggested in a series of publications around
the early 20th century (24). The association between traits of the metabolic syndrome (25) and
insulin resistance is now widely accepted (1; 26; 27).
2.1

METABOLIC DEREGULATION

The core of insulin resistance and T2DM pathology is deregulation of whole-body glucose
homeostasis. Decreased carbohydrate utilization in skeletal muscle and increased glucose
production by liver are two key defects, which are propagated by the progressive inability to
maintain appropriate levels of circulating glucose. Insulin resistance and T2DM are linked to
obesity through increased lipid availability, in part through lifestyle and in part via insulin
resistance in white adipose tissue; resulting in further metabolic derangements.
A central theme implicating mitochondrial function in the etiology of insulin resistance is the
concept of metabolic flexibility (28). Metabolic flexibility refers to the ability to switch between
oxidation/storage of carbohydrates or lipids in the fed and fasted state. Over the course of disease
progression this ability is lost (20; 29) due to the convergence of insulin resistance and regulation
of intracellular metabolism. Insulin resistant subjects who are obese and hyperinsulinemic, have
normal to elevated glucose uptake, while insulin-stimulated glucose handling is reduced (20).
Conversely, fasting lipid oxidation is blunted compared to lean subjects and insulin-stimulation
fails to suppress lipid oxidation in favor of glucose metabolism (19; 20). The intracellular link
between the aberrations in carbohydrate and lipid metabolism may be the formation of malonyl
coenzyme A (CoA), catalyzed by acetyl-CoA carboxylase (ACC). Malonyl CoA, a precursor or
fatty acid synthesis that is produced when citric acid cycle intermediates are abundant (30), is a
dose-dependent inhibitor of the mitochondrial lipid transporter carnitine palmitoyltransferase 1
(31; 32). Hence, a relative increase in malonyl CoA suppresses fatty acid oxidation despite
1

increased lipid availability, thus exacerbating insulin resistance in a fashion dependent on
mitochondrial oxidation efficiency. This thesis work is focused on mitochondrial oxidative
function in liver and skeletal muscle because these organs hold a central place in whole-body
metabolic homeostasis in both humans and mice Specific mitochondrial alterations in these
tissues have also been implicated as a cause of metabolic dysfunction.

Figure 1. The proposed influence of white adipose tissue on whole-body metabolism in obesity
associated with adipocyte hypertrophy. Adipocytes secrete inflammatory mediators that attract and
activate stromal immune cells, such as macrophages. The immune cells can then propagate the
inflammatory signal. The inflammatory mediators can also have systemic effects, together with enhanced
release of non-esterified fatty acids. Adipokine signaling and ectopic lipid accumulation in non-lipid
storage organs may cause disruption in insulin signaling, as well as other defects in intracellular signaling.
FA – fatty acids, IL-6 – interleukin 6, MCP-1 – monocyte chemotactic protein-1, NAFLD – non-alcoholic
fatty liver disease, NEFA – non-esterified fatty acids, TNF-α – tumor necrosis factor α.

2.1.1 Obesity
Overweight and obesity are defined as abnormal or excessive fat accumulation that may impair
health. Obesity is associated with severe accretion of adipose tissue mass caused by caloric
intake in excess of energy expenditure. Obesity is closely associated with insulin resistance and
traits of the so-called metabolic syndrome; including hypertension, dyslipidemia, low-grade
systemic inflammation, atherosclerosis and increased risk of cardiovascular disease (1; 33). The
correlation is stronger for visceral adiposity, compared to subcutaneous fat depots (34-36), which
2

may be due to increased secretion of inflammatory markers (37; 38) and leptin, and enhanced
lipolysis rate (39). However, the causality of the association between visceral adiposity and
increased risk of e.g. cardiovascular disease and insulin resistance is subject of debate (40-43).
White adipose tissue has a nearly unlimited ability to expand in mass and is an important
endocrine organ, secreting metabolic and immune cell regulators (44-47). Obesity and adipose
cell hypertrophy (Fig. 1) are closely associated with increased plasma levels of tumor necrosis
factor α (TNF-α) (48; 49), interleukin 6 (50; 51) and C-reactive protein (52). These inflammatory
mediators act as chemoattractants for tissue macrophages, which may propagate the signal (53;
54). Expression of TNF-α and its receptor is upregulated in adipose tissue from obese subjects
(55; 56) and circulating TNF-α has a negative systemic effect on insulin sensitivity by indirect
inhibition of insulin receptor substrate 1 (IRS-1) (57-59). Localized TNF-α signaling in white
adipose tissue reduces lipogenesis in favor of lipolysis (60) and increases the release of
nonesterified fatty acids (NEFA), in part mediated by AMPK (61-63). Enhanced lipid
mobilization is also associated with insulin resistance in white adipose tissue (10; 64), resulting
in increased hepatic production of very low-density lipoproteins (65). In this manner obesity in
itself contributes to, and is worsened by, the emergence of insulin resistance.
2.1.2 Insulin Resistance and Type 2 Diabetes Mellitus
Insulin resistance is a state in which insulin has less than the expected effect (66). Several
intracellular defects causing reduced insulin response or sensitivity have been described in
skeletal muscle; such as reduced IRS-1 phosphorylation and decreased activation of
phosphoinositide 3-kinase and Akt (67-69). These impairments are also evident in otherwise
healthy first-degree relatives of patients with T2DM (14; 70). Insulin resistance is often
accompanied by compensatory hyperinsulinemia associated with increased β-cell mass (71) and
function (72). Although the complete mechanism remains unresolved, it is likely stimulated by
insulin itself (73), increased nutrient supply (74) and signaling by glucagon-like peptide 1 (75).
With time, however, progressive plasma glucose derangement (25; 76-78) is followed by β-cell
failure (79) due to functional impairments (11; 80-82) and progressive β-cell apoptosis (79) (Fig.
2).
T2DM is the point at which plasma glucose levels can no longer be controlled by compensatory
mechanisms and hyperglycemia ensues (66). Diagnosis is made by repeated fasting plasma
glucose measurements or measurement of the response to an oral glucose tolerance test (66; 83).
The hyperglycemic state is characterized by pancreatic β-cell failure and a switch from
hyperinsulinemia to relative hypoinsulinemia (11; 79-82) (Fig. 2). Altered regulation of lipid
metabolism is also an early feature of T2DM pathology (84) and elevates the risk of
cardiovascular disease (85), which may partly be explained by diabetes-associated
atherosclerosis. In addition to elevated triglycerides and decreased high-density lipoprotein
cholesterol in plasma, low-density lipoprotein particles are altered in T2DM (65). They are
smaller, denser and more glycosylated in T2DM, which enhances their oxidation level and
atherogenic properties (65). Thus, T2DM, as well as insulin resistance, constitutes profound
deregulations in both lipid and carbohydrate homeostasis so that the integration of fuel
metabolism and organ function is progressively disrupted.

3

Figure 2. A generalized view of the natural history of the development of insulin resistance and type 2
diabetes. If left untreated, peripheral and central insulin resistance is continuously worsened so that
higher concentrations insulin are required to maintain glucose homeostasis. As pancreatic β-cell function
and number decline, insulin levels will eventually start to fall, with a concomitant rise in plasma glucose.
Blue line – fasting plasma glucose, red line - relative postprandial insulin level (%) compared to normal,
green line – relative maximal β-cell function (insulin secretion capacity per cell, %). Bold dashed line – the
diagnostic plasma glucose level for diabetes (6.9 mM), thin dotted line – 100% referring to relative insulin
level and β-cell function. The arrow marks time of diagnosis of type 2 diabetes mellitus.

2.1.2.1 Liver
Insulin signaling in liver inhibits hepatic glucose output (i.e. gluconeogenesis, ketogenesis and
glygenolysis), increases fuel storage (glycogen and triglycerides), and biosynthesis of protein
and very low-density lipoproteins (86-89). Hepatic insulin resistance results in increased
gluconeogenesis and glucose output (9; 90). Hepatic glucose production is further increased by
elevated glucagon (91) and accumulation of lipid and glucose. Indeed, the incidence of nonalcoholic fatty liver disease parallels that of obesity and is now the most common chronic liver
disease (92; 93). Ectopic lipid accumulation results in increased expression of
phosphoenolpyruvate carboxykinase and pyruvate carboxylase (94), which are rate-limiting
enzymes for gluconeogenesis, and glucose-6-phosphatase, the rate-limiting enzyme for glucose
release.
Many experimental animal models of obesity are characterized by ectopic hepatic lipid
accumulation and are phenotypically similar to human non-alcoholic fatty liver disease. Severe
non-alcoholic liver disease in humans is associated with reduced expression of genes regulating
and encoding mitochondrial proteins (95; 96), reduced electron transport chain (ETC) enzyme
activity (97), decreased resynthesis of adenosine 5’-triphosphate (ATP) (98) and altered
mitochondrial structure (99). These aberrations are correlated with increased β-oxidation and
elevated production of reactive oxygen species (ROS), as well as hepatocyte apoptosis due to
4

localized hypoxia (99; 100). In rodent models of obesity, β-oxidation is also enhanced with
increased oxidative phosphorylation capacity in some studies (101-105), but not in others (106).
The variation is likely due to methodological and strain/species differences, as well as adaptive
responses that vary over time (107; 108). Animal models often develop severe obesity and
pathology in a relatively short time-span, while human obesity develops in a more variable
lifestyle setting against a complex background of genetic predisposition. The progressive tissue
damage associated with hepatic lipid accumulation is however undisputed, regardless of study
subject, although the specific molecular mechanisms may differ.
2.1.2.2 Skeletal Muscle
Skeletal muscle is central to glucose homeostasis in humans and is key to plasma glucose
clearance (109). Obesity is correlated with muscle insulin resistance (110-112). Reduced glucose
uptake in skeletal muscle can be caused by several intracellular deficiencies; insulin signaling
(14; 67), and glucose transport (113; 114), phosphorylation (115) and oxidation (17; 116) are
reduced to varying degrees in association with obesity, insulin resistance and T2DM (117); as
well as glycogen synthesis (10; 118) and lipid oxidation (116). Insulin resistance and T2DM are
further associated with excessive NEFA uptake, (119-121), dysregulated intramyocellular lipid
handling in rodents (122-124), increased levels of intramyocellular lipids in humans (125) and
inhibition of insulin signaling mediated by novel Ser/Thr protein kinase C (122; 126; 127).
Enhanced secretion of inflammatory mediators from white adipose tissue and macrophages may
also reduce muscle insulin sensitivity through the signaling pathway of Janus kinase 2/signal
transducer and activator of transcription 3 (128; 129).
The metabolic properties of skeletal muscle and its impact on whole-body metabolism vary with
fiber type. Oxidative fibers are more insulin-sensitive (130) and contain more mitochondria than
glycolytic, fast-twitch type IIb fibers (131). Oxidative type I fiber percentage is inversely
correlated to adiposity (132-134) and waist/thigh circumference ratio (135); and positively
correlated to insulin action (135) and high-density lipoprotein cholesterol (136). However,
indirect calorimetry during exercise shows either no association between slow-twitch fiber
percentage and substrate oxidation (134) or a positive correlation with fat oxidation, depending
on the specific protocol (132). Type IIb fiber percentage is increased in first-degree relatives of
patients with T2DM (137) and with aging (138). Furthermore, type IIb fiber percentage is
positively correlated to insulin resistance (135; 139; 140) and obesity (138) in vastus lateralis
skeletal muscle, but not in gastrocnemius muscle (139). The additional influence of muscle
group on metabolic properties was confirmed in middle-aged T2DM patients (141); comparing
mitochondrial respiration and fiber type composition in locomotor vastus lateralis and
supportive deltoideus muscle, mitochondrial function was negatively correlated with T2DM only
in the vastus lateralis (141). Hence, the contribution of skeletal muscle and mitochondrial
function to insulin resistance may be secondary to disuse, in addition to genetic risk factors.
2.2

LEPTIN AND AMPK SIGNALING

2.2.1 Leptin Regulation of Metabolism
Leptin is the product of the ob (obese) gene and is secreted from white adipose tissue (142-145).
The leptin hormone regulates several aspects of whole-body metabolism; such as behavior (146),
5

fertility (147), food intake, metabolism and thermogenesis (Fig. 3) (145; 146; 148-150).
Expression and secretion is in part regulated by hexosamine biosynthesis (151), a pathway
sensing nutrient availability (152; 153), which is stimulated by both hyperglycemia and
hyperlipidemia (151; 154). Plasma leptin levels are proportional to fat depot mass in healthy
(155), obese (156) and insulin resistant humans (157). Key insulin-responsive tissues, such as
liver (158), skeletal muscle (159) and white adipose tissue (160), as well as insulin-secreting βcells (161), express the leptin receptor, suggesting a regulatory cross-talk (162; 163).
Mouse models of disrupted leptin signaling, such as the db/db (diabetes) (164; 165) and the
ob/ob mouse (166), as well as humans with similar mutations (167), present severe symptoms of
metabolic dysregulation; such as hyperphagia, obesity and reduced fertility. Leptin-mediated
regulation of feeding occurs mainly at the level of the hypothalamus (148; 168-172), while
thermogenic and metabolic control is exerted through both central and peripheral signaling (149;
170; 173-180). Leptin signaling in skeletal muscle occurs in a biphasic manner with an early,
direct activation of the AMPK/ACC pathway; followed by indirect signaling through the
hypothalamic/sympathetic signaling axis (174). While studies on the effects of leptin on glucose
uptake are contradictory, leptin increases both glucose (173) and lipid oxidation (181), while
insulin-stimulated lipogenesis and glycogenesis are inhibited (182) (Fig. 3). However, several
aspects of leptin signaling through peripheral pathways, e.g. the direct pathway between leptin
signaling and AMPK activation, remain unclear.
2.2.2 5’-AMP-Activated Protein Kinase
AMPK is a key metabolic switch between energy sparing and energy consuming processes (183186). AMPK was first described as an enzyme regulating 3-hydroxy-3-methylglutaryl-CoA
reductase (187), a key enzyme in hepatic cholesterol synthesis, and ACC (188). In addition to
inhibiting biosynthesis of cholesterol, fatty acids (186), and glycogen (189); AMPK also
enhances glucose (190-192) and lipid uptake (193) in response to contraction (194), glycolysis
(195; 196), and fatty acid oxidation (32; 197).
AMPK is a heterotrimeric Ser/Thr kinase that consists of one catalytic subunit (three isoforms;
denoted α1-3) and two regulatory subunits (β1-2; and γ1-3, respectively) (198). Diversity in
tissue function and response to stimuli is conferred by specific subunit combinations, as well as
upstream regulators (199). When the ATP/AMP ratio falls, e.g. as a result of fasting or cellular
stress, AMP replaces ATP in the allosteric site on the γ subunit. A conformational change
exposes Thr172 on the α subunit to phosphorylation by upstream kinases (200). Acute
stimulation with 5-amino-1-β-D-ribofuranosyl-imidazole-4-carboxamide (AICAR), an AMP
analog, enhances the activity of mitochondrial enzymes in glycolytic skeletal muscle and inhibits
ACC activity (201). The response in skeletal muscle to chronic changes in energy charge by
AICAR treatment appears to be limited to glycolytic muscle and occurs in an AMPKα2dependent manner (202); overlapping with expression of the γ3 subunit (203).
AMPK mediates changes in metabolism and mitochondrial function both directly, by
phosphorylation of metabolic enzymes, and indirectly via gene expression. AMPK mediates
contraction-induced translocation of glucose transporter 4 (GLUT4) to the plasma membrane
independently of insulin action (204), as well as activation of hexokinase and inactivation of
ACC (190). The stimulation of GLUT4 translocation increases glucose uptake, while ACC
6

phosphorylation inhibits fatty acid synthesis in favor of lipid oxidation (205). AMPK also
phosphorylates peroxisomal proliferator-activated receptor γ co-activator 1α (PGC-1α) (206),
which activates transcription of several mitochondrial genes in collaboration with nuclear
respiratory factor 1 and 2 (NRF-1/2) (207). Thus, specific activation of AMPK signaling is a
promising therapeutic target to improve fuel disposal by means of enhancing mitochondrial
function, especially in skeletal muscle.

Figure 3. Integration of metabolism by leptin and AMPK, in relation to insulin. Leptin secretion from white
adipose tissue provides an important positive signal of energy storage status. Acting on a variety of
tissues, leptin participates in whole-body metabolic integration and modulates insulin signaling. The
intracellular response to leptin is mediated by AMPK, among others. Hormonal stimulation by leptin
enhances peripheral glucose disposal and lipid oxidation (most notably in skeletal muscle), and increases
hepatic lipid mobilization. Hypothalamic leptin signaling reduces food intake and is important for
reproduction, growth and temperature regulation.
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2.2.2.1 The Gamma Subunit Confers Sensitivity to Energy Charge
The AMPK γ3 subunit is the predominant γ isoform in type II, fast-twitch glycolytic skeletal
muscle fibers, as part of the α2β2γ3 heterotrimer (208). The γ3 subunit was implicated in skeletal
muscle metabolism with the discovery of a spontaneous mutation in pigs. The phenotype, known
as Rendement Napole (RN-), results in increased growth rate and meat content (209), but reduced
meat quality and yield (210) because of increased skeletal muscle glycogen content. The
mutation was identified as PRKAG3R200Q (211), a point mutation in the AMPKγ3 gene, causing
an Arg→Gln substitution in the AMP/ATP binding site (212). This mutation results in a
conformational change, which renders the heterotrimer insensitive to AMP/ATP regulation
(213). A homologous mutation, AMPKγ3R225W with similar effects in skeletal muscle has been
identified in humans (214). In contrast, an Ile→Val substitution at a neighboring site in the γ3
subunit (215) causes reduced intramuscular glycogen content. Mutations in the γ2 subunit are
linked to human cardiac disease (216); some of which are equivalent to the RN- (217) in terms or
aberrant glycogen storage. In contrast, a similar mutation in the γ1 isoform, AMPKγ1R70Q,
confers increased PGC-1α expression, along with increased in slow-twitch glycolytic fiber
percentage (218). Thus, exploring the role of the skeletal muscle-specific γ3 isoform could
provide promising targets for pharmacological treatments of insulin resistance without
interfering with AMPK activity in other tissues, such as the hypothalamus.
2.3

MITOCHONDRIA AND METABOLISM

Mitochondrial function was implicated in the development of insulin resistance and T2DM after
observations of aberrant glucose and lipid oxidation in skeletal muscle (17; 219; 220). Reduced
abundance of mitochondrial proteins (18; 221) and decreased mitochondrial respiratory capacity
(19; 222) have been reported in skeletal muscle from obese insulin resistant humans or T2DM
patients. Similar observations were made in first-degree relatives of T2DM patients, (20; 21), as
well as in animal models of disease (101-104; 223). However, unaltered or even improved
mitochondrial performance has been reported in skeletal muscle from T2DM patients (224; 225)
and rodent models of obesity (108; 226-231). Furthermore, the capacity for exercise-mediated
improvements in mitochondrial respiration, protein abundance (232-234), and metabolic
adaptation (235; 236) are retained in human skeletal muscle. The disparity between these
observations of reduced mitochondrial protein abundance and activity, and preserved
mitochondrial function indicate alterations in mitochondrial quantity, as well as quality. Indeed,
ATP synthesis (21) and citric acid cycle flux (237) are reduced by 30% in T2DM patients,
compared to control subjects, along with a 38% decrease in mitochondrial density (70).
Conversely, experimental models of respiratory chain dysfunction in skeletal muscle (caused by
progressive reduction of mitochondrial transcription factor A, TFAM, expression), does not
affect glucose homeostasis or peripheral insulin sensitivity in mouse (238). Hence, the
pathogenic influence of mitochondrial adaptation in these disease states is far from clear and
there are multiple factors (genetic or epigenetic predisposition, tissue-specificity, environment
and behavior) that must be taken into account.
Increasing mitochondrial respiratory function in skeletal muscle counteracts insulin resistance in
both T2DM patients and animal models (239; 240). Indeed, several of the commonly used
pharmacological treatments have an indirect effect on mitochondria by stimulating glucose or
lipid disposal and oxidation. Fibrates normalize plasma lipid levels by targeting peroxisome
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proliferator-activated receptor alpha (PPARα) (241; 242). PPARα, a lipid-induced transcription
factor, regulates expression of genes involved in mitochondrial fatty acid oxidation (243) and
interacts with the transcriptional co-activator PGC-1α (244). In contrast, the biguanides (e.g.
Metformin), lower plasma glucose by reducing hepatic glucose production and improving insulin
sensitivity (245; 246). Hence, the further development of treatment strategies that target
mitochondrial function is promising.
2.3.1 Mitochondrial DNA and Integration with the Nuclear Genome
Mitochondrial DNA (mtDNA) encodes less than 3% of all mitochondrial proteins (247), and so
expression is highly integrated with transcriptional regulation in the nucleus. One mitochondrion
normally contains several mtDNA copies packaged into a nucleoid by regulatory proteins, such
as TFAM and Lon protease (248-250). However, mtDNA copy number is highly variable (251)
and not directly associated with cell proliferation (252-258), mitochondrial oxidative capacity or
density (259). For example, heart mitochondria are twice as large and possess higher oxidative
capacity than liver mitochondria, but have lower amounts of mtDNA; while brain mitochondria
are smaller and contain fewer mtDNA copies compared to both liver and heart (251).
The vast majority of all mitochondrial proteins are nuclear-encoded, including complex II and
most of the constituents of complex I, III, IV and ATP synthase (247; 252; 260-262). Integration
of cellular demand for mitochondrial activity and nuclear expression is primarily regulated on
the transcriptional level (263) through gene-specific transcription factors and co-activators.
Activation of PGC-1α (264) or PGC-1β (265) by reduced energy availability (266-269),
adrenergic stimulation (264) or stimulation of gluconeogenesis (270), results in coordinated
expression of specific gene sets, depending on the transcription factor partners. PGC-1α also
participates in a positive transcriptional autoregulatory loop stimulated by sirtuin 1 (a sensor of
nicotinamide adenine dinucleotide, NAD+/NADH, energy charge), and under the control of the
transcription factors myocyte-specific enhancer factor 2 and myoblast determination protein 1
(271). The PPAR family of transcription factors regulate lipid oxidation and membrane
uncoupling (243; 244), while NRF-1 and NRF-2 induce genes mediating mitochondrial protein
import and oxidative phosphorylation (207; 272). NRF-1/2 target sequences have been found in
promoter regions of several mitochondrial enzymes and regulatory proteins; such as TFAM
(273), cytochrome c (274; 275), δ-aminolevulinate synthase (ALAS) (276), and subunits of all of
the electron transport system (ETS) complexes (277-282).
2.3.2 Mitochondrial Structure and Dynamics
Mitochondrial dynamics refers to intracellular distribution and fusion/fission of organelles. The
importance of appropriate regulation is underscored by observations that many pathologies of
mitochondrial dysfunction are also associated with abnormal mitochondrial shape and
distribution, such as non-alcoholic fatty liver disease (283) and neurodegenerative conditions
(284; 285).
The balance of membrane fusion and fission events is regulated by guanosine triphosphate
hydrolases (GTPases) that are located in the mitochondrial membranes. There they ensure
appropriate membrane function, distribution of matrix and membrane protein organization (286).
Correct expression of mediators of mitochondrial dynamics is crucial to cell survival. Mitofusin
9

1 and 2 (MFN-1/2) are required for outer membrane fusion (223), and mitochondrial dynaminlike 120 kDa protein (OPA1) mediates fusion of the inner membranes (287; 288). MFN-2
deficiency causes human neurodegenerative disease (284) characterized by reduced respiratory
function and mitochondrial membrane potential (289), and failure to organize nucleoids between
organelles (290). Specific OPA1 mutations cause the most common form of hereditary optic
nerve atrophy (285; 291), and deletion causes mitochondrial fragmentation and apoptosis (292).
Mitochondrial fission is mainly dependent on the activity of dynamin-1-like protein (DNM1L)
(293). DNM1L is required for both cell survival and regulated apoptosis in development (294).
DNM1L-/- is embryonic lethal (295); not due to reduced energy production, but failed
distribution of mitochondria into daughter cells (294). Interfering with fission events can delay,
or even halt, apoptosis; e.g. by inhibiting DNM1L activity (296; 297) or overexpressing MFN-1
or MFN-2 (298). Downregulation of OPA1 protein abundance, or increased OPA1 proteolysis,
however, results in enhanced apoptosis (292).
Appropriate mitochondrial structure and function are disrupted in hepatocytes (299), β-cells (81;
300; 301) and skeletal muscle (19; 302; 303) from humans and rodents with obesity, insulin
resistance or T2DM. Thus, delineating mitochondrial structural regulation may be crucial to
understanding how mitochondrial function influences tissue-specific adaptations to insulin
resistance.
2.3.3 Reactive Oxygen Species and Antioxidant Defense
Mitochondrial ROS is generated when oxygen interacts with transient free radicals formed
during electron transfer through complex I and III (304; 305). Excessive ROS production induces
deleterious vascular effects associated with hyperglycemia (306). Intracellular ROS formation
can cause damage in a number of ways: DNA damage, modifications of amino acids, chemical
transformation of membrane lipids, or oxidation of lipids and proteins. However, a number of
signaling processes are also associated with transient increases in ROS production; such as
growth factor signaling (307) and exercise (308). Insulin signaling generates small ROS bursts
(309), which serve as second messengers (310; 311) by oxidizing critical residues on target
enzymes (312-314).
Antioxidant defense is performed by enzymes and compounds that are themselves oxidants, but
less reactive (315; 316). Mitochondrial manganese superoxide dismutase 2 (SOD2) (317),
glutathione peroxidase (318) and catalase (319) are key, antioxidant enzymes, which sequentially
disarm the oxygen anion radical by the formation of water and molecular oxygen, via hydrogen
peroxide. Mitochondrial DNA oxidative damage is implicated in several pathological conditions
(320-323) and ageing (324) and mtDNA is particularly susceptible to oxidative damage by ROS
(325). Consequently, mutations caused by oxidative damage are proposed to influence
development of complications of insulin resistance and T2DM (326-329).
2.3.4 Oxidative Phosphorylation and Mitochondrial Respirometry
Mitochondrial respirometry is a method of directly measuring mitochondrial oxygen
consumption, by supplying mitochondria with citric acid cycle substrates. Using permeabilized
tissue, where the cell membrane is disrupted and soluble cytosolic components are lost, electron
transport and oxidative phosphorylation can be studied independently of cytosolic metabolism.
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Oxygen Flux
Mediator
Proton leak

Symbol
LEAK

State*
2/4

Substrate/
Inhibitor
M & P (+)

Complex I,
coupled

Coupled,
OXPHOS

3

ADP (+)

Complex I,
coupled
Complex I+II,
coupled

CI

3

G (+)

C I+II

3

S (+)

Electron transport
system, complex I+II,
uncoupled
Electron transport
system, complex II,
uncoupled
Residual respiration

ETS I+II

3u

FCCP (u)

ETS II

3u

Rot (-)

High uncoupled respiration (complex
independent of ATP synthase activity.

ZERO**

-

AnA (-)

Oxygen consumption in the
mitochondrial electron transfer.

Comment
Very low, NADH-dependent respiration due to
absence of ADP.
Low respiration due to partial feedback inhibition
of the citric acid cycle by high malate
concentration. Can be used to calculate P/O
ratio
High respiration due to saturating amount of
complex I substrate and ADP.
Continued high respiration due to saturating
amounts of ATP synthase, complex I and
complex II substrates.
High, uncoupled respiration (complex I-IV)
independent of ATP synthase activity.
II-IV)

absence

of

Table 1. Comparison of oxygen flux and respiratory state. (+) = substrate, (-) = inhibitor, (u) = membrane
2+
uncoupler. ADP = ADP+ Mg , AnA = Antimycin A, G = glutamate, M = malate, P = pyruvate, Rot =
rotenone, S = succinate, *The conventional protocol (330) of respiratory states: State 1 – mitochondria
alone, 2 – substrate, no ADP, 3 – limited amount of ADP, 4 – ADP depletion, 5 – anoxia. **Residual
respiration is not presented in figures.

2.3.4.1 Oxidative Phosphorylation
The first step in respiration supported by NADH is the transfer of 2 electrons (e-) from one
NADH to ubiquinone (UQ) by ETC complex I, NADH-ubiquinone oxidoreductase.
Simultaneously, 4 protons (H+) are relocated to the intermembrane space (331-334). Electron
transport supported by mitochondrial matrix-derived flavin adenine dinucleotide (FADH2) starts
at complex II, succinate dehydrogenase. Succinate dehydrogenase is part of the citric acid cycle
and catalyzes the conversion of succinate to fumarate. In so doing, it transfers 2e- to UQ without
any charge movement across the membrane (335-338). Complex III, ubiquinol cytochrome c
reductase, is a funnel through which complex I, II and other mitochondrial electron transferring
complexes feed electrons to complex IV. It catalyzes the UQ/UQH2 cycle, which returns one UQ
and one UQH2 to the quinone pool. During this process 2e- are transferred to cytochrome c, and
2H+ per UQH2 are moved to the intermembrane space (339). The final step of the ETC, mediated
by cytochrome c and complex IV, cytochrome c oxidase, results in the transfer of 2e- from
cytochrome c by complex IV, reducing one half O2 to H2O and moving 2H+ into the
intermembrane space. Complex IV function is crucial to the functionality of the entire electron
transport chain as it catalyzes the reduction of the final electron acceptor (340-344). The protonmotive force generated by the ETC is then used to drive ATP synthesis by ATP synthase (345351).
2.3.4.2 Mitochondrial Respirometry
The respirometry experiments included in this thesis employ the substrate-uncoupler-inhibitor
protocol as outlined in Table 1. This protocol is designed to investigate endogenous uncoupling,
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oxidative phosphorylation capacity, and maximal coupled and uncoupled respiratory capacity,
with particular focus on complex I. The first substrate, malate, cannot support respiration since
there is no acetyl CoA present for the synthesis of citrate (352). Subsequent addition of pyruvate
results in three important reactions to consider: the conversion of pyruvate to acetyl CoA in the
mitochondrial matrix, allowing citrate production; and the fates of malate and the α-ketoglutarate
formed by the citric acid cycle. Malate reaches equilibrium with fumarate, which blocks
oxidation of succinate to fumarate through feedback inhibition of succinate dehydrogenase (353).
Citrate and α-ketoglutarate are exchanged for extra-mitochondrial malate by the tricarboxylate
carrier (354); reducing the amount of substrates which would otherwise feed complex I. Addition
of excess adenosine 5’-diphosphate (ADP) enables oxidative phosphorylation and oxygen
consumption to increase. NADH production is still suboptimal because of the loss of citrate and
α-ketoglutarate. ADP is followed by addition of cytochrome c as a test of inner mitochondrial
membrane integrity (355; 356). Next, glutamate is added and readily converted to αketoglutarate and ammonia (357). However, fumarate-mediated feedback inhibition of succinate
dehydrogenase persists; along with active exchange of glutamate (in) for aspartate (out) and
malate (in) for inorganic phosphate (Pi) and α-ketoglutarate (out) by the malate-aspartate shuttle
(358). Respiration rises as the conversion of α-ketoglutarate allows for another NADHproducing step (359). Subsequent addition of high concentrations of succinate will meet the
levels of the other citric acid cycle intermediates and succinate dehydrogenase inhibition by
fumarate is relieved (360). This protocol, combined with the appropriate tissue preparation and
permeabilization, enables analysis of tissue-specific mitochondrial respiratory capacity in a
variety of tissues.

3.

AIMS

3.1

GENERAL AIM

The overall aim of this thesis was to investigate pathways that regulate mitochondrial biogenesis
and to identify points of regulation of mitochondrial function, with an emphasis on ameliorating
insulin resistance.
3.2

SPECIFIC AIMS

Study I: To determine if the γ3 subunit of the AMPK enzyme has a role in signaling pathways
mediating mitochondrial biogenesis in skeletal muscle and if it is necessary for mitochondrial
function.
Study II: To characterize tissue-specific mitochondrial function in leptin-receptor deficient db/db
mice and lean littermates.
Study III: To characterize tissue-specific mitochondrial function in leptin-deficient ob/ob mice
and lean littermates, and to determine if mitochondrial function can be modulated by exogenous
leptin-repletion.

4.

MATERIAL AND METHODS

Reagents were purchased from Sigma-Aldrich (St. Louis, MO) unless stated otherwise.
12

4.1

GENETICALLY MODIFIED MICE

All animal experiments were approved by the regional animal ethical committee, Stockholm
North, and mice were treated in accordance with regulations for protection of laboratory animals.
Mice were housed in a temperature-, humidity- and light-controlled environment. They were
maintained under a 12:12 h light:dark cycle and had free access to nesting material, water and
standard rodent chow (4% fat, 16.5% protein, 58% carbohydrates, 3.0 kcal/g; Lantmännen,
Stockholm, Sweden). Prior to tissue dissection, mice were anesthetized with an intraperitoneal
injection of 2.5% (v/v) Avertin (0.02 ml/g body weight; 3.5 M 2,2,2-tribromoethanol in tertiary
amyl alcohol). In study I, transgenic (Tg-AMPKγ3WT and Tg-AMPKγ3R225Q) or knock-out
(AMPKγ3-/-) homozygous mice were compared with homozygous wild-type littermates. In study
II, homozygous db/db mice were compared with non-homozygous (lean, +/?) littermates. In
study III, saline-treated ob/ob mice were compared with saline-treated non-homozygous (lean,
+/?) littermates; and leptin-treated mice were compared with saline-treated mice of the same
genotype.
All mouse models used in the described studies were bred into a C57Bl/6J background, making
comparisons easier, albeit not without problems. The importance of genetic background is
especially clear in the ob/ob and db/db mouse strains, which are commonly maintained on a 6J or
Ks/J background. These “background genomes” have a profound effect on the homozygous
mutant phenotype in both strains, which complicates data comparison between studies using
strains from different genetic backgrounds. Both db/db and ob/ob mice bred into the Ks/J
background have a more severe diabetic phenotype resulting in significantly shortened life span.
Compared to 6J-bred mice, pancreatic islet function and atrophy, hyperglycemia and
hyperinsulinemia are worse, and body weight and tissue accumulation of lipids is increased in
C57BK/KsJ-ob mice (168; 361). When maintained on a 6J background, however, these
characteristics are similar in the two genotypes (361). The phenotype of lean mice (heterozygous
and wild-type, +/?) remains similar irrespective of breeding background (362). The precise
source(s) of the differences due to genetic background is unknown, but the KsJ genome diverges
from its 6J origin by almost 30% (363).
Circulating leptin levels in the lean, wildtype mouse is 3-12.5 ng/ml (364-366) and is increased
up to tenfold in mouse and rat models of obesity (364). Leptin levels in lean humans lie in the
range of 1-12 ng/ml and is lower in men, due to lower degree of adiposity (367). Obese humans
typically have circulating leptin levels of 20-35 ng/ml (367; 368). A dose-response study
performed in lean and ob/ob mice using peritoneal minipumps showed that doses of 1-42 µg/day
correspond to 1.6-8.0 ng/ml in plasma (369). In the present study the dose was 1 mg/kg, which
equals 30 µg/individual/day, but the leptin was administered as a bolus dose once per day. After
a subcutaneous injection in humans, the half-life of the protein was estimated to 3 hours (370),
while an intravenous injection in rat resulted in a plasma half-life of 21 minutes (369). However,
the effects of hormonal signaling is not only dependent on the physical presence of the hormone,
but are mediated by downstream effects on post-translational modification and gene expression.
4.1.1 AMPKγ3 Transgenic and Knock-Out Mice
Study I aimed to investigate the effect of the AMPKγ3 subunit on mitochondrial function and
biogenesis in glycolytic skeletal muscle. For this purpose three different strains of mice were
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used; AMPKγ3 wild-type transgenic (Tg-AMPKγ3WT), AMPKγ3R225Q transgenic (TgAMPKγ3R225Q) and AMPKγ3 knock-out (AMPKγ3-/-). The two transgenic strains express the
transgene specifically in glycolytic skeletal muscle, under the control of the myosin light chain
promoter. The AMPKγ3-/- strain is a whole-body knock-out model, but the AMPKγ3 isoform is
specific to skeletal muscle and the predominant isoform in glycolytic fibers (213). All
experiments were carried out on the white, glycolytic portion of the gastrocnemius skeletal
muscle, unless state otherwise. All three strains were generated by using conventional gene
targeting techniques (213).
The effects of these genetic modifications on whole-body metabolism and skeletal muscle fuel
handling are described elsewhere (213). Briefly, AMPKγ3 is absent in the AMPKγ3-/- mice,
while the transgene is expressed to varying degrees in skeletal muscle from the Tg-AMPKγ3WT
and Tg-AMPKγ3225Q mice. Transgenic expression of AMPKγ3R225Q is dominant over the
endogenous AMPKγ3 and does not alter the expression of the other subunits (213; 371). AMPK
basal and AICAR-stimulated activity was elevated in glycolytic skeletal muscle from TgAMPKγ3225Q mice, and glycogen content increased. Following acute exercise, glycogen was
depleted to a similar degree in all strains, but glycogen repletion was higher in Tg-AMPKγ3225Q
and lower in AMPKγ3-/-, compared to controls. After high-fat diet, Tg-AMPKγ3225Q mice had
enhanced skeletal muscle fatty acid oxidation, reduced intramuscular lipid accumulation and
were protected from insulin resistance (213).
4.1.2 Mouse Models of Obesity - The db/db and ob/ob Mouse
In study II, obese diabetic db/db mice and their lean littermates (+/?) were studied at 16-19
weeks of age. The db/db mouse is a model of obesity and T2DM and it expresses a nonfunctional
splice variant of the long isoform of the leptin receptor; Leprdb (372). This renders cells
insensitive to leptin signaling. Mice homozygous for the mutation are hyperphagic and markedly
heavier than control mice at a very young age. Furthermore, db/db mice present mild
hyperglycemia, hyperinsulinemia, infertility and cold sensitivity (373; 374) due to inefficient
brown adipose tissue response to noradrenaline (375).
In study III, obese ob/ob mice and lean littermates (+/?) were studied at 14-20 weeks of age. The
ob/ob mouse has a point mutation in the ob gene, Lepob, which results in a premature stop codon
and complete lack of the leptin hormone (142). Similar to the db/db mouse, the homozygous
ob/ob mice are hyperphagic, obese, subfertile and incapable of cold adaptation (361; 374; 376).
This is due to abnormal brown adipose tissue mitochondria. The ob/ob mouse also has reduced
brown adipose tissue response to adrenergic signals (377), hypothyroidism (378) and reduced
bone mass (379).
4.2

LEPTIN TREATMENT

In study III, ob/ob mice and lean (+/?) littermates were used to elucidate the effect of leptin
repletion on mitochondrial function. The mice were matched for age and weight (within
genotypes), and randomized to receive once-daily intraperitoneal injections with either sterile
0.9% saline or 1 mg/kg body weight of sterile leptin (Preprotech, Rocky Hill, NJ). Recombinant
leptin was reconstituted according to the manufacturer’s instructions (AMI) in sterile PBS,
sterilized by filtration (0.2 µm acetate membrane; VWR) and stored at -20°C until use. Great
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care was taken to avoid repeated freeze-thawing. Following a two-day lead-in with sterile 0.9%
saline, the mice were treated with saline or leptin for five days at 15:00-17:00 for maximum
effect during the wake period. Body weight, food intake and water consumption was monitored
daily. Body composition (fat, lean, fluid and free water mass) was measured by magnetic
resonance imaging (EchoMRI™, Houston, TX) before and after treatment. Tissues were
collected the morning after the last treatment.
4.3

HISTOCHEMISTRY

Gastrocnemius, plantaris, soleus and extensor digitorum longus (EDL) skeletal muscles were
dissected and frozen together in Tissue-Tek O.C.T. compound (Sakura Finetek Europe,
Zoeterwoude, Netherlands) in isopentane cooled in N2 (l). 10 µm serial cross-sections were
generated using a Microstat HM 500M cryostat (MICROM Laborgeräte GmbH, Walldorf,
Germany). Sections were mounted on SuperFrost glass slides (Menzel GmbH & Co.,
Braunschweig, Germany) and stored at -20°C. Unless stated otherwise, all reagents were from
Sigma-Aldrich.
4.3.1 Myosin Heavy Chain Isoform Immunohistochemistry
Immunohistochemical staining for myosin heavy chain (MyHC) isoforms was performed using
rabbit anti-mouse monoclonal MyHC type IIa (SC-71) and MyHC type I (D-5) antibodies, kindly
donated by Professor Stefano Schiaffino, together with the Vector M.O.M Immunodetection Kit
(Vector Laboratories Inc.) AMI. Briefly, after allowing the sections to air dry, they were blocked
with an Avidin/Biotin Blocking reagent (Vector Laboratories Inc.) as instructed. The sections
were then incubated with mouse immunoglobulin (Ig) blocking reagent for 1 hour, briefly preincubated with antibody diluent and probed with primary antibody diluted 1:500-1:1000 for 30
min. Subsequently, slides were incubated in biotinylated rabbit anti-mouse IgG reagent for 10
min, followed by fluorescein Avidin DCS for 5 min. Each step was followed by washing in PBS
(10 mM Na3PO4, 0.15 M NaCl, pH 7.4-7.8). Finally, slides were mounted using
VECTASHIELD® mounting medium (Vector Laboratories Inc., Burlingame, CA) for image
capture.
4.3.2 Succinate Dehydrogenase Staining
Succinate dehydrogenase (SDH), ETC complex II, is an indicator of oxidative capacity.
Histochemical staining intensity of SDH differs between skeletal muscle fiber types IIb, IIa, and
I; the latter staining the darkest. Slides were treated with incubation solution for 8 min at RT (6.5
mM NaH2PO4, 43.5 mM Na2HPO4, 0.6 mM nitro blue tetrazolium, 50 mM sodium succinate, pH
7.6), washed in 0.9% saline and fixed in 15% ethanol. Coverslips were then mounted using
aqueous mounting medium (Dako, Glostrup, Denmark).
4.3.3 Myosin ATPase Staining
Myosin II ATPase staining exploits the differential sensitivity of ATPase I, IIa, IIx and IIb
eznymes to inhibition by acidic or alkaline conditions. Acidic preincubation inhibits type IIa, IIx
and IIb enzymatic activity, resulting in dark staining (cobalt sulfide) of only type I fibers.
Skeletal muscle fiber sections were preincubated under acidic conditions for 4 min (0.2 M
sodium acetate, 0.1 M KCl, pH 4.43), washed (0.1 M NaOH, pH 9.4) and incubated with ATP
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(90 mM glycine, 65 mM CaCl2, 90 mM NaCl, 3 mM ATP, pH 9.4) for 20 min at 37°C.
Differential fiber type staining was then resolved by sequential incubation with 1% (w/v) CaCl2
(aqeous solution) for 3 min and 2% (w/v) CoCl2 (aq) for 3 min. Following a wash in dH2O and
1% (v/v) (NH4)2S for 1 min, the slides were again rinsed thoroughly with dH2O and air dried.
Coverslips were mounted using aqueous mounting medium (Dako, Glostrup, Denmark).
4.3.4 Image Capture and Analysis
Image capture in study I was performed using an Olympus DP70 camera (Olympus Corporation,
Japan) and Cast software (Visiopharm, Horsholm, Denmark), unless stated otherwise.
Quantification of fiber type composition was performed using Image J software (National
Institutes of Health). Fiber types were assigned based on threshold values of particle density:
type I fibers <40, type IIa 40 - 210, and type IIb >210, as determined by Image J. Approximately
100 fibers counted per muscle section and the percentage of each fiber type was calculated.
4.4

ELECTRON MICROSCOPY

In study I, mitochondrial ultrastructure in white gastrocnemius skeletal muscle was evaluated by
transmission electron microscopy (TEM; Morgagni 268, FEI Co., Hillsboro, OR). The muscle
was perfused-fixed (2.5% [v/v] glutaraldehyde, 300 mM sucrose, 0.1 M cacodylate, pH7.2–7.4),
dissected, cut into approximately 1x1x2-mm pieces, incubated in the same fixative overnight and
post-fixed for 1 hour in 1% (v/v) osmium tetroxide. Samples were then dehydrated through a
graded series of ethanol and acetone (30% ethanol for 10 min, 50% ethanol for 20 min, 70%
ethanol for 30 min, 70% ethanol for 20 min, 85% ethanol for 20 min, 95% ethanol for 20 min,
99% ethanol 3 x 20 min, 99% ethanol:acetone 1:1 for 20 min, and 100% acetone x3). Samples
were pre-embedded in acetone/Durcupan resin (Fluka, Sigma-Aldrich) 3:1 for 1 hour with
rotation, followed by acetone:Durcupan 1:1 with rotation overnight. Samples were then
embedded in Durcupan for 4 hours with rotation, placed in Durcupan-filled moulds, de-gassed
for 10-20 min at 50°C and left to harden at 50°C for 24 hours. Ultrathin 70 nm sections were cut
with a Leica Ultracut UCT (Leica Microsystems, Wetzlar, Germany) and placed on copper mesh
grids (Electron Microscopy Sciences, Hatfield, PA). Sections were then post-fixed with 2%
(w/v) uranyl acetate for 6 min, and counterstained with lead citrate (80 mM Pb[NO3]2, 160 mM
sodium citrate, 160 mM NaOH) in the presence of NaOH (s) for 3 min in a closed container.
Post-fix and counterstaining were both followed by gentle wash in dH2O. Grids were air dried
and stored until viewing by TEM. TEM image capture was done using an AMT camera system
(Advance Microscopy Techniques Corp., Danvers, MA) at x 20,400 magnification.
Quantification of mitochondrial volume, area percentage and number was performed using
Image J software (National Institutes of Health), version 1.37.
4.5

MITOCHONDRIAL RESPIROMETRY

Mitochondrial function was assessed using a closed, two chamber, high-resolution respirometry
system (Oroboros Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria) (355; 356; 380;
381). In study I, mitochondrial respirometry was measured in white gastrocnemius. In study II
and III, respiration was measured in glycolytic EDL and oxidative soleus skeletal muscle, as well
as in liver.
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Skeletal muscle samples in all three studies were processed the same manner. Following
dissection, sample were placed in ice-cold BIOPS relaxing solution (2.8 mM Ca2K2EGTA, 7.2
mM K2EGTA, 5.8 mM ATP, 6.6mM MgCl2, 20mM taurine, 15mM sodium phosphocreatine, 20
mM imidazole, 0.5 mM dithiothreitol, and 50 mM MES, pH 7.1). Using fine forceps and a
microscope, the muscle samples were cleaned of fat, blood and tendons; and fibers were
separated to expose maximum surface area. The muscle samples were then transferred to icecold BIOPS supplemented with 0.005% (w/v) saponin for permeabilization of the sarcolemma,
and incubated on ice with agitation for 10 min. This was followed by equilibration in ice-cold
MiR05 respirometry medium (0.5 mM EGTA, 3 mM MgCl2, 60 mM potassium lactobionate, 20
mM taurine, 10 mM KH2PO4, 20 mM HEPES, 110 mM sucrose, and 0.1% [w/v] bovine serum
albumin, pH 7.1) with agitation for 30 min. Muscle samples were blotted for 30 sec before 1-2
mg of tissue was added to the experimental chamber. Liver (biopsy from the right lobe) samples
were subjected to mild mechanical permeabilization (355) in amino-acid depleted MiR05 (20
µl/mg body weight), to allow for later protein concentration measurement. The equivalent of 1
mg of tissue was added to the experimental chamber. All respirometry experiments were
performed using MiR05.
Oxygen flux caused by endogenous uncoupling, denoted “LEAK” in figures (see Table 1 and Fig.
4), was measured by adding malate (final concentration 2 mM) and pyruvate (10 mM), in the
absence of ADP. Oxidative phosphorylation capacity, an indication of coupling efficiency, was
quantified by adding ADP (5 mM, OXPHOS), followed by glutamate (20 mM) for additional
complex I-supported oxidation (C I), and succinate (10 mM) for convergent electron flow
through both complex I and II (C I+II). For maximum flux through the electron transfer system
(ETS I+II), the exogenous protonophore carbonylcyanide-4-(trifluoromethoxy)-phenylhydrazone (FCCP) was titrated, to a final concentration of 0.7 µM for liver and 0.3 µM for
skeletal muscle. Finally, electron transport through complex I was inhibited (ETS II) by adding
rotenone (0.1 µM), followed by complex III inhibition (ZERO, data not shown in figures) by
antimycin A (2.4 µM). ZERO oxygen flux, which is independent of the electron transfer system,
was subtracted from the values of each of the previous steps. Absolute oxygen flux values are
expressed relative to tissue wet weight per second (JO2, [pmol O2/mg/s]). The flux control ratio
(FCR) describes the relative contribution of each state to maximum oxygen flux, and is
expressed as a ratio over ETS I+II.
The implications of comparing data from studies using isolated mitochondria versus
permeabilized tissue mainly concern aspects of processes directly dependent on membrane
intactness. The first is complex I function; all citric acid cycle enzymes, except for succinate
dehydrogenase (complex II), are soluble and located in the mitochondrial matrix. In the process
of mitochondrial isolation, it is unavoidable that some of the matrix contents will leak out, while
components of the cytosol and the experimental buffer leak in, as shearing forces disrupt parts of
the mitochondrial networks and membranes (382-384). A second concern related to membrane
damage is that ADP availability, one key controller of oxidative phosphorylation, is regulated by
transporters in the outer mitochondrial membrane (385). Studies on isolated mitochondria (385)
and permeabilized skeletal muscle fibers (386) provide evidence that mitochondrial isolation
reduced the ADP Km (concentration at half maximum reaction speed) approximately by a factor
of ten (387). Finally, there is a risk that the mitochondrial isolation process results in differential
recovery of mitochondria, which would lead to a selection bias in terms of actual versus
measured respiratory capacity.
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Figure 4. Schematic depiction of compounds added during the respirometry experiment, their targets and
the corresponding respiratory flux as presented in figures. Mal – malate, Pyr – pyruvate, Suc – succinate,
AnA – antimycin A, FCCP - carbonylcyanide-4-(trifluoromethoxy)-phenyl-hydrazone.

4.5.1.2 Sample Handling
In study I, all measurements were made in duplicate. The duplicate measurements were highly
reproducible. However, interexperimental variation was identified as an important issue to
address. Therefore tissues, rather than sample duplicates, were run in parallel in study II and III.
If an experiment had to be terminated prematurely, or results diverged greatly from the expected,
the experiment was repeated whenever possible. Examples of such circumstances are extremely
low respiratory rates or response to substrate, unexplained “spikes” in the respiration
measurements, or human error.
If the skeletal muscle samples could not be used for respirometry right away, they were kept in
MiR05 at 4°C for up to 6 hours (381), following permeabilization. Previous studies in muscle
have demonstrated that appropriate storage for up to 24 hrs does not affect mitochondrial
performance. Analysis of our own data sets did not reveal any differences in mitochondrial
function between muscle samples that had been used for respirometry immediately following
equilibration and those that had been properly stored in this manner. Although one would
normally strive to use all samples immediately, there were several reasons for this compromise
in study II and III. First, we planned to measure mitochondrial respiration in several tissues from
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the same mouse, and preferably analyze tissues representing more than one genotype or
treatment condition per day to minimize experimental variation. Second, the time required for
experiments in different tissues vary; experiments on liver and brain samples normally take half
the time (45-60 min) of a typical muscle experiment (1.5-3 hrs). Third, the viability of liver
samples is poor with respiratory responses to substrates being visibly lower after less than 1 hour
(unpublished observations). A typical experimental design would then be to run storage-sensitive
tissues from the first preparation while collecting tissues from the second. Following appropriate
between-experiment cleaning, the second round of storage-sensitive tissues is performed while
keeping processed skeletal muscle from both donors in MiR05 on ice. Finally, the muscle
experiments are performed, starting with the first set in order to equalize storage times.
4.5.1.3 Data Presentation – Flux Control Ratio
The FCR is a means of obtaining a theoretical minimum and maximum limit of oxygen
consumption capacity, by normalizing the oxygen flux for each state by that of the maximum (in
our case, ETS I+II). Importantly, the FCR is independent of mitochondrial mass. However,
changes in ETS I+II will be propagated to all FCR values. An alternative means of normalization
is substrate control ratio, in which the measured states of oxygen flux are normalized by a
common coupled reference state. This method presents the same problem with calculation
artifacts as the FCR, with the additional limitation that substrate control ratio only provides
relative values without an absolute maximum.
4.6

BIOCHEMICAL ANALYSES OF GLYCOGEN AND TRIGLYCERIDE CONTENT

In study II and III, glycogen and triglyceride content was measured in liver and skeletal muscle
(soleus and gastrocnemius in study II, gastrocnemius in study III).
4.6.1 Glycogen Content Measurement
Glycogen content was measured using a standardized fluorometry-based biochemical method. In
this method, intracellular glucose is phosphorylated in vitro by hexokinase, and subsequently
converted to gluconic acid by glucose-6-phosphate dehydrogenase. This reaction produces
nicotinamide adenine dinucleotide phosphate (NADPH), which is measured fluorometrically. To
determine glycogen, tissue samples were lysed in 1 N HCl at 100°C for 2 hours and centrifuged
at 2,000 x g. Liver samples required a further dilution of 1:4 with 1 N HCl. Samples were then
mixed 1:200 with fluorometry assay buffer (50 mM Tris-HCl [pH 8.1], 300 µM ATP, 2 mM
MgCl2, 0.02% (w/v) fatty acid-free bovine serum albumin [BSA], 40 µM NADP, and 1 µg/ml
glucose-6-phosphate dehydrogenase, supplemented with 1 µl/ml hexokinase in dilution buffer
[20 mM imidazole, 0.02% (w/v) fatty-acid free BSA]), followed by fluorometry (TD-700, Turner
Design, Sunnyvale, CA). Glycogen content was calculated using a standard curve.
4.6.2 Triglyceride Measurement
Triglyceride content was measured by a standard enzymatic colorimetric method. In this
procedure, free glycerol is first eliminated enzymatically, followed by enzymatic hydrolysis of
triglyceride in the presence of lipase and 4-aminophenazone. Liberated glycerol is determined
spectrophotometrically (Libra S22, Biochrom Ltd., Cambridge, UK). Samples were
homogenized in a 3:2 heptane-isopropanol solution with 1% (v/v) Tween-20. Thereafter, a
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Trig/GB kit (triglycerides/glycerol blanked kit; Roche Diagnostics Scandinavia, Bromma,
Sweden) was used AMI along with a Precinorm L standard (Roche Diagnostics Scandinavia).
4.7

ANALYSIS OF PROTEIN ABUNDANCE

Reagents for denaturing sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDSPAGE) and precast gels were purchased from Bio-Rad, Hercules, CA.
4.7.1 Western Blot
Tissue samples used for protein analysis were homogenized in ice-cold lysis buffer (study I - 50
mM HEPES [4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.5], 10% [v/v] glycerol,
1% [v/v] Triton X-100, 2 mM dithiotreitol, 1 mM ethylenediaminetetraacetic acid [EDTA], 1
mM benzamidine, 1 µg/ml aprotinin, 0.2 mM phenylmethylsulfonyl fluoride, 1 µg/ml leupeptin,
1 µM microcystin, 5 mM Na4P2O7, 10 mM NaF, 0.5 mM Na2VO4; study II and III – 20 mM
Tris-HCl [pH 7.8], 1 mM MgCl2, 2.7 mM KCl, 135 mM NaCl, 10 mM NaF, 0.5 mM Na2VO4,
1% [v/v] protease inhibitor cocktail [VWR]). Following homogenization, samples were rotated
end-over-end for 1 h at 4°C and subjected to three freeze/thaw cycles to disrupt the
mitochondria; freezing at -80°C overnight, defrost for 1-2 hours at +4°C, vortex → two cycles of
-80°C for 30 min, defrost and vortex). Samples were then centrifuged at 10,000 x g for 15 min at
4°C. Supernatants were removed for protein determination using Pierce BCA protein assay kit
AMI (Nordic Biolabs, Täby, Sweden). Finally, samples were diluted to equal concentrations
using lysis buffer and Laemmli sample buffer (62.5 mM Tris-HCl [pH 6.8], 2% [w/v] sodium
dodecyl sulphate, 10% [w/v] glycerol, ~0.002% [w/v] bromophenol blue and 5% [v/v] βmercaptoethanol).
To examine protein abundance, Western blot analysis and chemiluminescent detection were
performed. Proteins were separated by SDS-PAGE, transferred to polyvinylidene difluoride
membranes (PVDF; Millipore, Billerica, MA) (transfer buffer: 0.03 M Tris base, 0.24 M glycine,
20% methanol) and blocked in 5% (w/v) nonfat dry milk in Tris-buffered saline with Tween
(TBST; 20 mM Tris base, 137 mM NaCl, pH 7.6, containing 0.1% (v/v) Tween-20). SDS-PAGE
in study I was performed using gels prepared as follows: stacking gel: 0.12 M Tris-HCl [pH 6.8],
3.8% [v/v] 37.5:1 acrylamide/bis, 0.1% [v/v] sodium dodecyl sulphate [SDS], 0.1% [v/v]
ammonium persulphate [APS], 1‰ tetramethylethylendiamine [TEMED]; resolving gel: 0.375
M Tris-HCl [pH 8.8], 7.5% [v/v] 37.5:1 acrylamide/bis, 0.1% [v/v] SDS, 0.045% [v/v] APS,
0.5‰ TEMED. Proteins were separated overnight at 14-20 mA with water cooling, with running
buffer (0.025 M Tris-base, 0.19 M glycine, 0.1% [w/v] SDS, pH 8.3). Membrane transfer was
conducted on ice at 500 mA for 3 hours with transfer buffer (0.03 M Tris base, 0.24 M glycine,
20% [v/v] methanol). In study II and III, precast Criterion gradient gels were used for protein
separation (4-12%, Tris-based; XT-MES running buffer; approximately 500 mA at room
temperature for 45 min) and transfer was performed on ice for 90 min at approximately 600 mA.
Additionally, in study III the membranes were stained with Ponceau S solution (2 min staining
and 1 min + 2 min wash in distilled water) and scanned prior to blocking.
The PVDF membranes were treated with methanol pre- and post-transfer AMI. After a quick
wash with TBST, the membranes were probed with primary antibody (overnight at 4°C or 1 hour
at room temperature), washed thoroughly in TBST, and incubated with the appropriate
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horseradish peroxidase (HRP)-conjugated anti-IgG antibody for 1 hour at room temperature.
Antibody-bound protein was detected using enhanced chemiluminescence AMI (GE Healthcare,
Little Chalfront, UK), and quantified by densitometry (Quantity One analytical software in
conjunction with GS-710 calibrated densitometer in study I, and a GS-800 Calibrated
Densitometer in study II and III; both densitometer and software were from Bio-Rad). For
repeated probing, the membrane was stripped of bound antibodies in stripping buffer (0.06 M
Tris-HCl [pH 6.8], 2% [w/v] SDS, 0.7% [v/v] β-merkaptoethanol) for 45 min at 56°C, followed
by thorough washing in TBST and blocking at 4°C overnight. Each membrane was probed a
maximum of three times.
Target
ATP5A1
Cyt c
DNM1L
GAPDH
MFN-2
MT-CO1

Alternative name

DRP1

COX1

Function/ Pathway
ATP synthesis
ETC
Mitochondrial fission
Glycolysis
Mitochondrial fusion
ETC complex IV

NDUFA9

ETC complex I

NRF-1
OPA1
PEPCK
PGC-1
PPARα
SDHA

TF, nuclear
Mitochondrial fusion
Gluconeogenesis
Transcription
TF, nuclear
ETC complex II

SOD2
TFAM

ROS scavenging
TF, mito.

Tubulin
UCP3
UQCRC1

Structural
Transport
ETC complex III

UQCRC2

ETC complex III

Manufacturer
Molecular Probes/
Invitrogen
PharMingen International
Santa Cruz Biotech., Inc.
Santa Cruz Biotech., Inc.
Santa Cruz Biotech., Inc.
Molecular Probes/
Invitrogen
Molecular Probes/
Invitrogen
Santa Cruz Biotech., Inc.
Abnova
Santa Cruz Biotech., Inc.
Chemicon International/ Millipore
Santa Cruz Biotech., Inc.
Molecular Probes/
Invitrogen
Abcam
Santa Cruz Biotech., Inc. (study I)
Abnova (study II)
Millipore
Chemicon International/ Millipore
Molecular Probes/
Invitrogen
Molecular Probes/
Invitrogen

Specificity
M
M
P
P
P
M
M
P
M
P
P
P
M
M
P
M
P
P
M
M

Table 2. Antibodies used for Western blot protein detection. ETC – electron transport chain, TF –
transcription factor. ROS – reactive oxygen species, M – monoclonal, P – polyclonal.

The primary antibodies used are listed in Table 2. In study I, commercially available secondary
HRP-conjugated goat anti-mouse, and donkey anti-rabbit/goat/mouse IgG antibodies were
obtained from the Jackson ImmunoResearch Laboratories (West Grove, PA). In study II and III,
HRP-conjugated goat anti-mouse and anti-rabbit IgG were purchased from Bio-Rad.
In all three studies, total protein abundance is expressed as fold change compared to the
appropriate control group. Data for OPA1 represents a ratio of long (a-b) to short (c-e) isoforms.
The appearance of OPA1 proteolytic cleavage isoforms is an indicator of mitochondrial stress
(388; 389). Values presented are mean ± standard error of the mean (S.E.).
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4.7.2 Myosin Heavy Chain Isoform Abundance
The separation of MyHC isoforms was performed to examine muscle fiber type composition of
mouse models. The white skeletal muscle portion of the gastrocnemius skeletal muscle was
homogenized in ice-cold lysis buffer (20 mM Tris-HCl [pH 7.8], 10% [v/v] glycerol, 1 mM
MgCl2, 2.7 mM KCl, 137 mM NaCl, 1% [v/v] Triton X-100, 1 mM EDTA, 1 µg/ml aprotinin,
0.2 mM phenylmethylsulfonyl fluoride, 1µg/ml leupeptin, 1 µM microcystin, 5 mM Na4P2O7, 10
mM NaF, 0.5 mM Na3VO4) and 50 µl was removed for electrophoretic separation. Total protein
content was assessed using a Pierce BCA protein assay kit AMI (Nordic Biolabs) and the sample
aliquots were diluted to equal concentrations using lysis buffer and Laemmli sample buffer (62.5
mM Tris base, 2% [w/v] sodium dodecyl sulphate, 10% [w/v] glycerol, ~0.002% [w/v]
bromophenol blue and 5% [v/v] β-merkaptoethanol; pH 6.8). Separation of MyHC isoforms by
glycerol SDS-PAGE (stacking gel: 4% [v/v] 40:1 acrylamide/bis, 0.8% [v/v] 2:1 bis, 37% [v/v]
glycerol; resolving gel: 8% [v/v] 40:1 acrylamide/bis, 0.2% [v/v] 2:1 bis, 37% glycerol) was
performed with upper (100 mM Tris base, 150 mM glycine, 0.1% [w/v] SDS; pH 8.6) and lower
running buffer (50 mM Tris base, 75 mM glycine, 0.05% [w/v] SDS) at equal levels (390). One
µg of total protein was loaded and separated at 4°C for 28 hrs at 5-10 mA. Gels were then fixed
overnight (10% (v/v) acetic acid, 40% (v/v) ethanol), and stained using the SilverQuest™ silver
staining kit (Invitrogen) AMI. Finally, the gels were scanned with a GS-710 calibrated imaging
densitometer (Bio-Rad), the different MyHC isoforms identified according to migration
characteristics as described (390) and their relative proportion determined using Quantity One
software (Bio-Rad).
4.8

GENE EXPRESSION ANALYSES

4.8.1 Quantitative PCR
Skeletal muscle total mRNA was extracted using TRIzol (Invitrogen). The mRNA was purified
further using the RNeasy Mini Kit AMI (Qiagen, Hilden, Germany). Liver total mRNA was
extracted using QIAshredder (Qiagen) AMI, followed by purification with the Rneasy Mini Kit.
The mRNA concentration and purity was measured spectrophotometrically (study I: Eppendorf
BioPhotomer, Eppendorf AG, Hamburg, Germany; study II and III: Nanodrop 1000, Thermo
Scientific, Wilmington, MA). Samples were diluted to equal concentrations with sterile and
RNase-free water prior to cDNA synthesis. Converson of mRNA to cDNA was performed AMI
using the SuperScript First Strand Synthesis System (oligo[dT] primers; Invitrogen) in study I,
and SuperScript III First-Strand Synthesis Supermix (oligo[dT2] primers; Invitrogen) in study II
and III, according to the manufacturer’s instructions. Quantitative polymerase chain reaction
(PCR) was then performed in duplicate in a 96-well format (SYBR Green: 1X SYBR green mix,
0.7 µM each of forward and reverse primer; TaqMan assay [Applied Biosystems, Foster City,
CA]: 1X TaqMan PCR Master Mix, 1X primer/probe mix; 10-25 ng cDNA) using an ABI Prism
7000 Sequence Detector (Applied Biosystems).
In study I, quantitative PCR was performed with SYBR Green primer/probe sets selected using
the Primer Express software (Applied Biosystems). Relative expression was normalized against
acidic ribosomal phosphoprotein PO (36B4). In study II and III, mRNA expression quantitative
PCR was performed in multiplex with predesigned TaqMan assays (Applied Biosystems, Foster
City, CA) and normalized against β-actin. Primer sequences are shown in Table 3. Quantification
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of mRNA expression was normalized to a designated housekeeping gene and calculated using
the standard curve method (391).
SYBR green primers
Target
36B4
ALAS
β-actin
Catalase
COX4
CS
Cyt c
Drp-1/Dnm1l
ERRα
LonP
LPL
MCAD
MFN-2
MT-CO1
MyHC I
MyHC IIa
MyHC IIb
MyHC IIx
NRF-1
NRF-2
OPA1
PDK4
PGC-1α
PGC-1β
PPARα
PPARβ/δ
SOD2
TFAM

Forward Primer

Reverse Primer

CCCTGAAGTGCTCGACATCA
CGCCGATGCCCATTCTT
GCCCTGAGGCTCTTTTCCAG
TGAGAAGCCTAAGAACGCAATTC
GCAGCCTTTCCAGGGATGA
TGTCCTGCCCCTCCTCATC
GGAAAAGGGAGGCAAGCATAA
GCCCAGCCTACGGTGTGT
GGGAAGCTAGTGCTCAGCTCTCT
GTGGGCAAGACCAGCATTG
CTGGGCTATGAGATCAACAAGGT
TTCCCAAGGAAATGAGATCAAAG
TGAAAGTCACTGTGCATTTGATAAAGT
TCAGTATCGTATGCTCAACAAATTTAGA
TTGTGCTACCCAGCTCTAAGGG
AAGCGAAGAGTAAGGCTGTC
GAAGAGCCGAGAGGTTCACAC
GAAGAGTGATTGATCCAAGTG
CCACGTCCTTCACCAAAGCT
CAAGAGCAACAGATGAATGAG
GGCATTTTATAGATTCTGAGCTGGAA
GAAAGTCGAGTTCAAAAGGGAGAT
CATTTGATGCACTGACAGATGGA
TGCTCTGCCCTCGATGTGCC
CGATGCTGTCCTCCTTGATGA
TCTCCGCAAGCCCTTCAGT
CACTCACGGCCACATTGAGT
AGGCTTGGAAA AATCTGTCTC

TGCGGACACCCTCCAGAA
ACAACAGAGACTTTCCTGCCTTCT
TGCCACAGGATTCCATACCC
CCCTTCGCAGCCATGTG
TCTCGGCGAAGCTCTCGTTA
GTGCTGGAGTTGGGTTCCA
GCAGCCTGGCCTGTCTTC
GCTGTAATTGCTACAATGCTGAATG
CAGGATGCCACACCGTAGTG
CACCAACACTGAAACGGAAGTATT
AGGGCATCTGAGAGCGAGTCT?
TCCTCCGCCATGGGAAT
GGCGCCCATCAGTCATTC
TGGTTCCTCGAATGTGTGATATG
CTGCTTCCACCTAAAGGGCTG
CTTGCAAAGGAACTTGGGCTC
AGGACAGTGACAAAGAACGTC
ATCTCCCAAAGTTATGAGTACA
CACGCTGTGTCCTGGATCTTC
ACTTTAATCGTAGTCGGTGTAG
GCGAGCATGCGCTGTATTC
TTTCCCAACATGCACAATCCT
CCGTCAGGCATGGAGGAA?
GACTACTGTCTGTGAGGCTGCCC
CTCGCGTGTGATAAAGCCATT
TCCAGCGCATTGAACTTGAC
CAGTCATAGTGCTGCAATGCTCTA
TGCTCTTCCCAAGACTTCATT

TaqMan assays
Accession number/Custom primer set

Target
ATP5A1
β-actin
Cyt b

Mm00431960_m1
Mm00607939_s1

Drp-1/Dnm1l
MFN-2
MT-CO1
NDUFA9
OPA1
SDHA
SOD2
TFAM
UQCRC1

Mm01342903_m1
Mm00500120_m1
Mm04225243_g1
Mm00481216_m1
Mm00453879_m1
Mm01352366_m1
Mm01313000_m1
Mm00447485_m1
Mm00445911_m1

FWD: AAAGCCACCTTGACCCGATT
TAMRA probe: CGCTTTCCACTTCATCTTACCATT

REV: GATTCGTAGGGCCGCGATA

Table 3. Primers used for quantification of mRNA expression.
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5.

RESULTS AND DISCUSSION

The aim of this thesis is to dissect out pathways which regulate mitochondrial biogenesis and to
identify molecular targets that can modulate mitochondrial function, with an emphasis on
ameliorating insulin resistance.
5.1

TISSUE-SPECIFIC MITOCHONDRIAL FUNCTION

Tissue-specific mitochondrial respiration in glycolytic and oxidative skeletal muscle, and liver
was characterized in wild-type mice. This question has been addressed previously by others (18;
141; 392-397), but investigations of permeabilized biopsies from various tissue collected from
the same animal have not been performed.
Comparing mitochondrial respiration in glycolytic EDL and oxidative soleus skeletal muscle,
and liver, these tissues are easily distinguished by their respiratory phenotypes. The oxygen
consumption in oxidative soleus muscle is consistently 80-90% higher than in glycolytic EDL
muscle (Fig. 1A), which is in line with previous findings of oxidative muscle having more
mitochondria with a higher oxidative phosphorylation activity (394; 396; 398; 399). In both
muscle types, C I+II (maximal coupled respiration) is nearly equal to ETS I+II (maximal
uncoupled respiration); indicating that in the resting state, membrane uncoupling may not be a
significant feature of skeletal muscle mitochondrial function.
Liver respiration is low in the LEAK, OXPHOS and C I states. The comparatively low response
to ADP appears to be consequent of low C I activity, demonstrating that the liver preferentially
uses glucose for lipogenesis and other biosynthesis processes (400), while only a small
proportion is used for oxidation. Maximal coupled and uncoupled electron transport capacity, in
contrast, is comparable to that of EDL muscle; proving the liver to be a highly metabolically
active tissue (395).
Apart from the difference in scale between EDL and soleus respiratory capacity, they can also be
distinguished by FCR, the contribution of each respiratory state to maximal electron transport
capacity (Fig. 1B). Complex I dominates respiration in both EDL and soleus. The complex I
contribution is also somewhat higher in EDL, which corresponds to its glycolytic properties.
Liver, in contrast, is more reliant on complex II; C I+II contribution to maximal electron
transport capacity is three times higher than that of C I alone (Fig. 1A). Consequently, the
response to complex I inhibition in liver (ETS II) is low. The low degree of endogenous
uncoupling (LEAK) in liver is further emphasized by the marked increase in respiration by
uncoupling (Fig. 1A and B).
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Figure. 4. Tissue-specific mitochondrial
respiratory capacity in wild-type mice
studied in Holmström et al, 2012 (401). A.
Mitochondrial respiratory capacity expressed as mass-specific oxygen flux (JO2,
-1 -1
pmol·mg ·s ). B: Flux control ratio (FCR).
Open bar - liver; gray bar - EDL, closed
bar - soleus. Data are presented as
mean±S.E. (N = 6–8). *p˂0.05 vs. liver
and EDL muscle; ‡p˂0.05 vs. EDL and
soleus muscle.

The functional implication of the C I+II FCR value is that a value below 1.0 means that ATP
synthesis, the main site for proton re-entry, is rate-limiting for electron transport. In both
glycolytic and oxidative skeletal muscle, the FCR for C I+II is close to 1.0, suggesting that the
electron transport efficiency of the oxidative phosphorylation system, from complex I to ATP
synthase, under these conditions, is close to 100%. Thus, electron transport cannot be further
enhanced by membrane uncoupling. This is reasonable for skeletal muscle, an organ where both
frequency and amplitude of energy output may be intermittent. Conversely, in liver, the C I+II
FCR is closer to 0.7, leaving almost 30% of “spare capacity”. The biological rationale for this
phenomenon is incompletely resolved, but there are clues. One study investigated the hepatic
transcriptional response to high-fat diet in two mouse strains; one sensitive (C57Bl/6J) and the
other resistant (A/J) to high fat diet-induced non-alcoholic liver disease (402). A key difference
between the two strains appeared to be the ability of the A/J mouse to induce expression of genes
associated with mitochondrial uncoupling (402; 403). This uncoupling flexibility could be a
mechanism of dissipating surplus charge elicited by increased fuel supply in the absence of
increased need for ATP synthesis. Also, increased coupling efficiency (i.e. low proton leak) has
implications for production of ROS, which act as signaling molecules in several cell types. In
liver, ROS are important signaling molecules for induction and activation of detoxifying
pathways (404-406); e.g. mediated by NRF-2 (407).
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5.2
AMPK ACTIVITY INCREASES MITOCHONDRIAL BIOGENESIS, BUT NOT
FUNCTION IN GLYCOLYTIC SKELETAL MUSCLE
AMPK is a metabolic switch which enables the cell to favor energy production in times when the
energy charge falls, i.e. the ATP/AMP ratio decreases (408-410). The AMPKγ3R225Q mutation
transgenically expressed in the mouse introduces a conformational change that surpasses the
allosteric regulation by AMP and ATP. Hence, the degree of phosphorylation and activation of
the catalytic AMPKα subunit is increased (213). The aim of this study was to determine if the γ3
subunit of the AMPK enzyme has a role in signaling pathways mediating mitochondrial
biogenesis in skeletal muscle and if the AMPKγ3 subunit is necessary for mitochondrial function
Three mouse strains were used; AMPKγ3-/-, expressing no γ3 subunit, and Tg-AMPKγ3WT and
Tg-AMPKγ3R225Q expressing a transgene containing the wild-type γ3 subunit and the mutated
γ3R225Q subunit (213), respectively.
5.2.1 AMPKγ3R225Q Induces Robust Changes in Gene Expression
The mRNA expression of several markers of mitochondrial function and biogenesis, intracellular
metabolism and transcriptional control was investigated. Removal of the AMPKγ3 subunit did
not result in altered transcription of any of the targets measured, compared to wild-type
littermates. Overexpression of AMPKγ3WT reduced transcription of PGC-1β only. Expression of
AMPKγ3R225Q, in contrast, was associated with marked changes in transcriptional profile,
increasing expression of the transcriptional regulators PGC-1α, NRF-1, NRF-2 and TFAM; the
metabolic markers medium-chain acyl-CoA dehydrogenase (MCAD), citrate synthase and
ALAS; the ROS scavengers SOD2 and catalase, and the mediators of mitochondrial dynamics
MFN-2, OPA1, DNM1L and Lon protease. Furthermore, the mitochondrial-to-nuclear DNA
ratio was unchanged in AMPKγ3-/- and Tg-AMPKγ3WT muscle compared to wild-type
littermates, but increased in Tg-AMPKγ3R225Q. Although the link between mRNA transcription
and protein expression is tenuous and subject to translational regulation that varies greatly
between targets, the general increase in transcription of genes related to mitochondrial dynamics
and function, as well as the mitochondrial to nuclear DNA ratio, could indicate increased
mitochondrial mass.
Protein abundance analysis of key markers of transcriptional regulation and metabolic function,
and the mitochondrial oxidative phosphorylation system revealed no alterations in skeletal
muscle from AMPKγ3-/- mice. A marker of ETC complex II was reduced in Tg-AMPKγ3WT
mice, but the remaining targets were similar compared to wild-type littermates. In TgAMPKγ3R225Q mice, protein abundance of PGC-1α, uncoupling protein 3 (UCP3) and pyruvate
dehydrogenase kinase 4 (PDK4), as well as markers of ETC complex I-IV was increased; further
underscoring the possibility of increased mitochondrial density and function. The marker of ATP
synthase, PPARα and PPARδ, were unaltered.
5.2.2 Increased AMPKγ3 Signaling is not associated with Altered Fiber Type
Profile
AMPK signaling partly overlaps with that of the protein phosphatase calcineurin; activation of
these enzymes in response to reduced ATP/AMP ratio and increased intracellular Ca2+ release,
respectively, results in changes in gene expression mediated by PGC-1α (265) and PPARs (411).
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They both stimulate mitochondrial biogenesis and lipid oxidation, and enhance insulin
sensitivity. Overexpression of calcineurin in mouse skeletal muscle reduces AICAR-induced
glucose uptake and is specifically associated with decreased AMPKγ3 expression (412); while
inducing fiber type reprogramming to a more slow-twitch profile (413). Furthermore, although
protein abundance of PPARδ was unaltered, enhanced activity is implicated in a switch to type I
fibers (414). The changes in mRNA and protein abundance in Tg-AMPKγ3R225Q mouse skeletal
muscle could therefore be associated with a change in fiber type profile towards a more slowtwitch, oxidative phenotype. This was also indicated by SDH staining, which was unaltered in
AMPKγ3-/- and Tg-AMPKγ3WT muscle, but increased in Tg-AMPKγ3R225Q compared to wildtype littermates.

Figure 5. Mitochondrial protein expression studied in Garcia-Roves et al, 2008 (415). A. Protein content of
markers of ETS complexes and mediators of oxidative metabolism (N=8). B. Representative blots. C.
SDH staining in white gastrocnemius. Open bar – wild-type, closed bar – Tg-AMPKγ3R225Q. Data are
presented as mean±S.E.. *p<0.05 vs. wild-type mice.
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Analysis of MyHC isoform mRNA transcription (Fig. 3A) and protein abundance in white
gastrocnemius revealed similar expression patterns in Tg-AMPKγ3R225Q mice compared to wildtype littermates. Furthermore, quantification of immunocytochemical staining of MyHC
isoforms and myosin II ATPase staining in EDL (fast-twitch, mainly glycolytic) and soleus
(slow-twitch, mainly oxidative) (Fig. 3B and C), as well as plantaris (fast-twitch, mainly
glycolytic) and gastrocnemius (mixed, but primarily fast-twitch, glycolytic) (416), demonstrated
no change in fiber type percentages in wild-type and Tg-AMPKγ3R225Q mice.

Figure 6. Fiber type composition in skeletal muscle from Tg-AMPKγ3R225Q mice studied in GarciaRoves et al, 2008 (415). A. MyHC isoform mRNA expression in white gastrocnemius muscle (N=7-9). B.
Myosin ATPase staining in soleus and EDL. C. Quantification of skeletal muscle fiber types in soleus and
EDL based on myosin ATPase staining (N=4). Open bar – wild-type, closed bar - Tg-AMPKγ3R225Q.
Data are presented as mean± S.E.

5.2.3 The γ3R225Q Mutation
Respiratory Function

Increases

Mitochondrial

Dynamics,

but

not

AMPK enhances mitochondrial biogenesis (201; 269), and substrate oxidation induced by
exercise (204) and energy deprivation (32). The changes in gene expression and SDH staining in
Tg-AMPKγ3R225Q mice suggested enhanced mitochondrial oxidative capacity or structural
adaptations in sedentary mice. Mitochondrial area density was increased in Tg-AMPKγ3R225Q
mice compared to wild-type littermates (Fig. 4A) and, consistent with increased mRNA
expression of markers of mitochondrial dynamics, the degree of mitochondrial clustering was
increased. However, mitochondrial respiration and the relative contribution of each respiratory
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flux state were unchanged between genotypes (Fig. 4B). This is in contrast to results from
studies using chronic AICAR injections in rats (201). Chronic treatment with this AMP analogue
increased abundance of cytochrome c and ALAS, and activity of enzymes of the citric acid
cycle. This discrepancy may be explained by the fact that AICAR provides an artificial signal of
increased energy demand for all AMP-regulated processes (eg. phosphofructokinase) (417). In
contrast, the signaling through the AMPKγ3R225Q heterotrimer is subject to posttranslational
modifications and downstream regulation.

Figure 7. Mitochondrial biogenesis and respiratory capacity in
white gastrocnemius muscle
studied in Garcia-Roves et al,
2008 (415). A. Transmission
electron
microscopy
of
mitochondrial ultrastructure. B.
Mitochondrial respiration (N=810). Open bar – wild-type,
closed bar - Tg-AMPKγ3R225Q.
Data are pre-sented as mean±
S.E. CIb = malate + pyruvate,
CIc = ADP + glutamate, CI+IIc =
succinate. ETSI+II = FCCP, CIi =
rotenone.

5.2.4 Summary of Mitochondrial Biogenesis and AMPKγ3R225Q
The single-point mutation R225Q in the AMPKγ3 subunit stimulates mitochondrial biogenesis
and mass in glycolytic skeletal muscle from sedentary mice, along with increased abundance of
enzymes of lipid oxidation. These adaptations were not caused by increased subunit availability,
as no major changes were evident after overexpressing the wild-type γ3 subunit. However, the
AMPKγ3 subunit is also not strictly necessary for normal mitochondrial function, since wholebody ablation did not result in altered expression of mitochondrial proteins or factors regulating
mitochondrial function.
The primary importance of skeletal muscle AMPK activation is to favor energy production under
conditions of metabolic stress, as well as glucose and NEFA salvage in the recovery phase.
Taken together with our results, this indicates that the functional enhancements caused by the
γ3R225Q mutation are superfluous in the absence of metabolic challenge (as evidenced by the lack
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of enhanced protein abundance of ATP synthase). However, increased signaling by AMPK may
prime the cell for such a challenge. A previous study demonstrated increased lipid oxidation
capacity in vitro, reduced intramuscular lipid accumulation and protection from insulin resistance
in high-fat fed Tg-AMPKγ3R225Q mice compared to wild-type littermates. Conversely, high-fat
feeding in AMPKγ3-/- mice resulted in enhanced lipid accumulation and reduced lipid oxidation
in skeletal muscle, while insulin resistance was not significantly affected (213). In the present
study, abundance of PPARδ, an AMPK signaling target (418), was unaltered. In contrast, PPARδ
abundance is increased following endurance exercise (234) and after long-term low-intensity
exercise (419) in obese humans. This suggests that the elevated basal activity of the
AMPKγ3R225Q holoenzyme does not result in downstream increases in lipid oxidation in the
absence of metabolic challenge.
The AMPK β subunit contains a carbohydrate-binding module (420; 421). This subunit binds to
glycogen in vitro (422) and in cells (420), in addition to mediating glycogen-dependent
inhibition of AMPK activity (423). As part of the α2β2γ3 heterotrimer, the β2 subunit
predominates in human skeletal muscle (208) and has increased affinity for glycogen, compared
to the β1 isoform (424). The activating γ3R225Q mutation is associated with increased
intramuscular glycogen and glycogen resynthesis after strenuous exercise (425), as well as
glycogen content-sensitive AMPK activity in vitro. AMPKγ3 ablation was associated with
reduced glycogen resynthesis, but did not affect resting state glycogen levels (425). In both
strains, muscle ergogenics were positively correlated with glycogen content (425). A whole-body
knockout mouse model exploring the role of the AMPKα2 subunit displayed normal cardiac
function, in spite of aberrations in mitochondrial ultrastructure, cardiolipin content and complex I
function (426). Hence, the α2 subunit, and corresponding heterotrimers, modulate insulin action
in tissues other than muscle, but plays an integral role in tissue-specific capacity to adapt to
energy deprivation (427). In conclusion, in the sedentary state the activating R225Q mutation in
the AMPKγ3 subunit stimulates mitochondrial biogenesis, but does not enhance oxidative
capacity. These findings provide the molecular basis for one key pathway mediating the
improvements in skeletal muscle metabolism in response to decreased energy charge, such as
fasting or exercise.
5.3
TISSUE-SPECIFIC MITOCHONDRIAL FUNCTION IS NOT UNIFORMLY
ALTERED IN LEPTIN RECEPTOR-DEFICIENT db/db MICE
5.3.1 Leptin-Receptor Deficiency Increases Mitochondrial Function in Glycolytic
Skeletal Muscle
Mitochondrial respiration in db/db mouse EDL muscle was increased in all flux states
investigated (Fig, 5A), while FCRs were similar between genotypes. This indicates a quantitative
increase rather than a change in function directly. Elevated circulating NEFA is associated with
enhanced mitochondrial respiration and density in skeletal muscle from high-fat fed animal
models (124; 226; 227; 231) and in leptin receptor-deficient rats (230). EDL protein abundance
of ETC complex I-IV markers was increased in db/db mice, as was TFAM and MFN-2
abundance and OPA1 proteolytic cleavage (Fig. 5B and C). TFAM plays a role in maintenance
of the mitochondrial genome (428; 429), in addition to interacting directly with the
mitochondrial transcription machinery (430). Together with unaltered DNM1L abundance and
mitochondrial-to-nuclear DNA ratio, this could be interpreted as an adaptation to emerging
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mitochondrial stress. Interestingly, even in light of the limitations of our protocol in terms of
analyzing complex II-mediated function, there does not appear to be any additional functional or
translational adaptations affecting it. Therefore, the EDL muscle in db/db mice does not appear
to increase lipid oxidation, but rather oxidative capacity as a whole. Furthermore, since cell
permeabilization (or mitochondria isolates) precludes glycolytic activity, an assessment of
adaptations in the s,n-glycerophosphate shuttle, which is an important contributor of glycolysisderived electrons to FADH2 (431) in glycolytic skeletal muscle, is not possible.

Figure 8. Mitochondrial respiratory capacity and protein abundance in glycolytic EDL muscle studied in
Holmström et al, 2012 (401). A. Mitochondrial respiration (N=9–13). B. Protein abundance of markers of
the ETS and mediators of biogenesis (N=6–9). C. Representative blots. Open bar – lean mice, closed bar
- db/db mice. Data are presented as mean±S.E. *p<0.05 vs. lean mice.

5.3.2 Mitochondrial Dynamics are enhanced in Oxidative Skeletal Muscle from
db/db Mice
The db/db mice have decreased OXPHOS respiration in comparison to lean littermates in soleus
muscle. The other respiratory states and FCRs were unaltered. OXPHOS respiration is only
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partly coupled with limited NADH production. Although there was a tendency for decreased C I
respiration, this is not reflected in the FCR or in protein abundance of the complex I marker. The
regulation of ETC complexes subunits is incompletely resolved, but mitochondrial NADH
dehydrogenase 1α subcomplex 9 (NDUFA9) and subunits of complex III and IV are subject to
inhibitory posttranslational modification in the form of added N-acetylglucosamine units (OGlcNAcylation) in cultured cardiomyocytes under conditions of hyperglycemia (432).
Furthermore, complex I activity and complex III structure is dependent on interaction with the
inner mitochondrial membrane phospholipid cardiolipin (433; 434).

Figure 9. Mitochondrial respiratory capacity and protein abundance in liver, studied in Holmström et al,
2012 (401). A. Mitochondrial respiration (N=9–13). B. Protein abundance of markers of the ETS and
mediators of biogenesis (N=6–9). C. Representative blots. Open bar – lean mice, closed bar - db/db mice.
Data are presented as mean±S.E.. *p<0.05 vs. lean (+/?) mice.

Abundance of markers of the other ETS complexes was similar between genotypes. MFN-2 and
DNM1L abundance, as well as OPA1 long-to-short ratio were enhanced, while PGC-1α was
decreased. The net result of this would appear to be increased mitochondrial dynamics, in the
absence of direct stimulation of biogenesis. Also, both TFAM abundance and mitochondrial-to32

nuclear DNA ratio were reduced; demonstrating a concerted reduction in mitochondrial DNA
content. However, the maintained mRNA expression of the mitochondria-encoded gene MTCO1 would indicate that mtDNA transcriptional activity persists. The db/db mouse skeletal
muscle is insulin resistant (435; 436), resulting in reduced glucose uptake under conditions of
high lipid availability. Maintaining ETS complex abundance with active mitochondrial turnover,
could be an adaptation to these conditions. In that context, decreased OXPHOS respiration is in
line with a notion of enhanced efflux of citric acid cycle intermediates for purposes other than
ATP production and, in accordance with that hypothesis; soleus triglyceride content is markedly
increased.
5.3.3 Reduced Mitochondrial Function in db/db Mouse Liver
Mitochondrial respiration was similar in db/db mice and lean littermates, with the exception of
maximal electron transport capacity, ETS I+II, which was reduced (Fig. 6A). The C I+II FCR in
db/db mice, in contrast, was increased. In the absence of altered FCR for states C I or ETS II, or
succinate dehydrogenase complex subunit A flavoprotein (SDHA) protein abundance, this may
reflect other means of regulation of complex II activity that is not sensitive to membrane
uncoupling. The protein abundance of ETC complex I and III was decreased in db/db mice,
while markers of the remaining ETS were unaltered. Reduced complex III abundance may be
correlated to the blunted response to exogenous membrane uncoupling, whereas the decrease in
complex I does not appear to translate into a functional impairment. However, the liver relies
primarily on complex II function in the healthy state, so it is possible that in the steatotic liver of
the db/db mouse, insulin resistance and other pathological processes combine to maintain
complex I function in spite of protein downregulation. A study comparing mitochondrial gene
expression and mitochondrial function in two mouse strains resistant (A/J) or sensitive (C57Bl/6)
to high-fat diet-induced liver non-alcoholic liver disease revealed that protection against steatosis
appeared associated with the ability to induce mitochondrial uncoupling (402). Furthermore,
functional analysis confirmed this hypothesis since the A/J strain has increased state 2, 3 and 4
respiration after high-fat feeding, without increased ATP synthesis. Liver from C57Bl/6 mice,
however, had unaltered respiratory capacity, but enhanced P/O ratio; an indication of increased
coupling efficiency (403).
PGC-1α and MFN-2 protein abundance was decreased in the db/db mice, with a concurrent
increase in DNM1L (Fig. 6B and C); suggesting enhanced mitochondrial fission and reduced
signaling for biogenesis. OPA1 proteolytic isoforms were also altered, but with no clear long-toshort isoform shift. SOD2 and TFAM protein levels were unaltered, while the mitochondrial to
nuclear DNA ratio was increased. Hence, the apparent stimulation of mitochondrial fission is
likely a controlled adaptive process in the db/db mouse although mitochondrial stress cannot be
excluded. Previous analyses on hepatocytes and isolated liver mitochondria from fa/fa rats, with
an equivalent genetic defect in the leptin receptor, showed no difference in mitochondrial
performance (437). However, in difference to the db/db mouse, the fa/fa rats in that particular
study also had no sign of increased liver weight, lipid accumulation or steatosis. In contrast, rats
fed a high-fat diet had decreased respiratory function in isolated mitochondria, hepatic steatosis,
insulin resistance and increased oxidative stress (103). Complex I- and II-mediated respiratory
capacity, as well as complex IV enzymatic activity in conjunction with oxidative damage to
mitochondrial proteins and hypoxic stress were also reduced in high-fat fed mice (104).
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5.4
LEPTIN REPLETION ALTERS MITOCHONDRIAL DYNAMICS, BUT NOT
FUNCTION IN ob/ob MICE
The aim study III was to characterize tissue-specific mitochondrial function in leptin-deficient
ob/ob mice and lean littermates, and to determine if it can be modulated by exogenous leptinrepletion.
5.4.1 Increased Respiratory Capacity in ob/ob Mouse Glycolytic Skeletal Muscle
Glycolytic EDL muscle is shorter and 26% lighter in ob/ob mice bred on an Aston background
(438), compared to lean littermates. Furthermore, ob/ob mice have a higher oxidative type IIa
fiber percentage and fiber cross-sectional area, with a corresponding decrease in glycolytic type
IIb fibers (438). Chronic leptin treatment did not modify these parameters. Nevertheless, acute
leptin treatment stimulates lipid oxidation through AMPKα2 activation in skeletal muscle (174).
Therefore, leptin treatment may also induce mitochondrial functional adaptations in EDL and
soleus muscle.
In EDL muscle from saline-treated ob/ob mice, ETS I+II was increased, along with a similar
trend in ETS II (Fig. 7A). The FCR for C I and C I+II was reduced, which could be an artifact of
the increase in the factor used for normalization; especially considering the changes in ETS
protein abundance (Fig. 7B-D). Markers of complex II and IV, and ATP synthase were increased
– explaining the enhanced maximal electron transport capacity – while complex I and III were
unaltered compared to saline-treated lean mice. Leptin treatment in ob/ob mice revealed a trend
for enhanced C I FCR (Fig. 7A), which could be an effect of leptin-modulation of insulin
signaling. Lean leptin-treated mice had increased OXPHOS respiration, while ETS II FCR
decreased, along with a similar trend in C I+II FCR. In the absence of altered complex II
abundance, this indicates decreased complex II contribution to maximal electron transport
capacity. Leptin treatment also reduced body weight and fat mass, which indicates enhanced
white adipose tissue lipid mobilization. However, there were no changes in intracellular
glycogen or triglyceride stores. Taken together, this implies that the leptin treatment-mediated
stimulation of lipid oxidation in lean mice is superseded by other pathways signaling sufficient
intracellular energy charge.
DNM1L (Fig. 7F) and total OPA1 abundance was increased in saline-treated ob/ob mice, along
with an OPA1 long-to-short isoform shift and reduced TFAM (Fig, 7E). This strongly suggests
mitochondrial fission or fragmentation, since there is no corresponding response in MFN-2
compared to saline-treated lean littermates. In leptin-treated ob/ob mice DNM1L abundance was
normalized.
5.4.2 Minor Mitochondrial Adaptations in Oxidative Skeletal Muscle from ob/ob
Mice
Oxidative soleus muscle from ob/ob mice on the Aston genetic background is smaller in the
ob/ob mouse and has a lower glycolytic type IIb fiber percentage (438). Type IIb fibers also have
increased cross-sectional area in the ob/ob mouse soleus compared to lean littermates. Chronic
leptin treatment increased type IIa and IIb fiber percentage in both ob/ob and lean mice (438).
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On the B101 background, ob/ob mice have smaller slow, oxidative fibers, with no difference in
fast, glycolytic fibers (439).

Figure 10. Mitochondrial respiration
and abundance of mitochondrial
proteins in glycolytic EDL muscle,
studied in Holmström et al. A.
Mitochondrial respiratory capacity.
B-D. Protein abundance of markers
of ETS complexes I, IV and ATP
synthase. E-F. Protein abundance
of mediators of mitochondrial
biogenesis. Open bar - salinetreated; closed bar - leptin-treated.
Data are presented as mean±S.E
(N=6-8). *p<0.05, †p<0.01 vs lean
(+/?), saline-treated mice; §p<0.05
vs ob/ob, saline-treated mice.

Mitochondrial respiration in soleus (Fig. 8A) and FCRs were unchanged between saline-treated
ob/ob and lean mice. The similarities persisted in both ob/ob and lean mice following leptin
treatment. This would suggest pathways regulating muscle substrate oxidation are intact even in
obesity. Thus, further leptin stimulation through peripheral and neuronal pathways seems to be
superfluous. Accordingly, protein abundance of markers of the ETS complexes and
mitochondrial dynamics was unaltered after leptin treatment. TFAM was reduced in both groups
of ob/ob mice. Leptin-treatment did not alter protein abundance of markers of the ETS in neither
lean nor ob/ob mice. Leptin-treatment was insufficient to rescue TFAM abundance in ob/ob
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mice. In lean mice, leptin treatment itself reduced TFAM abundance. Hence, these results
provide evidence to suggest that severe obesity does not induce mitochondrial respiratory
dysfunction in oxidative soleus muscle, and that short-term leptin treatment is insufficient to
further improve oxidative phosphorylation.

Figure 11. Mitochondrial function (A) and TFAM protein abundance (B) in oxidative soleus muscle,
studied in Holmström et al. Open bar - saline-treated; closed bar – leptin-treated. Data are presented as
mean±S.E. (N=6-8). †p<0.01, ‡p<0.001 vs lean (+/?), saline-treated mice

5.4.3 Reduced Complex II Function in Liver from ob/ob Mice, and Improved
Biogenesis with Leptin Treatment
In the saline-treated ob/ob mice (Fig. 9A), both ETS I+II and ETS II were depressed compared to
saline-treated lean littermates, with a similar trend in C I+II. Leptin treatment in ob/ob mice was
insufficient to alter the reduced respiratory capacity, although there was a strong trend for
increased ETS II, compared to saline-treated ob/ob mice. Thus, these results provide evidence to
suggest that ATP synthesis may be limiting to electron transfer capacity. This was compatable
with our finding in db/db liver. In addition, the respirometry data suggests that the reduced
electron transfer capacity is dependent on complex II function and that leptin-repletion in ob/ob
mice enhances FADH2 generation (e.g. lipid or amino acid oxidation).
Protein abundance of markers of complex III and IV, and ATP synthase were unaltered; so the
cause of reduced maximal electron transport capacity is not immediately clear. However, the
marker of succinate dehydrogenase (SDHA) (Fig. 9C) was reduced in saline-treated ob/ob mice
and there was a trend towards increased levels of complex I NDUFA9; which is consistent with
the functional data. SDHA is the catalytic subunit of complex II, mediating the conversion of
succinate to fumarate and a decrease would affect FADH2 supply and citric acid cycle efficiency.
Hence, the source of reduced electron transport capacity in the uncoupled state appears to be
different in ob/ob mice, compared to db/db – i.e. reduced FADH2 electron supply through
complex II, rather than turnover capacity at complex IV. Furthermore, the abundance of PPARα
was reduced in saline-treated ob/ob mice and unaltered by leptin treatment in both genotypes
(Fig. 9F). This transcription factor is central to hepatic β-oxidation gene expression (241; 440)
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and the lack of enhanced expression further supports the hypothesis that the hepatic response to
leptin treatment is focused on lipid mobilization over oxidation. Accordingly, increased lipid
export (180) and reduced lipogenesis (176; 180) has been reported with leptin treatment. Hence,
reduced electron transport capacity in liver from ob/ob mice is mediated by reduced complex II
activity, which may be partly restored with leptin repletion in ob/ob mice.

Figure
12.
Mitochondrial
respiration and abundance of
mediators
of
mitochondrial
function in liver, studied in
Holmström et al. A. Mitochondrial
respiratory capacity. B-C. Protein
abundance of markers of ETC
complexes I and II. D-F. Protein
abundance of mediators of
mitochondrial biogenesis and
lipid oxidation. Open bar - salinetreated; closed bar - leptintreated. Data are presented as
mean±S.E. (N=6-8). *p<0.05,
†p<0.01, ‡p<0.001 vs. lean (+/?),
saline-treated mice; §p<0.05 vs.
ob/ob, saline-treated mice.

The FCR for OXPHOS and C I+II was increased in saline-treated ob/ob mice; whereas only
OXPHOS was increased in ob/ob mice treated with leptin. The increased C I+II FCR value is
likely a mathematical artifact, caused by the fact that the tendency for C I+II respiration (Fig.
9A) to decrease was smaller than the significant decrease in ETS I+II respiration. The rise in
OXPHOS FCR cannot be as easily explained. OXPHOS respiration is measured under conditions
of partial citric acid cycle NADH production. Hence, its contribution to maximal electron
transport capacity could be subject to alterations caused by endogenous uncoupling or
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components affecting NADH supply. The latter seems more likely, because LEAK oxygen flux
(Fig. 9A) and LEAK FCR remain unaltered. Also, once glutamate is added the difference
disappears. These data imply that OXPHOS NADH production may be affected by reduced
citrate and/or α-ketoglutarate exchange. Indeed, the tricarboxylate carrier, which provides citrate
for lipogenesis, is downregulated in rats fed a high-fat diet inducing insulin resistance (441) and
its activity is reduced in starved rats (442); both conditions in which lipogenesis is reduced in
favor of gluconeogenesis and hepatic glucose production. Furthermore, citrate is an allosteric
activator or ACC (443) and an allosteric inhibitor of phosphofructokinase (444), suggesting that
reduced efflux is a means of reducing lipogenesis in favor of gluconeogenesis. Thus,
mitochondrial respiratory function under non-saturating conditions in the ob/ob mouse may be
subject to additional regulation at the level of mitochondrial substrate transport, which is not
affected by leptin treatment.
MFN-2 and DNM1L were unaltered in saline-treated ob/ob compared to saline-treated lean
littermates, while TFAM (Fig. 9D) was reduced with obesity. Leptin treatment in ob/ob mice
normalized TFAM abundance and improved the OPA1 ratio (Fig. 9E). Hence, the degree of
mitochondrial stress appears to be reduced by leptin treatment in ob/ob mice, along with
improved mtDNA stabilization.
5.4.4 Summary of Mitochondrial Function and Leptin Signaling Deficiency
In studies II (db/db) and III (ob/ob), mitochondrial function and markers of biogenesis in db/db
and ob/ob mice were investigated. Interestingly, even though the overall physiology is similar in
the db/db and the saline-treated ob/ob mice – blunted ETS capacity in liver, enhancements in
ETS capacity in EDL and modest to no alterations in soleus – the specific molecular adaptations
are different. The first obvious source of difference is the fact that the molecular background to
the db and ob pathologies is different; lack of the long isoform (isoform b) of the leptin receptor,
and lack of the leptin hormone, respectively. The precise configuration of some of the leptin
receptor isoforms with leptin, as well as possible interactions with other cytokine receptors,
remain to be determined (445). Thus, the ob/ob mouse should perhaps be considered to be the
more profound model, as absence of the hormone would imply a complete ablation of leptin
receptor signaling, regardless of receptor isoform. However, even in the ob/ob mouse, the
receptors are still expressed (446). The second source of difference lies in the experimental
design. Study I and II were performed using mice taken straight from the animal facilities,
whereas the mice in study III were subject to comparatively intensive handling and once-daily
treatment, as well as separate housing in smaller cages. These are all factors which could
influence stress and activity levels, and, by extension, whole-body metabolism.
5.5

WHOLE-BODY EFFECTS OF LEPTIN TREATMENT IN ob/ob MICE

Leptin treatment had profound effects on food intake, body weight and body composition in
ob/ob mice. Lean mass, fat mass and body weight were reduced in the lean mice as well, but to a
smaller degree than in ob/ob mice. The effect of leptin treatment on body weight and
composition in ob/ob mice is well established (144; 145; 438; 447); body weight is decreased as
a result of reduced food intake and increased energy expenditure. Importantly, these effects are
functionally separate as doses too low to elicit depressed food intake still decrease body weight
(146). Conversely, pair-feeding to the levels of lean littermates does not affect thermogenesis
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(374), nor does it improve cold adaptation or skeletal muscle growth (448). The effect of leptin
treatment in lean mice, in contrast, is more varied. Using a similar design as the present study,
reduced food intake, body weight and fat mass after five days of leptin treatment of lean ob/ob
mouse littermates has been reported (144). The same was found in young (5 wks) mice (145).
However, reduced body weight was demonstrated in lean mice in the absence of food intake
reduction after intracerebroventricular leptin-administration (449). Hence, the reduction in lean
mass is an unusual finding, but not unique; in the ob/ob mice reduced lean mass could be caused
by reduced food intake and enhanced thermogenesis, whereas the lean littermates may be further
affected by reduced ambulatory behavior (146), and single-housing in smaller cages.

Figure 13. Effect of leptin treatment on fuel storage, studied in Holmström et al, 2012 (401). A.
Triglyceride content in liver and gastrocnemius muscle. B. Glycogen content in liver and gastrocnemius.
Open bars - saline-treated; closed bars - leptin-treated. Data are presented as mean± S.E. N=6-8.
†p<0.01, ‡p<0.001 vs. lean (+/?), saline-treated mice; §p<0.05, łłp<0.01 vs. ob/ob, saline-treated mice.

The degree of leptin action in hypothalamus and periphery is in part dose-dependent in vivo;
plasma and cerebrospinal concentrations are correlated up to circulating levels of 15 ng/ml, but
this association is lost with increasing levels (450; 451). While the hypothalamic feeding
regulation plateaus after further increases in leptin concentrations, peripheral action on lipid
metabolism continues (450). Although circulating leptin was not measured in the present study,
the lean mice may transiently experience a higher dose of hormone than the ob/ob mice, because
the exogenous leptin is added to endogenous production.
Measurement of tissue-specific fuel storage showed that while there was no leptin-treatment
effect in the lean mice, liver weight, liver triglyceride (Fig. 10A), and muscle glycogen (Fig.
10B) were reduced in leptin-treated ob/ob mice, in the absence of reduced muscle triglyceride.
This suggests that reduced fat mass and lean mass in ob/ob mice could then be caused by
increased lipid mobilization from white adipose tissue and, possibly, increased protein
breakdown in skeletal muscle, respectively. This is also consistent with the mitochondrial
respirometry data showing enhanced maximal electron transport capacity in EDL from ob/ob
mice (Fig. 7A), with no further potentiation in oxidative capacity after leptin treatment, and no
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change with neither obesity nor leptin in soleus (Fig. 8A). Peripheral leptin action is evident in
rats in which the ventromedial hypothalamus has been ablated, indicating that the hypothalamic
leptin target site is not necessary for peripheral effects (452). Leptin action is also evident in fa/fa
leptin receptor-deficient rats expressing the receptor only in liver, demonstrating functional
signaling pathways and that hypothalamic unresponsiveness is inconsequential to local leptin
signaling (453). Hepatic leptin-mediated stimulation of lipid disposal is mediated partly by
inhibition of stearoyl-CoA desaturase 1, causing increased lipid export (176; 180) and reduced
hypertriglyceridemia (162). This was associated with increased hepatic glucose production in
conjunction with increased uptake in brain, brown adipose tissue and heart (454). In lean mice,
however, acute leptin infusion caused increased glucose turnover and uptake, dominated by EDL
muscle and brown adipose tissue, without altering circulating insulin or glucose (455). Likely,
these differences can be traced to both the profound insulin resistance in ob/ob skeletal muscle
and white adipose tissue, and differential regulation of lipid mobilization (180).

6.

PERSPECTIVES AND CONCLUDING REMARKS

The aim of this thesis was to investigate the pathways regulating mitochondrial biogenesis and
function, as well as to identify potential molecules that can be targeted in order to modulate
mitochondrial function in insulin resistance.
Study I provides evidence that the AMPKγ3 subunit can influence mitochondrial biogenesis in
sedentary mice. Although, the γ3 subunit does not appear to be required for fully functional
mitochondria in glycolytic skeletal muscle, elevating the basal activity in the heterotrimer by
introducing the γ3R225Q mutation markedly increases markers of biogenesis and regulators of
lipid oxidation. However, in the sedentary state, these adaptations do not translate into alterations
in mitochondrial respiratory function. In study II, data are presented that show that respiratory
function is markedly different in oxidative and glycolytic skeletal muscle, and liver, from
sedentary wild-type mice. These results from intact permeabilized cell, using high-resolution
respirometry, are in line with previous studies on mitochondrial protein expression, enzyme
activity, and respiration measured in isolated mitochondria. Furthermore, tissue-specific
adaptations in obese and insulin resistant db/db mice were demonstrated. The mitochondrial
functional adaptations vary in accordance with metabolic characteristics; glycolytic EDL skeletal
muscle has increased mitochondrial biogenesis and oxidative capacity, while mitochondrial
function in oxidative soleus muscle is similar in lean and db/db mice. Finally, the db/db liver has
blunted maximal electron transport capacity, possible due to an ETC complex IV bottleneck and
decreased abundance of complex I. In study III, evidence is provided supporting tissue-specific
differences in mitochondrial adaptations in ob/ob mice versus db/db mice; especially in liver.
Liver mitochondrial respiration was depressed to a similar degree as found in db/db mice, but
protein abundance of specific targets differed; the complex II marker was decreased, with a trend
for increased abundance of the complex I marker. EDL muscle from ob/ob mice has enhanced
maximal electron transport capacity, with corresponding increases in markers of complex II, IV
and ATP synthase. In oxidative soleus muscle, mitochondrial respiratory capacity was unaltered
in response to both obesity and leptin-treatment.
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Figure 14. Summary of the findings presented in this thesis. Obesity caused by deficient leptin signaling
results in tissue-specific adaptations in mitochondrial function and biogenesis. Hepatic mitochondrial
function is blunted, which is reflected in specific electron transport chain complexes, in addition to extopic
lipid accumulation and increased mitochondrial fission. Glycolytic skeletal muscle adapts to this condition
by enhancing glycogen storage, mitochondrial respiration, electron transport chain proteins and
mitochondrial fusion. Oxidative muscle mitochondrial function remains unaltered, while biogenesis and
fuel storage is enhanced. AMPK activation in glycolytic muscle also stimulates glycogen storage, electron
transport chain protein abundance and mitochondrial biogenesis, but does not alter respiratory function.
ETC – electron transport chain, NEFA – non-esterified fatty acids, TG – triacylglyceride.

In conclusion (Fig. 14), these three studies provide evidence that mitochondrial biogenesis, in
terms of dynamics and regulators of substrate oxidation, is sensitive to both chronic and more
acute perturbations in metabolic status. Mitochondrial respiratory function appears more stable in
the tissues investigated and does not readily change in response to short-term leptin treatment, in
spite of profound whole-body effects on fuel mobilization. Monogenetic obesity, in contrast,
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results in notable and tissue-specific adaptations. Leptin and AMPK signaling are interconnected
in the central nervous system and peripheral tissues. These studies show that tissue-specific
AMPK activation and systemic stimulation of the leptin/AMPK signaling axes are insufficient to
induce improvements in mitochondrial respiratory function in the absence of increased energy
demand.
There are several aspects of mitochondrial function terms of substrate oxidation that remain to be
explored in light of metabolic disease – especially in peripheral tissues. First, the apparent
disconnect between white adipose mass and centrally stimulated food intake may constitute a
central deficiency in obesity. Hence, the combined effect of restored leptin signaling and
exercise warrants further study, as this would alter both signals of systemic energy storage and
tissue-specific energy demand. Although leptin treatment has proven inefficient in people (likely
due to saturation of transporters and cellular desensitization), there may be promising
pharmaceutical targets in terms in leptin sensitizers. Second, the integration of the complex
network of mitochondrial substrate transporters, mtDNA maintenance and membrane dynamics
remains to be elucidated in both human and experimental obesity. Of the targets investigated in
this thesis, the ones most responsive to obesity induced by leptin resistance/deficiency, shortterm leptin treatment and tissue-specific AMPK activation were proteins mediating membrane
dynamics and mitochondrial DNA maintenance. Furthermore, mitochondrial ultrastructural
alterations have been identified in various tissues in association with human obesity and T2DM.
Since the function of the electron transfer system complexes is affected by mitochondrial
membrane structure and composition, it would be of great interest to determine the temporal
relationship between alterations in mitochondrial biogenesis and function, and how they can be
modulated by exercise, diet and pharmacological treatment. Third, there is much to be
discovered in the field of posttranslational modification of ETS complex activity – especially in
terms of ROS signaling – and how it is affected by metabolic deregulation or improvements.
Experimental obesity is correlated with mitochondrial protein hyperacetylation, and ROSmediated oxidation exerts functional regulation of specific mitochondrial enzymes; including
ETC complex I. Hence, regulation of enzymatic activity by substrate oxidation intermediates
may play an important role in mitochondrial metabolism. Finally, tissue-specific mitochondrial
function may be an important issue to address in light of the multi-organ nature of insulin
resistance; investigating oxidative phosphorylation in white adipose tissue, gut, specific regions
of the brain, and vascular tissue may expand our understanding of the integration and timing of
pathological processes in different tissues throughout the body,

7.

ACKNOWLEDGEMENTS

During my time in the Section of Integrative Physiology, I have met a cornucopia of people who
have inspired, challenged, fascinated and supported me. I wish to extend my sincere gratitude to
all who in different ways have made it possible for me to finish this work.
In particular, I would like to thank my main supervisor, Professor Juleen Zierath, my current and
my former co-supervisor, Professor Anna Krook and Dr. Pablo Garcia-Roves. You gave me a
fantastic opportunity to begin to explore this field, provided knowledge, encouragement, hard
work and challenge.

42

I would also especially like to thank Dr. Marie Björnholm, for always helping me to find a way
forward and for providing honest criticism and support; Margareta Svedlund, for your neverending care and for being our gentle giant of all things non-pipette related; Dr. Megan Osler for
helping me to see the bigger picture and for your friendship; Docent Lubna Al-Khalili for being
such an enthusiastic teacher and for your generosity of spirit and kindness; and Docent
Alexander Chibalin, for having a solution to every problem and for sharing your love of science.
Thank you to all present and past members of the Section of Integrative Physiology for being so
generous in sharing ideas, experiences and knowledge: Arja Kants, Ann-Britt Wikström, Dr.
Boubacar Benziane, Dr. Carolina Nylén, Dr. Dana Galuska, David Gray Lassiter, Dr. Emmani
Nascimento, Eva Palmer, Dr. Ferenc Szekeres, Dr. Firoozeh Salehzadeh, Dr. Fredirick Mashili,
Dr. Håkan Karlsson, Dr. Hanneke Boon, Dr. Henriette Kirchner, Isabelle Riedl, Dr. Jie Yan,
Jonathan Mudry, Dr. Julie Massart, Katrin Bergdahl, Leo Lundell, Dr. Louise Mannerås-Holm,
Professor Marc Gilbert, Melinda Verriere, Milena Schönke, Dr. Mutsumi Katayama, Dr. Peter
Sögård, Dr. Qunfeng Jiang, Rasmus Sjögren, Robby Tom, Dr. Sameer Kulkarni, Dr. Stefan
Nobel, Dr. Thais de Castro Barbosa, Torbjörn Morein, Dr. Ulrika Widegren, Dr. Anna Rune, Dr.
Atul Deshmukh, Dr. Brendan Egan, Dr. Daniella Guimaraes, Dr. David Krämer, Dr. Dorit
Schleinitz, Dr. Elaine Vieira, Inger Kühn, Dr. Maj Sundbom, Dr. Naoki Miyoshi, Dr. Niclas
Franck, Dr. Olga Kotova, Dr. Reginald Austin, Dr. Romain Barrès, Dr. Sergej Pirkmajer, Dr.
Sonia Metayer-Coustard, Dr. Stephan Glund, Dr. Tomas Fritz and Dr. Yun Chau Long.
Finally, I thank my Andreas, for your unconditional love and support; Emil, for being the most
mindboggling little being in my world; Lena, for being my most enthusiastic supporter; and
Mom & Dad, for forcing me to be a better communicator of science 

8.
1.
2.
3.

4.
5.

6.
7.
8.

REFERENCES
Obesity: preventing and managing the global epidemic. Report of a WHO consultation.
World Health Organization technical report series 2000;894:i-xii, 1-253
Flegal KM, Carroll MD, Ogden CL, Curtin LR: Prevalence and trends in obesity among
US adults, 1999-2008. J Am Med Assoc 2010;303:235-241
Sartor G, Schersten B, Carlstrom S, Melander A, Norden A, Persson G: Ten-year follow-up
of subjects with impaired glucose tolerance: prevention of diabetes by tolbutamide and diet
regulation. Diabetes 1980;29:41-49
Jarrett RJ, Keen H: Hyperglycaemia and diabetes mellitus. Lancet 1976;308:1009-1012
Lyssenko V, Almgren P, Anevski D, Perfekt R, Lahti K, Nissén M, Isomaa B, Forsen B,
Homström N, Saloranta C, Taskinen M-R, Groop L, Tuomi T: Predictors of and
longitudinal changes in insulin sensitivity and secretion preceding onset of type 2 diabetes.
Diabetes 2005;54:166-174
Report of the Expert Committee on the Diagnosis and Classification of Diabetes Mellitus.
Diabetes Care 1997;20:1183-1197
Dankner R, Geulayov G, Olmer L, Kaplan G: Undetected type 2 diabetes in older adults.
Age Ageing 2009;38:56-62
Bogardus C, Lillioja S, Howard BV, Reaven G, Mott D: Relationships between insulin
secretion, insulin action, and fasting plasma glucose concentration in nondiabetic and
noninsulin-dependent diabetic subjects. J Clin Invest 1984;74:1238-1246
43

9.

10.

11.

12.

13.

14.

15.

16.
17.

18.

19.
20.

21.

22.
23.

DeFronzo R, Ferrannini E, Simonson D: Fasting hyperglycemia in non-insulin-dependent
diabetes mellitus: contributions of excessive hepatic glucose production and impaired
tissue glucose uptake. Metabolism 1989;38:387-395
Groop L, Bonadonna R, DelPrato S, Ratheiser K, Zyck K, Ferrannini E, DeFronzo R:
Glucose and free fatty acid metabolism in non-insulin-dependent diabetes mellitus.
Evidence for multiple sites of insulin resistance. J Clin Invest 1989;84:205-213
Lillioja S, Mott DM, Spraul M, Ferraro R, Foley JE, Ravussin E, Knowler WC, Bennett
PH, Bogardus C: Insulin resistance and insulin secretory dysfunction as precursors of noninsulin-dependent diabetes mellitus. Prospective studies of Pima Indians. New Engl J Med
1993;329:1988-1992
Weyer C, Tataranni PA, Bogardus C, Pratley RE: Insulin resistance and insulin secretory
dysfunction are independent predictors of worsening of glucose tolerance during each stage
of type 2 diabetes development. Diabetes Care 2001;24:89-94
Rothman DL, Magnusson I, Cline G, Gerard D, Kahn CR, Shulman RG, Shulman GI:
Decreased muscle glucose transport/phosphorylation is an early defect in the pathogenesis
of non-insulin-dependent diabetes mellitus. P Natl Acad Sci 1995;92:983-987
Pratipanawatr W, Pratipanawatr T, Cusi K, Berria R, Adams JM, Jenkinson CP, Maezono
K, DeFronzo RA, Mandarino LJ: Skeletal muscle insulin resistance in normoglycemic
subjects with a strong family history of type 2 diabetes is associated with decreased insulinstimulated insulin receptor substrate-1 tyrosine phosphorylation. Diabetes 2001;50:25722578
Salans LB, Bray GA, Cushman SW, Danforth E, Glennon JA, Horton ES, Sims EAH:
Glucose metabolism and the response to insulin by human adipose tissue in spontaneous
and experimental obesity: Effects of dietary composition and adipose cell size. J Clin
Invest 1974;53:848-856
Defronzo R: Banting Lecture. From the triumvirate to the ominous octet: a new paradigm
for the treatment of type 2 diabetes mellitus. Diabetes 2009;58:773-795
Felber J, Ferrannini E, Golay A, Meyer H, Theibaud D, Curchod B, Maeder E, Jequier E,
DeFronzo R: Role of lipid oxidation in pathogenesis of insulin resistance of obesity and
type II diabetes. Diabetes 1987;36:1341-1350
Wiesner RJ, Rüegg JC, Morano I: Counting target molecules by exponential polymerase
chain reaction: Copy number of mitochondrial DNA in rat tissues. Biochem Biophys Res
Co 1992;183:553-559
Kelley DE, He J, Menshikova EV, Ritov VB: Dysfunction of mitochondria in human
skeletal muscle in type 2 diabetes. Diabetes 2002;51:2944-2950
Kelley DE, Goodpaster B, Wing RR, Simoneau JA: Skeletal muscle fatty acid metabolism
in association with insulin resistance, obesity, and weight loss. Am J Physiol
1999;277:E1130-1141
Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI: Impaired mitochondrial activity
in the insulin-resistant offspring of patients with type 2 diabetes. New Engl J Med
2004;350:664-671
Lowell BB, Shulman GI: Mitochondrial dysfunction and type 2 diabetes. Science
2005;307:384-387
Bouchardat A: De la glycosurie ou diabète sucré son traitement hygiènique. Paris, Librairie
Germer Baillière et Cie., 1875

44

24.
25.
26.

27.
28.
29.
30.
31.
32.

33.

34.

35.

36.
37.

38.

39.

40.

Kylin E: Studien uber das Hypertonie-Hyperglyka "mie-Hyperurika" miesyndrom.
Zentralblatt fuer Innere Medizin 1923:105-127
Reaven GM: Banting lecture 1988. Role of insulin resistance in human disease. Diabetes
1988;37:1595-1607
Grundy S, Brewer HJ, Cleeman J, Smith SJ, Lenfant C, for the Conference P: Definition of
metabolic syndrome: Report of the National Heart, Lung, and Blood Institute/American
Heart Association conference on scientific issues related to definition. Circulation
2004;109:433-438
Sims EA, Danforth E, Jr., Horton ES, Bray GA, Glennon JA, Salans LB: Endocrine and
metabolic effects of experimental obesity in man. Recent Prog Horm Res 1973;29:457-496
Storlien L, Oakes ND, Kelley DE: Metabolic flexibility. Proc Nutr Soc 2004;63:363-368
Kelley DE, Mandarino LJ: Fuel selection in human skeletal muscle in insulin resistance: a
reexamination. Diabetes 2000;49:677-683
Wakil SJ: A malonic acid derivative as an intermediate in fatty acid synthesis. J Am Chem
Soc 1958;80:6465-6465
Winder WW, Arogyasami J, Elayan IM, Cartmill D: Time course of exercise-induced
decline in malonyl-CoA in different muscle types. Am J Physiol 1990;259:E266-271
Merrill GF, Kurth EJ, Hardie DG, Winder WW: AICA riboside increases AMP-activated
protein kinase, fatty acid oxidation, and glucose uptake in rat muscle. Am J Physiol-Endoc
M 1997;273:E1107-E1112
Pickup JC, Mattock MB, Chusney GD, Burt D: NIDDM as a disease of the innate immune
system: association of acute-phase reactants and interleukin-6 with metabolic syndrome X.
Diabetologia 1997;40:1286-1292
Vague J: The degree of masculine differentiation of obesities: a factor determining
predisposition to diabetes, atherosclerosis, gout, and uric calculous disease. Am J Clin Nutr
1956;4:20-34
Kissebah AH, Vydelingum N, Murray R, Evans DJ, Hartz AJ, Kalkhoff RK, Adams PW:
Relation of body fat distribution to metabolic complications of obesity. J Clin Endocr
Metab 1982;54:254-260
Ruderman N, Chisholm D, Pi-Sunyer X, Schneider S: The metabolically obese, normalweight individual revisited. Diabetes 1998;47:699-713
Fried SK, Bunkin DA, Greenberg AS: Omental and subcutaneous adipose tissues of obese
subjects release interleukin-6: depot difference and regulation by glucocorticoid. J Clin
Endocr Metab 1998;83:847-850
Fain JN, Madan AK, Hiler ML, Cheema P, Bahouth SW: Comparison of the release of
adipokines by adipose tissue, adipose tissue matrix, and adipocytes from visceral and
subcutaneous abdominal adipose tissues of obese humans. Endocrinology 2004;145:22732282
van Harmelen V, Dicker A, Ryden M, Hauner H, Lonnqvist F, Naslund E, Arner P:
Increased lipolysis and decreased leptin production by human omental as compared with
subcutaneous preadipocytes. Diabetes 2002;51:2029-2036
Abate N, Garg A, Peshock RM, Stray-Gundersen J, Adams-Huet B, Grundy SM:
Relationship of generalized and regional adiposity to insulin sensitivity in men with
NIDDM. Diabetes 1996;45:1684-1693

45

41.

42.
43.

44.

45.
46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

Goodpaster BH, Thaete FL, Simoneau JA, Kelley DE: Subcutaneous abdominal fat and
thigh muscle composition predict insulin sensitivity independently of visceral fat. Diabetes
1997;46:1579-1585
Frayn KN: Visceral fat and insulin resistance--causative or correlative? B J Nutr 2000;83
Suppl 1:S71-77
Angerås O, Albertsson P, Karason K, Råmunddal T, Matejka G, James S, Lagerqvist B,
Rosengren A, Omerovic E: Evidence for obesity paradox in patients with acute coronary
syndromes: a report from the Swedish Coronary Angiography and Angioplasty Registry.
Eur Heart J 2012;
MacDougald OA, Hwang CS, Fan H, Lane MD: Regulated expression of the obese gene
product (leptin) in white adipose tissue and 3T3-L1 adipocytes. P Natl Acad Sci USA
1995;92:9034-9037
Maeda K, Okubo K, Shimomura I, Mizuno K, Matsuzawa Y, Matsubara K: Analysis of an
expression profile of genes in the human adipose tissue. Gene 1997;190:227-235
Boucher J, Masri B, Daviaud D, Gesta S, Guigne C, Mazzucotelli A, Castan-Laurell I,
Tack I, Knibiehler B, Carpene C, Audigier Y, Saulnier-Blache JS, Valet P: Apelin, a newly
identified adipokine up-regulated by insulin and obesity. Endocrinology 2005;146:17641771
Kern PA, Ranganathan S, Li C, Wood L, Ranganathan G: Adipose tissue tumor necrosis
factor and interleukin-6 expression in human obesity and insulin resistance. Am J PhysiolEndoc M 2001;280:E745-751
Katsuki A, Sumida Y, Murashima S, Murata K, Takarada Y, Ito K, Fujii M, Tsuchihashi K,
Goto H, Nakatani K, Yano Y: Serum levels of tumor necrosis factor-alpha are increased in
obese patients with noninsulin-dependent diabetes mellitus. J Clin Endocr Metab
1998;83:859-862
Hosogai N, Fukuhara A, Oshima K, Miyata Y, Tanaka S, Segawa K, Furukawa S, Tochino
Y, Komuro R, Matsuda M, Shimomura I: Adipose tissue hypoxia in obesity and its impact
on adipocytokine dysregulation. Diabetes 2007;56:901-911
Vozarova B, Weyer C, Hanson K, Tataranni PA, Bogardus C, Pratley RE: Circulating
interleukin-6 in relation to adiposity, insulin action, and insulin secretion. Obes Res
2001;9:414-417
Muller S, Martin S, Koenig W, Hanifi-Moghaddam P, Rathmann W, Haastert B, Giani G,
Illig T, Thorand B, Kolb H: Impaired glucose tolerance is associated with increased serum
concentrations of interleukin 6 and co-regulated acute-phase proteins but not TNF-alpha or
its receptors. Diabetologia 2002;45:805-812
Festa A, D'Agostino R, Jr., Howard G, Mykkanen L, Tracy RP, Haffner SM: Chronic
subclinical inflammation as part of the insulin resistance syndrome: the Insulin Resistance
Atherosclerosis Study (IRAS). Circulation 2000;102:42-47
Xu H, Barnes GT, Yang Q, Tan G, Yang D, Chou CJ, Sole J, Nichols A, Ross JS, Tartaglia
LA, Chen H: Chronic inflammation in fat plays a crucial role in the development of
obesity-related insulin resistance. J Clin Invest 2003;112:1821-1830
Weisberg SP, McCann D, Desai M, Rosenbaum M, Leibel RL, Ferrante AW, Jr.: Obesity is
associated with macrophage accumulation in adipose tissue. J Clin Invest 2003;112:17961808
Hotamisligil GS, Shargill NS, Spiegelman BM: Adipose expression of tumor necrosis
factor-alpha: direct role in obesity-linked insulin resistance. Science 1993;259:87-91
46

56.

57.

58.

59.

60.

61.

62.
63.

64.

65.

66.

67.

68.

69.

70.

Hotamisligil GS, Arner P, Caro JF, Atkinson RL, Spiegelman BM: Increased adipose tissue
expression of tumor necrosis factor-alpha in human obesity and insulin resistance. J Clin
Invest 1995;95:2409-2415
Aguirre V, Werner ED, Giraud J, Lee YH, Shoelson SE, White MF: Phosphorylation of
Ser307 in insulin receptor substrate-1 blocks interactions with the insulin receptor and
inhibits insulin action. J Biol Chem 2002;277:1531-1537
Aguirre V, Uchida T, Yenush L, Davis R, White MF: The c-Jun NH(2)-terminal kinase
promotes insulin resistance during association with insulin receptor substrate-1 and
phosphorylation of Ser(307). J Biol Chem 2000;275:9047-9054
Werner ED, Lee J, Hansen L, Yuan M, Shoelson SE: Insulin resistance due to
phosphorylation of insulin receptor substrate-1 at serine 302. J Biol Chem 2004;279:3529835305
Nieto-Vazquez I, Fernandez-Veledo S, Kramer DK, Vila-Bedmar R, Garcia-Guerra L,
Lorenzo M: Insulin resistance associated to obesity: the link TNF-alpha. Arch Physiol
Biochem 2008;114:183-194
Steinberg GR, Michell BJ, van Denderen BJ, Watt MJ, Carey AL, Fam BC, Andrikopoulos
S, Proietto J, Gorgun CZ, Carling D, Hotamisligil GS, Febbraio MA, Kay TW, Kemp BE:
Tumor necrosis factor alpha-induced skeletal muscle insulin resistance involves
suppression of AMP-kinase signaling. Cell Metab 2006;4:465-474
Hauner H, Bender M, Haastert B, Hube F: Plasma concentrations of soluble TNF-alpha
receptors in obese subjects. Int J Obes Relat Metab Disord 1998;22:1239-1243
Mohamed-Ali V, Goodrick S, Bulmer K, Holly JM, Yudkin JS, Coppack SW: Production
of soluble tumor necrosis factor receptors by human subcutaneous adipose tissue in vivo.
Am J Physiol 1999;277:E971-975
Fraze E, Donner CC, Swislocki AL, Chiou YA, Chen YD, Reaven GM: Ambient plasma
free fatty acid concentrations in noninsulin-dependent diabetes mellitus: evidence for
insulin resistance. J Clin Endocr Metab 1985;61:807-811
Reaven GM, Chen YD, Jeppesen J, Maheux P, Krauss RM: Insulin resistance and
hyperinsulinemia in individuals with small, dense low density lipoprotein particles. J Clin
Invest 1993;92:141-146
Alberti KGMM, Zimmet PZ: Definition, diagnosis and classification of diabetes mellitus
and its complications. Part 1: diagnosis and classification of diabetes mellitus. Provisional
report of a WHO Consultation. Diabetic Med 1998;15:539-553
Cusi K, Maezono K, Osman A, Pendergrass M, Patti ME, Pratipanawatr T, DeFronzo RA,
Kahn CR, Mandarino LJ: Insulin resistance differentially affects the PI 3-kinase- and MAP
kinase-mediated signaling in human muscle. J Clin Invest 2000;105:311-320
Krook A, Bjornholm M, Galuska D, Jiang XJ, Fahlman R, Myers MG, Jr., WallbergHenriksson H, Zierath JR: Characterization of signal transduction and glucose transport in
skeletal muscle from type 2 diabetic patients. Diabetes 2000;49:284-292
Bouzakri K, Roques M, Gual P, Espinosa S, Guebre-Egziabher F, Riou JP, Laville M, Le
Marchand-Brustel Y, Tanti JF, Vidal H: Reduced activation of phosphatidylinositol-3
kinase and increased serine 636 phosphorylation of insulin receptor substrate-1 in primary
culture of skeletal muscle cells from patients with type 2 diabetes. Diabetes 2003;52:13191325
Morino K, Petersen KF, Dufour S, Befroy D, Frattini J, Shatzkes N, Neschen S, White
MF, Bilz S, Sono S, Pypaert M, Shulman GI: Reduced mitochondrial density and increased
47

71.

72.

73.

74.

75.

76.

77.
78.
79.
80.

81.

82.

83.
84.

85

86.

IRS-1 serine phosphorylation in muscle of insulin-resistant offspring of type 2 diabetic
parents. J Clin Invest 2005;115:3587-3593
Steil GM, Trivedi N, Jonas JC, Hasenkamp WM, Sharma A, Bonner-Weir S, Weir GC:
Adaptation of beta-cell mass to substrate oversupply: enhanced function with normal gene
expression. Am J Physiol-Endoc M 2001;280:E788-796
Chen C, Hosokawa H, Bumbalo LM, Leahy JL: Mechanism of compensatory
hyperinsulinemia in normoglycemic insulin-resistant spontaneously hypertensive rats.
Augmented enzymatic activity of glucokinase in beta-cells. J Clin Invest 1994;94:399-404
Kassem SA, Ariel I, Thornton PS, Scheimberg I, Glaser B: Beta-cell proliferation and
apoptosis in the developing normal human pancreas and in hyperinsulinism of infancy.
Diabetes 2000;49:1325-1333
Srinivasan S, Bernal-Mizrachi E, Ohsugi M, Permutt MA: Glucose promotes pancreatic
islet beta-cell survival through a PI 3-kinase/Akt-signaling pathway. Am J Physiol-Endoc
M 2002;283:E784-793
v an Citters GW, Kabir M, Kim SP, Mittelman SD, Dea MK, Brubaker PL, Bergman RN:
Elevated glucagon-like peptide-1-(7-36)-amide, but not glucose, associated with
hyperinsulinemic compensation for fat feeding. J Clin Endocr Metab 2002;87:5191-5198
Reaven GM, Olefsky JM: Relationship between heterogeneity of insulin responses and
insulin resistance in normal subjects and patients with chemical diabetes. Diabetologia
1977;13:201-206
Hollenbeck C, Reaven GM: Variations in insulin-stimulated glucose uptake in healthy
individuals with normal glucose tolerance. J Clin Endocr Metab 1987;64:1169-1173
Bergman RN, Finegood DT, Kahn SE: The evolution of β-cell dysfunction and insulin
resistance in type 2 diabetes. Eur J Clin Invest 2002;32:35-45
Butler A, Janson J, Bonner-Weir S, Ritzel R, Rizza R, Butler P: Beta-cell deficit and
increased beta-cell apoptosis in humans with type 2 diabetes. Diabetes 2003;52:102-110
Jallut D, Golay A, Munger R, Frascarolo P, Schutz Y, Jéquier E, Felber JP: Impaired
glucose tolerance and diabetes in obesity: A 6-year follow-up study of glucose metabolism.
Metabolism 1990;39:1068-1075
Deng S, Vatamaniuk M, Huang X, Doliba N, Lian MM, Frank A, Velidedeoglu E, Desai
NM, Koeberlein B, Wolf B, Barker CF, Naji A, Matschinsky FM, Markmann JF: Structural
and functional abnormalities in the islets isolated from type 2 diabetic subjects. Diabetes
2004;53:624-632
Gastaldelli A, Ferrannini E, Miyazaki Y, Matsuda M, DeFronzo RA: Beta-cell dysfunction
and glucose intolerance: results from the San Antonio metabolism (SAM) study.
Diabetologia 2004;47:31-39
Committee IE: International Expert Committee report on the role of the A1C assay in the
diagnosis of diabetes. Diabetes Care 2009;32:1327-1334
Adiels M, Olofsson SO, Taskinen MR, Boren J: Overproduction of very low-density
lipoproteins is the hallmark of the dyslipidemia in the metabolic syndrome. Arterioscl
Throm Vas 2008;28:1225-1236
. Zambon A, Hokanson JE, Brown BG, Brunzell JD: Evidence for a new
pathophysiological mechanism for coronary artery disease regression: hepatic lipasemediated changes in LDL density. Circulation 1999;99:1959-1964
Woods HF, Krebs HA: Lactate production in the perfused rat liver. Biochem J
1971;125:129-139
48

87

. Krebs HA: The Pasteur effect and the relations between respiration and fermentation.
Essays Biochem 1972;8:1-34
88. Brunengraber H, Boutry M, Lowenstein JM: Fatty acid and 3-β-hydroxysterol synthesis in
the perfused rat liver: Including measurements on the production of lactate, pyruvate, βhydroxybutyrate, and acetoacetate by the fed liver. J Biol Chem 1973;248:2656-2669
89. Pilkis SJ, Granner DK: Molecular physiology of theregulation of hepatic gluconeogenesis
and glycolysis. Ann Rev of Physiol 1992;54:885-909
90. Ferrannini E, Simonson DC, Katz LD, Reichard Jr G, Bevilacqua S, Barrett EJ, Olsson M,
DeFronzo RA: The disposal of an oral glucose load in patients with non-insulin-dependent
diabetes. Metabolism 1988;37:79-85
91. Unger RH, Aguilar-Parada E, Müller WA, Eisentraut AM: Studies of pancreatic alpha cell
function in normal and diabetic subjects. J Clin Invest 1970;49:837-848
92. Fabbrini E, Sullivan S, Klein S: Obesity and nonalcoholic fatty liver disease: biochemical,
metabolic, and clinical implications. Hepatology 2010;51:679-689
93. Angulo P: Nonalcoholic fatty liver disease. New Engl J Med 2002;346:1221-1231
94. Gastaldelli A, Baldi S, Pettiti M, Toschi E, Camastra S, Natali A, Landau BR, Ferrannini
E: Influence of obesity and type 2 diabetes on gluconeogenesis and glucose output in
humans: a quantitative study. Diabetes 2000;49:1367-1373
95. Takamura T, Misu H, Matsuzawa-Nagata N, Sakurai M, Ota T, Shimizu A, Kurita S,
Takeshita Y, Ando H, Honda M, Kaneko S: Obesity upregulates genes involved in
oxidative phosphorylation in livers of diabetic patients. Obesity 2008;16:2601-2609
96. Pihlajamaki J, Boes T, Kim EY, Dearie F, Kim BW, Schroeder J, Mun E, Nasser I, Park
PJ, Bianco AC, Goldfine AB, Patti ME: Thyroid hormone-related regulation of gene
expression in human fatty liver. J Clin Endocr Metab 2009;94:3521-3529
97. Perez-Carreras M, Del Hoyo P, Martin MA, Rubio JC, Martin A, Castellano G, Colina F,
Arenas J, Solis-Herruzo JA: Defective hepatic mitochondrial respiratory chain in patients
with nonalcoholic steatohepatitis. Hepatology 2003;38:999-1007
98. Cortez-Pinto H, Chatham J, Chacko VP, Arnold C, Rashid A, Diehl AM: Alterations in
liver ATP homeostasis in human nonalcoholic steatohepatitis: a pilot study. J Am Med
Assoc 1999;282:1659-1664
99. Sanyal AJ, Campbell-Sargent C, Mirshahi F, Rizzo WB, Contos MJ, Sterling RK, Luketic
VA, Shiffman ML, Clore JN: Nonalcoholic steatohepatitis: association of insulin resistance
and mitochondrial abnormalities. Gastroenterology 2001;120:1183-1192
100. Miele L, Grieco A, Armuzzi A, Candelli M, Forgione A, Gasbarrini A, Gasbarrini G:
Hepatic mitochondrial beta-oxidation in patients with nonalcoholic steatohepatitis assessed
by 13C-octanoate breath test. Am J Gastroenterol 2003;98:2335-2336
101. Ferreira F, Palmeira C, Seiça R, Santos M: Alterations of liver mitochondrial bioenergetics
in diabetic Goto-Kakizaki rats. Metabolism 1999;48:1115-1119
102. Iossa S, Lionetti L, Mollica MP, Crescenzo R, Botta M, Barletta A, Liverini G: Effect of
high-fat feeding on metabolic efficiency and mitochondrial oxidative capacity in adult rats.
Br J Nutr 2003;90:953-960
103. Raffaella C, Francesca B, Italia F, Marina P, Giovanna L, Susanna I: Alterations in hepatic
mitochondrial compartment in a model of obesity and insulin resistance. Obesity
2008;16:958-964

49

104. Mantena SK, Vaughn DP, Andringa KK, Eccleston HB, King AL, Abrams GA, Doeller JE,
Kraus DW, Darley-Usmar VM, Bailey SM: High fat diet induces dysregulation of hepatic
oxygen gradients and mitochondrial function in vivo. Biochem J 2009;417:183-193
105. Deng W-J, Nie S, Dai J, Wu J-R, Zeng R: Proteome, phosphoproteome, and
hydroxyproteome of liver mitochondria in diabetic rats at early pathogenic stages. Mol Cell
Proteomics 2010;9:100-116
106. Wang Y, Lam KS, Lam JB, Lam MC, Leung PT, Zhou M, Xu A: Overexpression of
angiopoietin-like protein 4 alters mitochondria activities and modulates methionine
metabolic cycle in the liver tissues of db/db diabetic mice. Mol Endocrinol 2007;21:972986
107. Brady L, Brady P, Romsos D, Hoppel C: Elevated hepatic mitochondrial and peroxisomal
oxidative capacities in fed and starved adult obese (ob/ob) mice. Biochem J 1985;231:439444
108. Ferreira F, Palmeira C, Seiça R, Moreno A, Santos M: Diabetes and mitochondrial
bioenergetics: Alterations with age. J Biochem Mol Toxic 2003;17:214-222
109. Thiebaud D, Jacot E, DeFronzo RA, Maeder E, Jequier E, Felber JP: The effect of graded
doses of insulin on total glucose uptake, glucose oxidation, and glucose storage in man.
Diabetes 1982;31:957-963
110. DeFronzo RA, Jacot E, Jequier E, Maeder E, Wahren J, Felber JP: The effect of insulin on
the disposal of intravenous glucose. Results from indirect calorimetry and hepatic and
femoral venous catheterization. Diabetes 1981;30:1000-1007
111. Lillioja S, Mott DM, Howard BV, Bennett PH, Yki-Järvinen H, Freymond D, Nyomba BL,
Zurlo F, Swinburn B, Bogardus C: Impaired glucose tolerance as a disorder of insulin
action. New Engl J Med 1988;318:1217-1225
112. Warram JH, Martin BC, Krolewski AS, Soeldner JS, Kahn CR: Slow glucose removal rate
and hyperinsulinemia precede the development of type II diabetes in the offspring of
diabetic parents. Ann Intern Med 1990;113:909-915
113. Cline GW, Petersen KF, Krssak M, Shen J, Hundal RS, Trajanoski Z, Inzucchi S, Dresner
A, Rothman DL, Shulman GI: Impaired glucose transport as a cause of decreased insulinstimulated muscle glycogen synthesis in type 2 diabetes. New Engl J Med 1999;341:240246
114. Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P, Baron AD: Evidence for
defects in the trafficking and translocation of GLUT4 glucose transporters in skeletal
muscle as a cause of human insulin resistance. J Clin Invest 1998;101:2377-2386
115. Pendergrass M, Koval J, Vogt C, Yki-Jarvinen H, Iozzo P, Pipek R, Ardehali H, Printz R,
Granner D, DeFronzo RA, Mandarino LJ: Insulin-induced hexokinase II expression is
reduced in obesity and NIDDM. Diabetes 1998;47:387-394
116. Ukropcova B, McNeil M, Sereda O, de Jonge L, Xie H, Bray GA, Smith SR: Dynamic
changes in fat oxidation in human primary myocytes mirror metabolic characteristics of the
donor. J Clin Invest 2005;115:1934-1941
117. Gulli G, Ferrannini E, Stern M, Haffner S, DeFronzo RA: The metabolic profile of NIDDM
is fully established in glucose-tolerant offspring of two Mexican-American NIDDM
parents. Diabetes 1992;41:1575-1586
118. Shulman GI, Rothman DL, Jue T, Stein P, DeFronzo RA, Shulman RG: Quantitation of
muscle glycogen synthesis in normal subjects and subjects with non-insulin-dependent

50

diabetes by 13C nuclear magnetic resonance spectroscopy. New Engl J Med 1990;322:223228
119. Kewalramani G, Bilan PJ, Klip A: Muscle insulin resistance: assault by lipids, cytokines
and local macrophages. Curr Opin Clin Nutr Metab Care 2010;13:382-390
120. Muoio DM: Intramuscular triacylglycerol and insulin resistance: Guilty as charged or
wrongly accused? BBA-Mol Cell Biol L 2010;1801:281-288
121. Samuel VT, Petersen KF, Shulman GI: Lipid-induced insulin resistance: unravelling the
mechanism. Lancet 2010;375:2267-2277
122. Shulman GI: Cellular mechanisms of insulin resistance. J Clin Invest 2000;106:171-176
123. Randle PJ, Garland PB, Hales CN, Newsholme EA: The glucose fatty-acid cycle its role in
insulin sensitivity and the metabolic disturbances of diabetes mellitus. Lancet
1963;281:785-789
124. Holloway G, Benton C, Mullen K, Yoshida Y, Snook L, Han X-X, Glatz J, Luiken J, Lally
J, Dyck D, Bonen A: In obese rat muscle transport of palmitate is increased and is
channeled to triacylglycerol storage despite an increase in mitochondrial palmitate
oxidation. Am J Physiol-Endoc M 2009;296:E738-747
125. De Feyter H, Lenaers E, Houten S, Schrauwen P, Hesselink M, Wanders R, Nicolay K,
Prompers J: Increased intramyocellular lipid content but normal skeletal muscle
mitochondrial oxidative capacity throughout the pathogenesis of type 2 diabetes. FASEB J
2008;22:3947-3955
126. Stahelin RV, Digman MA, Medkova M, Ananthanarayanan B, Melowic HR, Rafter JD,
Cho W: Diacylglycerol-induced membrane targeting and activation of protein kinase Cϵ. J
Biol Chem 2005;280:19784-19793
127. Chibalin AV, Leng Y, Vieira E, Krook A, Björnholm M, Long YC, Kotova O, Zhong Z,
Sakane F, Steiler T, Nylén C, Wang J, Laakso M, Topham MK, Gilbert M, WallbergHenriksson H, Zierath JR: Downregulation of diacylglycerol kinase delta contributes to
hyperglycemia-induced insulin resistance. Cell 2008;132:375-386
128. Mashili F, Chibalin AV, Krook A, Zierath JR: Constitutive STAT3 phosphorylation
contributes to skeletal muscle insulin resistance in type 2 diabetes. Diabetes 2012;
129. Bjørbæk C, Elmquist JK, Frantz JD, Shoelson SE, Flier JS: Identification of SOCS-3 as a
potential mediator of central leptin resistance. Mol Cell 1998;1:619-625
130. Storlien LH, Pan DA, Kriketos AD, O'Connor J, Caterson ID, Cooney GJ, Jenkins AB,
Baur LA: Skeletal muscle membrane lipids and insulin resistance. Lipids 1996;31
Suppl:S261-265
131. Gauthier GF, Padykula HA: Cytological studies of fiber types in skeletal muscle. A
comparative study of the mammalian diaphragm. J Cell Biol 1966;28:333-354
132. Wade AJ, Marbut MM, Round JM: Muscle fibre type and aetiology of obesity. Lancet
1990;335:805-808
133. Kriketos AD, Pan DA, Lillioja S, Cooney GJ, Baur LA, Milner MR, Sutton JR, Jenkins AB,
Bogardus C, Storlien LH: Interrelationships between muscle morphology, insulin action,
and adiposity. Am J Physiol-Reg I 1996;270:R1332-R1339
134. Helge JW, Fraser AM, Kriketos AD, Jenkins AB, Calvert GD, Ayre KJ, Storlien LH:
Interrelationships between muscle fibre type, substrate oxidation and body fat. Int J Obes
Relat Metab Disord 1999;23:986-991

51

135. Lillioja S, Young AA, Culter CL, Ivy JL, Abbott WG, Zawadzki JK, Yki-Järvinen H,
Christin L, Secomb TW, Bogardus C: Skeletal muscle capillary density and fiber type are
possible determinants of in vivo insulin resistance in man. J Clin Invest 1987;80:415-424
136. Tikkanen HO, Harkonen M, Naveri H, Hamalainen E, Elovainio R, Sarna S, Frick MH:
Relationship of skeletal muscle fiber type to serum high density lipoprotein cholesterol and
apolipoprotein A-I levels. Atherosclerosis 1991;90:49-57
137. Nyholm B, Qu Z, Kaal A, Pedersen SB, Gravholt CH, Andersen JL, Saltin B, Schmitz O:
Evidence of an increased number of type IIb muscle fibers in insulin-resistant first-degree
relatives of patients with NIDDM. Diabetes 1997;46:1822-1828
138. Kriketos AD, Baur LA, O'Connor J, Carey D, King S, Caterson ID, Storlien LH: Muscle
fibre type composition in infant and adult populations and relationships with obesity. Int J
Obes Relat Metab Disord 1997;21:796-801
139. Hickey MS, Weidner MD, Gavigan KE, Zheng D, Tyndall GL, Houmard JA: The insulin
action-fiber type relationship in humans is muscle group specific. Am J Physiol-Endoc M
1995;269:E150-E154
140. Toft I, Bønaa KH, Lindal S, Jenssen T: Insulin kinetics, insulin action, and muscle
morphology in lean or slightly overweight persons with impaired glucose tolerance.
Metabolism 1998;47:848-854
141. Rabol R, Larsen S, Hojberg PM, Almdal T, Boushel R, Haugaard SB, Andersen JL,
Madsbad S, Dela F: Regional anatomic differences in skeletal muscle mitochondrial
respiration in type 2 diabetes and obesity. J Clin Endocr Metab 2010;95:857-863
142. Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM: Positional cloning of
the mouse obese gene and its human homologue. Nature 1994;372:425-432
143. Campfield LA, Smith FJ, Guisez Y, Devos R, Burn P: Recombinant mouse OB protein:
evidence for a peripheral signal linking adiposity and central neural networks. Science
1995;269:546-549
144. Halaas JL, Gajiwala KS, Maffei M, Cohen SL, Chait BT, Rabinowitz D, Lallone RL,
Burley SK, Friedman JM: Weight-reducing effects of the plasma protein encoded by the
obese gene. Science 1995;269:543-546
145. Pelleymounter MA, Cullen MJ, Baker MB, Hecht R, Winters D, Boone T, Collins F:
Effects of the obese gene product on body weight regulation in ob/ob mice. Science
1995;269:540-543
146. Morton GJ, Kaiyala KJ, Fisher JD, Ogimoto K, Schwartz MW, Wisse BE: Identification of
a physiological role for leptin in the regulation of ambulatory activity and wheel running in
mice. Am J Physiol-Endoc M 2011;300:E392-E401
147. Caprio M, Fabbrini E, Isidori AM, Aversa A, Fabbri A: Leptin in reproduction. Trends
Endocrin Met 2001;12:65-72
148. Elmquist JK, Bjørbæk C, Ahima RS, Flier JS, Saper CB: Distributions of leptin receptor
mRNA isoforms in the rat brain. J Comp Neurol 1998;395:535-547
149. Friedman J, Halaas J: Leptin and the regulation of body weight in mammals. Nature
1998;395:763-770
150. Spiegelman BM, Flier JS: Obesity and the regulation of energy balance. Cell 2001;104:531543
151. Wang J, Liu R, Hawkins M, Barzilai N, Rossetti L: A nutrient-sensing pathway regulates
leptin gene expression in muscle and fat. Nature 1998;393:684-688

52

152. Hardingham TE, Phelps CF: The tissue content and turnover rates of intermediates in the
biosynthesis of glycosaminoglycans in young rat skin. Biochem J 1968;108:9-16
153. Marshall S, Bacote V, Traxinger RR: Discovery of a metabolic pathway mediating glucoseinduced desensitization of the glucose transport system. Role of hexosamine biosynthesis
in the induction of insulin resistance. J Biol Chem 1991;266:4706-4712
154. Hawkins M, Barzilai N, Liu R, Hu M, Chen W, Rossetti L: Role of the glucosamine
pathway in fat-induced insulin resistance. J Clin Invest 1997;99:2173-2182
155. Rosenbaum M, Nicolson M, Hirsch J, Heymsfield SB, Gallagher D, Chu F, Leibel RL:
Effects of gender, body composition, and menopause on plasma concentrations of leptin. J
Clin Endocr Metab 1996;81:3424-3427
156. Considine RV, Sinha MK, Heiman ML, Kriauciunas A, Stephens TW, Nyce MR,
Ohannesian JP, Marco CC, McKee LJ, Bauer TL, Caro JF: Serum immunoreactive-leptin
concentrations in normal-weight and obese humans. New Engl J Med 1996;334:292-295
157. Segal KR, Landt M, Klein S: Relationship between insulin sensitivity and plasma leptin
concentration in lean and obese men. Diabetes 1996;45:988-991
158. Wang Y, Kuropatwinski KK, White DW, Hawley TS, Hawley RG, Tartaglia LA, Baumann
H: Leptin receptor action in hepatic cells. J Biol Chem 1997;272:16216-16223
159. Liu Y-L, Emilsson V, Cawthorne MA: Leptin inhibits glycogen synthesis in the isolated
soleus muscle of obese (ob/ob) mice. FEBS Lett 1997;411:351-355
160. Kielar D, Clark JSC, Ciechanowicz A, Kurzawski G, Sulikowski T, Naruszewicz M: Leptin
receptor isoforms expressed in human adipose tissue. Metabolism 1998;47:844-847
161. Kieffer TJ, Heller RS, Habener JF: Leptin receptors expressed on pancreatic β-cells.
Biochem Biophys Res Co 1996;224:522-527
162. Picard F, Richard D, Huang Q, Deshaies Y: Effects of leptin adipose tissue lipoprotein
lipase in the obese ob/ob mouse. Int J Obes Relat Metab Disord 1998;22:1088-1095
163. Tom R, Sjögren R, Vieira E, Glund S, Iglesias-Gutiérrez E, Garcia-Roves P, Myers M,
Björnholm M: Increased hepatic insulin sensitivity in mice lacking inhibitory leptin
receptor signals. Endocrinology 2011;152:2237-2246
164. Hummel K, Dickie M, Coleman D: Diabetes, a new mutation in the mouse. Science
1966;153:1127-1128
165. Coleman D, Hummel K: Studies with the mutation, diabetes, in the mouse. Diabetologia
1967;3:238-248
166. Ingalls AM, Dickie MM, Snell GD: Obese, a new mutation in the house mouse. J Heredity
1950;41:317-318
167. Strosberg AD, Issad T: The involvement of leptin in humans revealed by mutations in leptin
and leptin receptor genes. Trends Pharmacol Sci 1999;20:227-230
168. Coleman D: Effects of parabiosis of obese with diabetes and normal mice. Diabetologia
1973;9:294-298
169. Tartaglia LA, Dembski M, Weng X, Deng N, Culpepper J, Devos R, Richards GJ,
Campfield LA, Clark FT, Deeds J, Muir C, Sanker S, Moriarty A, Moore KJ, Smutko JS,
Mays GG, Wool EA, Monroe CA, Tepper RI: Identification and expression cloning of a
leptin receptor, OB-R. Cell 1995;83:1263-1271
170. Schwartz MW, Baskin DG, Bukowski TR, Kuijper JL, Foster D, Lasser G, Prunkard DE,
Porte D, Woods SC, Seeley RJ, Weigle DS: Specificity of leptin action on elevated blood
glucose levels and hypothalamic neuropeptide Y gene expression in ob/ob mice. Diabetes
1996;45:531-535
53

171. Clement K, Vaisse C, Lahlou N, Cabrol S, Pelloux V, Cassuto D, Gourmelen M, Dina C,
Chambaz J, Lacorte J-M, Basdevant A, Bougneres P, Lebouc Y, Froguel P, Guy-Grand B:
A mutation in the human leptin receptor gene causes obesity and pituitary dysfunction.
Nature 1998;392:398-401
172. Cohen P, Zhao C, Cai X, Montez JM, Rohani SC, Feinstein P, Mombaerts P, Friedman JM:
Selective deletion of leptin receptor in neurons leads to obesity. J Clin Invest
2001;108:1113-1121
173. Ceddia RB, William WN, Jr., Curi R: Comparing effects of leptin and insulin on glucose
metabolism in skeletal muscle: evidence for an effect of leptin on glucose uptake and
decarboxylation. Int J Obes Relat Metab Disord 1999;23:75-82
174. Minokoshi Y, Kim Y-B, Peroni OD, Fryer LGD, Muller C, Carling D, Kahn BB: Leptin
stimulates fatty-acid oxidation by activating AMP-activated protein kinase. Nature
2002;415:339-343
175. Minokoshi Y, Alquier T, Furukawa N, Kim Y-B, Lee A, Xue B, Mu J, Foufelle F, Ferre P,
Birnbaum MJ, Stuck BJ, Kahn BB: AMP-kinase regulates food intake by responding to
hormonal and nutrient signals in the hypothalamus. Nature 2004;428:569-574
176. Cohen P, Miyazaki M, Socci N, Hagge-Greenberg A, Liedtke W, Soukas A, Sharma R,
Hudgins L, Ntambi J, Friedman J: Role for stearoyl-CoA desaturase-1 in leptin-mediated
weight loss. Science 2002;297:240-243
177. Covey SD, Wideman RD, McDonald C, Unniappan S, Huynh F, Asadi A, Speck M,
Webber T, Chua SC, Kieffer TJ: The pancreatic β cell is a key site for mediating the effects
of leptin on glucose homeostasis. Cell Metab 2006;4:291-302
178. Morioka T, Asilmaz E, Hu J, Dishinger JF, Kurpad AJ, Elias CF, Li H, Elmquist JK,
Kennedy RT, Kulkarni RN: Disruption of leptin receptor expression in the pancreas
directly affects β cell growth and function in mice. J Clin Invest 2007;117:2860-2868
179. Janovska A, Hatzinikolas G, Staikopoulos V, McInerney J, Mano M, Wittert GA: AMPK
and ACC phosphorylation: effect of leptin, muscle fibre type and obesity. Mol Cell
Endocrinol 2008;284:1-10
180. Singh A, Wirtz M, Parker N, Hogan M, Strahler J, Michailidis G, Schmidt S, Vidal-Puig A,
Diano S, Andrews P, Brand MD, Friedman J: Leptin-mediated changes in hepatic
mitochondrial metabolism, structure, and protein levels. P Natl Acad Sci USA
2009;106:13100-13105
181. Muoio DM, Dohm GL, Fiedorek FT, Jr., Tapscott EB, Coleman RA: Leptin directly alters
lipid partitioning in skeletal muscle. Diabetes 1997;46:1360-1363
182. Muoio DM, Dohm GL, Tapscott EB, Coleman RA: Leptin opposes insulin's effects on fatty
acid partitioning in muscles isolated from obese ob/ob mice. Am J Physiol 1999;276:E913921
183. Beg ZH, Brewer HB, Jr.: Modulation of rat liver 3-hydroxy-3-methylglutaryl-CoA
reductase activity by reversible phosphorylation.Fed Proc 1982;41:2634-2638
184. Davies SP, Helps NR, Cohen PTW, Hardie DG: 5′-AMP inhibits dephosphorylation, as well
as promoting phosphorylation, of the AMP-activated protein kinase. Studies using
bacterially expressed human protein phosphatase-2Cα and native bovine protein
phosphatase-2Ac. FEBS Lett 1995;377:421-425
185. Hong S-P, Leiper FC, Woods A, Carling D, Carlson M: Activation of yeast Snf1 and
mammalian AMP-activated protein kinase by upstream kinases. P Natl Acad Sci
2003;100:8839-8843
54

186. Carling D, Zammit VA, Hardie DG: A common bicyclic protein kinase cascade inactivates
the regulatory enzymes of fatty acid and cholesterol biosynthesis. FEBS Lett
1987;223:217-222
187. Ingebritsen TS, Lee H-S, Parker RA, Gibson DM: Reversible modulation of the activities of
both liver microsomal hydroxymethylglutaryl coenzyme a reductase and its inactivating
enzyme. Evidence for regulation by phosphorylation-dephosphorylation. Biochem Biophys
Res Co 1978;81:1268-1277
188. Munday MR, Hardie DG: Isolation of three cyclic-AMP-independent acetyl-CoA
carboxylase kinases from lactating rat mammary gland and characterization of their effects
on enzyme activity.Eur J Biochem 1984;141:617-627
189. Carling D, Hardie D: The substrate and sequence specificity of the AMP-activated protein
kinase. Phosphorylation of glycogen synthase and phosphorylase kinase. . Biochim
Biophys Acta 1989;15; 1012(1):81-86
190. Holmes B, Kurth-Kraczek E, Winder W: Chronic activation of 5'-AMP-activated protein
kinase increases GLUT-4, hexokinase, and glycogen in muscle. J Appl Physiol
1999;87:1990-1995
191. Kurth-Kraczek EJ, Hirshman MF, Goodyear LJ, Winder WW: 5' AMP-activated protein
kinase activation causes GLUT4 translocation in skeletal muscle. Diabetes 1999;48:16671671
192. Barnes K, Ingram JC, Porras OH, Barros LF, Hudson ER, Fryer LGD, Foufelle F, Carling
D, Hardie DG, Baldwin SA: Activation of GLUT1 by metabolic and osmotic stress:
potential involvement of AMP-activated protein kinase (AMPK). J Cell Sci
2002;115:2433-2442
193. Bonen A, Han X-X, Habets DDJ, Febbraio M, Glatz JFC, Luiken JJFP: A null mutation in
skeletal muscle FAT/CD36 reveals its essential role in insulin- and AICAR-stimulated fatty
acid metabolism. Am J Physiol-Endoc M 2007;292:E1740-E1749
194. Mu J, Brozinick Jr JT, Valladares O, Bucan M, Birnbaum MJ: A role for AMP-activated
protein kinase in contraction- and hypoxia-regulated glucose transport in skeletal muscle.
Mol Cell 2001;7:1085-1094
195. Marsin AS, Bertrand L, Rider MH, Deprez J, Beauloye C, Vincent MF, Van den Berghe G,
Carling D, Hue L: Phosphorylation and activation of heart PFK-2 by AMPK has a role in
the stimulation of glycolysis during ischaemia. Curr Biol 2000;10:1247-1255
196. Marsin A-S, Bouzin C, Bertrand L, Hue L: The stimulation of glycolysis by hypoxia in
activated monocytes is mediated by AMP-activated protein kinase and inducible 6phosphofructo-2-kinase. J Biol Chem 2002;277:30778-30783
197. McGarry JD, Brown NF: The mitochondrial carnitine palmitoyltransferase system - from
concept to molecular analysis. Eur J Biochem 1997;244:1-14
198. Hardie DG, Carling D, Carlson M: The AMP-activated/Snf1 protein kinase subfamily:
Metabolic sensors of the eukaryotic cell? Annu Rev Biochem 1998;67:821-855
199. Kahn BB, Alquier T, Carling D, Hardie DG: AMP-activated protein kinase: Ancient energy
gauge provides clues to modern understanding of metabolism. Cell Metab 2005;1:15-25
200. Hawley SA, Davison M, Woods A, Davies SP, Beri RK, Carling D, Hardie DG:
Characterization of the AMP-activated protein kinase kinase from rat liver and
identification of threonine 172 as the major site at which it phosphorylates AMP-activated
protein kinase. J Biol Chem 1996;271:27879-27887

55

201. Winder WW, Holmes BF, Rubink DS, Jensen EB, Chen M, Holloszy JO: Activation of
AMP-activated protein kinase increases mitochondrial enzymes in skeletal muscle. J Appl
Physiol 2000;88:2219-2226
202. Jørgensen SB, Treebak JT, Viollet B, Schjerling P, Vaulont S, Wojtaszewski JFP, Richter
EA: Role of AMPKα2 in basal, training-, and AICAR-induced GLUT4, hexokinase II, and
mitochondrial protein expression in mouse muscle. Am J Physiol-Endoc M
2007;292:E331-E339
203. Mahlapuu M, Johansson C, Lindgren K, Hjalm G, Barnes BR, Krook A, Zierath JR,
Andersson L, Marklund S: Expression profiling of the gamma-subunit isoforms of AMPactivated protein kinase suggests a major role for gamma3 in white skeletal muscle. Am J
Physiol-Endoc M 2004;286:E194-200
204. Hayashi T, Hirshman MF, Kurth EJ, Winder WW, Goodyear LJ: Evidence for 5' AMPactivated protein kinase mediation of the effect of muscle contraction on glucose transport.
Diabetes 1998;47:1369-1373
205. Winder WW, Hardie DG: Inactivation of acetyl-CoA carboxylase and activation of AMPactivated protein kinase in muscle during exercise. Am J Physiol-Endoc M 1996;270:E299E304
206. Jager S, Handschin C, St.-Pierre J, Spiegelman B: AMP-activated protein kinase (AMPK)
action in skeletal muscle via direct phosphorylation of PGC-1a. Proc Natl Acad Sci
2007;104:12017-12022
207. Wu Z, Puigserver P, Andersson U, Zhang C, Adelmant G, Mootha V, Troy A, Cinti S,
Lowell B, Scarpulla R, Spiegelman B: Mechanisms controlling mitochondrial biogenesis
and respiration through the thermogenic coactivator PGC-1. Cell 1999;98:115-124
208. Birk JB, Wojtaszewski JFP: Predominant α2/β2/γ3 AMPK activation during exercise in
human skeletal muscle. J Physiol 2006;577:1021-1032
209. Milan D, Jeon J-T, Looft C, Amarger V, Robic A, Thelander M, Rogel-Gaillard C, Paul S,
Iannuccelli N, Rask L, Ronne H, Lundström K, Reinsch N, Gellin J, Kalm E, Roy PL,
Chardon P, Andersson L: A mutation in PRKAG3 associated with excess glycogen content
in pig skeletal muscle. Science 2000;288:1248-1251
210. Enfält AC, Lundström K, Karlsson A, Hansson I: Estimated frequency of the RN- allele in
Swedish Hampshire pigs and comparison of glycolytic potential, carcass composition, and
technological meat quality among Swedish Hampshire, Landrace, and Yorkshire pigs. J
Anim Sci 1997;75:2924-2935
211. Andersson L: Identification and characterization of AMPK gamma 3 mutations in the pig.
Biochem Soc Trans 2003;31:232-235
212. Lindgren K, Ormestad M, Persson M, Martinsson S, Svensson LT, Mahlapuu M:
Regulation of the muscle-specific AMP-activated protein kinase α2β2γ3 complexes by
AMP and implications of the mutations in the γ3-subunit for the AMP dependence of the
enzyme. FEBS J 2007;274:2887-2896
213. Barnes B, Marklund S, Steiler T, Walter M, Hjalm G, Amarger V, Mahlapuu M, Leng Y,
Johansson C, Galuska D, Lindgren K, Abrink M, Stapleton D, Zierath J, Andersson L: The
5'-AMP-activated protein kinase gamma3 isoform has a key role in carbohydrate and lipid
metabolism in glycolytic skeletal muscle. J Biol Chem 2004;279:38441-38447
214. Costford S, Kavaslar N, Ahituv N, Chaudhry S, Schackwitz W, Dent R, Pennacchio L,
McPherson R, Harper M-E: Gain-of-function R225W mutation in human AMPKgamma3

56

causing increased glycogen and decreased triglyceride in skeletal muscle. PLoS ONE
2007;2:e903
215. Ciobanu D, Bastiaansen J, Malek M, Helm J, Woollard J, Plastow G, Rothschild M:
Evidence for new alleles in the protein kinase adenosine monophosphate-activated γ3subunit gene associated with low glycogen content in pig skeletal muscle and improved
meat quality. Genetics 2001;159:1151-1162
216. Blair E, Redwood C, Ashrafian H, Oliveira M, Broxholme J, Kerr B, Salmon A, ÖstmanSmith I, Watkins H: Mutations in the γ2 subunit of AMP-activated protein kinase cause
familial hypertrophic cardiomyopathy: evidence for the central role of energy compromise
in disease pathogenesis. Hum Mol Genet 2001;10:1215-1220
217. Daniel T, Carling D: Functional analysis of mutations in the γ2 subunit of AMP-activated
protein kinase associated with cardiac hypertrophy and Wolff-Parkinson-White syndrome.
J Biol Chem 2002;277:51017-51024
218. Röckl KSC, Hirshman MF, Brandauer J, Fujii N, Witters LA, Goodyear LJ: Skeletal muscle
adaptation to exercise training: AMP-activated protein kinase mediates muscle fiber type
shift. Diabetes 2007;56:2062-2069
219. Boden G, Ray TK, Smith RH, Owen OE: Carbohydrate oxidation and storage in obese noninsulin-dependent diabetic patients. Effects of improving glycemic control. Diabetes
1983;32:982-987
220. Bolinder J, Lithell H, Skarfors E, Arner P: Effects of obesity, hyperinsulinemia, and glucose
intolerance on insulin action in adipose tissue of sixty-year-old men. Diabetes
1986;35:282-290
221. Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap S, Miyazaki Y, Kohane I,
Costello M, Saccone R, Landaker EJ, Goldfine AB, Mun E, DeFronzo R, Finlayson J,
Kahn CR, Mandarino LJ: Coordinated reduction of genes of oxidative metabolism in
humans with insulin resistance and diabetes: Potential role of PGC1 and NRF1. Proc Natl
Acad Sci USA 2003;100:8466-8471
222. Ritov VB, Menshikova EV, Azuma K, Wood R, Toledo FG, Goodpaster BH, Ruderman
NB, Kelley DE: Deficiency of electron transport chain in human skeletal muscle
mitochondria in type 2 diabetes mellitus and obesity. Am J Physiol-Endoc M
2010;298:E49-58
223. Choo H, Kim J, Kwon O, Lee C, Mun J, Han S, Yoon Y, Yoon G, Choi K, Ko Y:
Mitochondria are impaired in the adipocytes of type 2 diabetic mice. Diabetologia
2006;49:784-791
224. De Feyter H, van den Broek N, Praet S, Nicolay K, van Loon L, Prompers J: Early or
advanced stage type 2 diabetes is not accompanied by in vivo skeletal muscle
mitochondrial dysfunction. Eur J Endocrinol 2008;158:643-653
225. Nair KS, Bigelow ML, Asmann YW, Chow LS, Coenen-Schimke JM, Klaus KA, Guo ZK,
Sreekumar R, Irving BA: Asian Indians have enhanced skeletal muscle mitochondrial
capacity to produce ATP in association with severe insulin resistance. Diabetes
2008;57:1166-1175
226. Garcia-Roves P, Huss J, Han D-H, Hancock C, Iglesias-Gutierrez E, Chen M, Holloszy J:
Raising plasma fatty acid concentration induces increased biogenesis of mitochondria in
skeletal muscle. Proc Natl Acad Sci 2007;104:10709-10713

57

227. Turner N, Bruce CR, Beale SM, Hoehn KL, So T, Rolph MS, Cooney GJ: Excess lipid
availability increases mitochondrial fatty acid oxidative capacity in muscle. Diabetes
2007;56:2085-2092
228. Flamment M, Arvier M, Gallois Y, Simard G, Malthièry Y, Ritz P, Ducluzeau P-H: Fatty
liver and insulin resistance in obese Zucker rats: No role for mitochondrial dysfunction.
Biochimie 2008;90:1407-1413
229. Hancock C, Han D, Chen M, Terada S, Yasuda T, Wright D, Holloszy J: High-fat diets
cause insulin resistance despite an increase in muscle mitochondria. Proc Natl Acad Sci
USA 2008;105:7815-7820
230. Lenaers E, De Feyter HM, Hoeks J, Schrauwen P, Schaart G, Nabben M, Nicolay K,
Prompers JJ, Hesselink MKC: Adaptations in Mitochondrial Function Parallel, but Fail to
Rescue, the Transition to Severe Hyperglycemia and Hyperinsulinemia: A Study in Zucker
Diabetic Fatty Rats. Obesity 2009;
231. van den Broek NMA, Ciapaite J, De Feyter HMML, Houten SM, Wanders RJA, Jeneson
JAL, Nicolay K, Prompers JJ: Increased mitochondrial content rescues in vivo muscle
oxidative capacity in long-term high-fat-diet-fed rats. FASEB J 2009:fj.09-143842
232. Toledo FG, Menshikova EV, Ritov VB, Azuma K, Radikova Z, DeLany J, Kelley DE:
Effects of physical activity and weight loss on skeletal muscle mitochondria and
relationship with glucose control in type 2 diabetes. Diabetes 2007;56:2142-2147
233. Phielix E, Meex R, Moonen-Kornips E, Hesselink MK, Schrauwen P: Exercise training
increases mitochondrial content and ex vivo mitochondrial function similarly in patients
with type 2 diabetes and in control individuals. Diabetologia 2010;53:1714-1721
234. Greene NP, Fluckey JD, Lambert BS, Greene ES, Riechman SE, Crouse SF: Regulators of
blood lipids and lipoproteins? PPARdelta and AMPK, induced by exercise, are correlated
with lipids and lipoproteins in overweight/obese men and women. Am J Physiol-Endoc M
2012;303:E1212-1221
235. Meex RC, Schrauwen-Hinderling VB, Moonen-Kornips E, Schaart G, Mensink M, Phielix
E, van de Weijer T, Sels JP, Schrauwen P, Hesselink MK: Restoration of muscle
mitochondrial function and metabolic flexibility in type 2 diabetes by exercise training is
paralleled by increased myocellular fat storage and improved insulin sensitivity. Diabetes
2010;59:572-579
236. Shaw CS, Shepherd SO, Wagenmakers AJ, Hansen D, Dendale P, van Loon LJ: Prolonged
exercise training increases intramuscular lipid content and perilipin 2 expression in type I
muscle fibers of patients with type 2 diabetes. Am J Physiol-Endoc M 2012;303:E11581165
237. Befroy DE, Petersen KF, Dufour S, Mason GF, de Graaf RA, Rothman DL, Shulman GI:
Impaired mitochondrial substrate oxidation in muscle of insulin-resistant offspring of type
2 diabetic patients. Diabetes 2007;56:1376-1381
238. Wredenberg A, Freyer C, Sandstrom ME, Katz A, Wibom R, Westerblad H, Larsson NG:
Respiratory chain dysfunction in skeletal muscle does not cause insulin resistance.
Biochem Biophys Res Co 2006;350:202-207
239. Goodpaster B, Katsiaras A, Kelley D: Enhanced fat oxidation through physical activity is
associated with improvements in insulin sensitivity in obesity. Diabetes 2003;52:21912197

58

240. Menshikova EV, Ritov VB, Toledo FGS, Ferrell RE, Goodpaster BH, Kelley DE: Effects of
weight loss and physical activity on skeletal muscle mitochondrial function in obesity. Am
J Physiol-Endoc Metab 2005;288:E818-825
241. Issemann I, Green S: Activation of a member of the steroid hormone receptor superfamily
by peroxisome proliferators. Nature 1990;347:645-650
242. Hawke RL, Chapman JM, Winegar DA, Salisbury JA, Welch RM, Brown A, Franzmann
KW, Sigel C: Potent hypocholesterolemic activity of novel ureido phenoxyisobutyrates
correlates with their intrinsic fibrate potency and not with their ACAT inhibitory activity. J
Lipid Res 1997;38:1189-1203
243. Gulick T, Cresci S, Caira T, Moore DD, Kelly DP: The peroxisome proliferator-activated
receptor regulates mitochondrial fatty acid oxidative enzyme gene expression. Proc Natl
Acad Sci 1994;91:11012-11016
244. Vega RB, Huss JM, Kelly DP: The coactivator PGC-1 cooperates with peroxisome
proliferator-activated receptor α in transcriptional control of nuclear genes encoding
mitochondrial fatty acid oxidation enzymes. Mol Cell Biol 2000;20:1868-1876
245. Duncan LJ, Seaton DA: The treatment of diabetes mellitus with metformin. Br J Clin Pract
1962;16:129-132
246. Galuska D, Zierath J, Thorne A, Sonnenfeld T, Wallberg-Henriksson H: Metformin
increases insulin-stimulated glucose transport in insulin-resistant human skeletal muscle.
Diabete Metab 1991;17:159-163
247. Anderson S, Bankier AT, Barrell BG, de Bruijn MH, Coulson AR, Drouin J, Eperon IC,
Nierlich DP, Roe BA, Sanger F, Schreier PH, Smith AJ, Staden R, Young IG: Sequence
and organization of the human mitochondrial genome. Nature 1981;290:457-465
248. Kirschner RH, Wolstenholme DR, Gross NJ: Replicating molecules of circular
mitochondrial DNA. Proc Natl Acad Sci USA 1968;60:1466-1472
249. Kasamatsu H, Vinograd J: Unidirectionality of replication in mouse mitochondrial DNA.
Nat New Biol 1973;241:103-105
250. Michel B, Grompone G, Florès M-J, Bidnenko V: Multiple pathways process stalled
replication forks. Proc Natl Acad Sci USA 2004;101:12783-12788
251. Veltri KL, Espiritu M, Singh G: Distinct genomic copy number in mitochondria of different
mammalian organs. J Cell Physiol 1990;143:160-164
252. Clayton DA: Replication of animal mitochondrial DNA. Cell 1982;28:693-705
253. Bogenhagen D, Clayton DA: The number of mitochondrial deoxyribonucleic acid genomes
in mouse L and human HeLa Cells: Quantitative isolation of mitochondrial
deoxyribonucleic acid. J Biol Chem 1974;249:7991-7995
254. Dewey WC, Fuhr MA: Quantification of mitochondria during the cell cycle of Chinese
hamster cells. Exp Cell Res 1976;99:23-30
255. Posakony JW, England JM, Attardi G: Mitochondrial growth and division during the cell
cycle in HeLa cells. J Biol Chem 1977;74:468-491
256. Flory PJ, Jr., Vinograd J: 5-bromodeoxyuridine labeling of monomeric and catenated
circular mitochondrial DNA in HeLa cells. J Mol Biol 1973;74:81-94
257. Bogenhagen D, Clayton DA: Thymidylate nucleotide supply for mitochondrial DNA
synthesis in mouse L-cells. Effect of 5-fluorodeoxyuridine and methotrexate in thymidine
kinase plus and thymidine kinase minus cells. J Biol Chem 1976;251:2938-2944
258. Bogenhagen D, Clayton DA: Mouse L cell mitochondrial DNA molecules are selected
randomly for replication throughout the cell cycle. Cell 1977;11:719-727
59

259. Larsen S, Nielsen J, Hansen CN, Nielsen LB, Wibrand F, Stride N, Schroder HD, Boushel
R, Helge JW, Dela F, Hey-Mogensen M: Biomarkers of mitochondrial content in skeletal
muscle of healthy young human subjects. J Physiol 2012;590:3349-3360
260. Bibb MJ, Van Etten RA, Wright CT, Walberg MW, Clayton DA: Sequence and gene
organization of mouse mitochondrial DNA. Cell 1981;26:167-180
261. Clayton DA: Transcription of the mammalian mitochondrial genome. Annu Rev Biochem
1984;53:573-594
262. Williams RS: Mitochondrial gene expression in mammalian striated muscle. Evidence that
variation in gene dosage is the major regulatory event. J Biol Chem 1986;261:12390-12394
263. Wagner BK, Kitami T, Gilbert TJ, Peck D, Ramanathan A, Schreiber SL, Golub TR,
Mootha VK: Large-scale chemical dissection of mitochondrial function. Nat Biotechnol
2008;26:343-351
264. Puigserver P, Wu Z, Park CW, Graves R, Wright M, Spiegelman BM: A cold-inducible
coactivator of nuclear receptors linked to adaptive thermogenesis. Cell 1998;92:829-839
265. Lin J, Wu H, Tarr PT, Zhang C-Y, Wu Z, Boss O, Michael LF, Puigserver P, Isotani E,
Olson EN, Lowell BB, Bassel-Duby R, Spiegelman BM: Transcriptional co-activator PGC1[alpha] drives the formation of slow-twitch muscle fibres. Nature 2002;418:797-801
266. Li K, Hodge JA, Wallace DC: OXBOX, a positive transcriptional element of the heartskeletal muscle ADP/ATP translocator gene. J Biol Chem 1990;265:20585-20588
267. Chung AB, Stepien G, Haraguchi Y, Li K, Wallace DC: Transcriptional control of nuclear
genes for the mitochondrial muscle ADP/ATP translocator and the ATP synthase beta
subunit. Multiple factors interact with the OXBOX/REBOX promoter sequences. J Biol
Chem 1992;267:21154-21161
268. Murakami K, Tobe K, Ide T, Mochizuki T, Ohashi M, Akanuma Y, Yazaki Y, Kadowaki T:
A novel insulin sensitizer acts as a coligand for peroxisome proliferator-activated receptoralpha (PPAR-alpha) and PPAR-gamma: effect of PPAR-alpha activation on abnormal lipid
metabolism in liver of Zucker fatty rats. Diabetes 1998;47:1841-1847
269. Bergeron R, Ren JM, Cadman KS, Moore IK, Perret P, Pypaert M, Young LH,
Semenkovich CF, Shulman GI: Chronic activation of AMP kinase results in NRF-1
activation and mitochondrial biogenesis. Am J Physiol-Endo M 2001;281:E1340-1346
270. Yoon JC, Puigserver P, Chen G, Donovan J, Wu Z, Rhee J, Adelmant G, Stafford J, Kahn
CR, Granner DK, Newgard CB, Spiegelman BM: Control of hepatic gluconeogenesis
through the transcriptional coactivator PGC-1. Nature 2001;413:131-138
271. Amat R, Planavila A, Chen S, Iglesias R, Giralt M, Villarroya F: SIRT1 controls the
transcription of the peroxisome proliferator-activated receptor-gamma co-activator-1alpha
(PGC-1a) gene in skeletal muscle through the PGC-1a autoregulatory loop and interaction
with MyoD. J Biol Chem 2009;284:21872-21880
272. Weitzel JM, Radtke C, Seitz HJ: Two thyroid hormone-mediated gene expression patterns
in vivo identified by cDNA expression arrays in rat. Nucleic Acids Res 2001;29:5148-5155
273. Rantanen A, Jansson M, Oldfors A, Larsson NG: Downregulation of Tfam and mtDNA
copy number during mammalian spermatogenesis. Mamm Genome 2001;12:787-792
274. Evans MJ, Scarpulla RC: Interaction of nuclear factors with multiple sites in the somatic
cytochrome c promoter. Characterization of upstream NRF-1, ATF, and intron Sp1
recognition sequences. J Biol Chem 1989;264:14361-14368

60

275. Virbasius JV, Scarpulla RC: The rat cytochrome c oxidase subunit IV gene family: tissuespecific and hormonal differences in subunit IV and cytochrome c mRNA expression.
Nucleic Acids Res 1990;18:6581-6586
276. Li B, Holloszy JO, Semenkovich CF: Respiratory uncoupling induces delta-aminolevulinate
synthase expression through a nuclear respiratory factor-1-dependent mechanism in HeLa
cells. J Biol Chem 1999;274:17534-17540
277. Scarpulla RC: Nuclear activators and coactivators in mammalian mitochondrial biogenesis.
Biochim Biophys Acta 2002;1576:1-14
278. Virbasius JV, Scarpulla RC: Transcriptional activation through ETS domain binding sites in
the cytochrome c oxidase subunit IV gene. Mol Cell Biol 1991;11:5631-5638
279. Seelan RS, Gopalakrishnan L, Scarpulla RC, Grossman LI: Cytochrome c oxidase subunit
VIIa liver isoform. Characterization and identification of promoter elements in the bovine
gene. J Biol Chem 1996;271:2112-2120
280. Scarpulla RC: Nuclear control of respiratory chain expression in mammalian cells. J
Bioenerg Biomembr 1997;29:109-119
281. Au HC, Scheffler IE: Promoter analysis of the human succinate dehydrogenase iron-protein
gene--both nuclear respiratory factors NRF-1 and NRF-2 are required. Eur J Biochem
1998;251:164-174
282. Huttemann M, Muhlenbein N, Schmidt TR, Grossman LI, Kadenbach B: Isolation and
sequence of the human cytochrome c oxidase subunit VIIaL gene. Biochim Biophys Acta
2000;1492:252-258
283. Petersen P: Abnormal mitochondria in hepatocytes in human fatty liver. Acta Pathol
Microbiol Scand A 1977;85:413-420
284. Zuchner S, Mersiyanova IV, Muglia M, Bissar-Tadmouri N, Rochelle J, Dadali EL, Zappia
M, Nelis E, Patitucci A, Senderek J, Parman Y, Evgrafov O, Jonghe PD, Takahashi Y,
Tsuji S, Pericak-Vance MA, Quattrone A, Battaloglu E, Polyakov AV, Timmerman V,
Schroder JM, Vance JM: Mutations in the mitochondrial GTPase mitofusin 2 cause
Charcot-Marie-Tooth neuropathy type 2A. Nat Genet 2004;36:449-451
285. Alexander C, Votruba M, Pesch UE, Thiselton DL, Mayer S, Moore A, Rodriguez M,
Kellner U, Leo-Kottler B, Auburger G, Bhattacharya SS, Wissinger B: OPA1, encoding a
dynamin-related GTPase, is mutated in autosomal dominant optic atrophy linked to
chromosome 3q28. Nat Genet 2000;26:211-215
286. Palmer CS, Osellame LD, Stojanovski D, Ryan MT: The regulation of mitochondrial
morphology: intricate mechanisms and dynamic machinery. Cell Signal 2011;23:15341545
287. Ishihara N, Eura Y, Mihara K: Mitofusin 1 and 2 play distinct roles in mitochondrial fusion
reactions via GTPase activity. J Cell Sci 2004;117:6535-6546
288. Song Z, Ghochani M, McCaffery JM, Frey TG, Chan DC: Mitofusins and OPA1 mediate
sequential steps in mitochondrial membrane fusion. Mol Cell Biol 2009;20:3525-3532
289. Chen H, Chomyn A, Chan DC: Disruption of fusion results in mitochondrial heterogeneity
and dysfunction. J Biol Chem 2005;280:26185-26192
290. Chen H, McCaffery JM, Chan DC: Mitochondrial fusion protects against neurodegeneration
in the cerebellum. Cell 2007;130:548-562
291. Delettre C, Lenaers G, Griffoin J-M, Gigarel N, Lorenzo C, Belenguer P, Pelloquin L,
Grosgeorge J, Turc-Carel C, Perret E, Astarie-Dequeker C, Lasquellec L, Arnaud B,

61

Ducommun B, Kaplan J, Hamel CP: Nuclear gene OPA1, encoding a mitochondrial
dynamin-related protein, is mutated in dominant optic atrophy. Nat Genet 2000;26:207-210
292. Olichon A, Baricault L, Gas N, Guillou E, Valette A, Belenguer P, Lenaers G: Loss of
OPA1 perturbates the mitochondrial inner membrane structure and integrity, leading to
cytochrome c release and apoptosis. J Biol Chem 2003;278:7743-7746
293. Sesaki H, Southard SM, Yaffe MP, Jensen RE: Mgm1p, a dynamin-related GTPase, is
essential for fusion of the mitochondrial outer membrane. Mol Biol Cell 2003;14:23422356
294. Wakabayashi J, Zhang Z, Wakabayashi N, Tamura Y, Fukaya M, Kensler TW, Iijima M,
Sesaki H: The dynamin-related GTPase Drp1 is required for embryonic and brain
development in mice. J Biol Chem 2009;186:805-816
295. Ishihara N, Nomura M, Jofuku A, Kato H, Suzuki SO, Masuda K, Otera H, Nakanishi Y,
Nonaka I, Goto Y-i, Taguchi N, Morinaga H, Maeda M, Takayanagi R, Yokota S, Mihara
K: Mitochondrial fission factor Drp1 is essential for embryonic development and synapse
formation in mice. Nat Cell Biol 2009;11:958-966
296. Karbowski M, Lee Y-J, Gaume B, Jeong S-Y, Frank S, Nechushtan A, Santel A, Fuller M,
Smith CL, Youle RJ: Spatial and temporal association of Bax with mitochondrial fission
sites, Drp1, and Mfn2 during apoptosis. J Biol Chem 2002;159:931-938
297. Frank S, Gaume B, Bergmann-Leitner ES, Leitner WW, Robert EG, Catez F, Smith CL,
Youle RJ: The role of dynamin-related protein 1, a mediator of mitochondrial fission, in
apoptosis. Dev Cell 2001;1:515-525
298. Sugioka R, Shimizu S, Tsujimoto Y: Fzo1, a protein involved in mitochondrial fusion,
inhibits apoptosis. J Biol Chem 2004;279:52726-52734
299. Vanhorebeek I, De Vos R, Mesotten D, Wouters PJ, De Wolf-Peeters C, Van den Berghe G:
Protection of hepatocyte mitochondrial ultrastructure and function by strict blood glucose
control with insulin in critically ill patients. Lancet 2005;365:53-59
300. Bindokas VP, Kuznetsov A, Sreenan S, Polonsky KS, Roe MW, Philipson LH: Visualizing
superoxide production in normal and diabetic rat islets of Langerhans. J Biol Chem
2003;278:9796-9801
301. Anello M, Lupi R, Spampinato D, Piro S, Masini M, Boggi U, Prato S, Rabuazzo AM,
Purrello F, Marchetti P: Functional and morphological alterations of mitochondria in
pancreatic beta cells from type 2 diabetic patients. Diabetologia 2005;48:282-289
302. Bach D, Pich S, Soriano FX, Vega N, Baumgartner B, riola J, Daugaard JR, loberas J,
Camps M, ierath JR, Rabasa- horet R, Wallberg-Henriksson H, aville M, Palac n M,
Vidal H, Rivera F, Brand M, Zorzano A: Mitofusin-2 determines mitochondrial network
architecture and mitochondrial metabolism: A novel regulatory mechanism altered in
obesity. J Biol Chem 2003;278:17190-17197
303. Bach D, Naon D, Pich S, Soriano FX, Vega N, Rieusset J, Laville M, Guillet C, Boirie Y,
Wallberg-Henriksson H, Manco M, Calvani M, Castagneto M, Palacín M, Mingrone G,
Zierath JR, Vidal H, Zorzano A: Expression of Mfn2, the Charcot-Marie-Tooth neuropathy
type 2A gene, in human skeletal muscle: Effects of type 2 diabetes, obesity, weight loss,
and the regulatory role of tumor necrosis factor α and interleukin-6. Diabetes
2005;54:2685-2693
304. St-Pierre J, Buckingham JA, Roebuck SJ, Brand MD: Topology of superoxide production
from different sites in the mitochondrial electron transport chain. J Biol Chem
2002;277:44784-44790
62

305. Sahlin K, Shabalina IG, Mattsson CM, Bakkman L, Fernström M, Rozhdestvenskaya Z,
Enqvist JK, Nedergaard J, Ekblom B, Tonkonogi M: Ultraendurance exercise increases the
production of reactive oxygen species in isolated mitochondria from human skeletal
muscle. J Appl Physiol 2010;108:780-787
306. Evans K, Burdge GC, Wootton SA, Clark ML, Frayn KN: Regulation of dietary fatty acid
entrapment in subcutaneous adipose tissue and skeletal muscle. Diabetes 2002;51:26842690
307. Goldstein BJ, Mahadev K, Wu X: Redox raradox: Insulin action is facilitated by insulinstimulated reactive oxygen species with multiple potential signaling targets. Diabetes
2005;54:311-321
308. Davies KJA, Quintanilha AT, Brooks GA, Packer L: Free radicals and tissue damage
produced by exercise. Biochem Biophys Res Co 1982;107:1198-1205
309. Mahadev K, Motoshima H, Wu X, Ruddy JM, Arnold RS, Cheng G, Lambeth JD,
Goldstein BJ: The NAD(P)H oxidase homolog Nox4 modulates insulin-stimulated
generation of H2O2 and plays an integral role in insulin signal transduction. Mol Cell Biol
2004;24:1844-1854
310. Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T: Requirement for generation of H2O2
for platelet-derived growth factor signal transduction. Science 1995;270:296-299
311. Bae YS, Kang SW, Seo MS, Baines IC, Tekle E, Chock PB, Rhee SG: Epidermal growth
factor (EGF)-induced generation of hydrogen peroxide: Role in EGF receptor-mediated
tyrosine phosphorylation. J Biol Chem 1997;272:217-221
312. Saltiel AR, Kahn CR: Insulin signalling and the regulation of glucose and lipid metabolism.
Nature 2001;414:799-806
313. Rhee SG, Chang T-S, Bae YS, Lee S-R, Kang SW: Cellular regulation by hydrogen
peroxide. J Am Soc Nephrol 2003;14:S211-S215
314. Barrett WC, DeGnore JP, König S, Fales HM, Keng Y-F, Zhang Z-Y, Yim MB, Chock PB:
Regulation of PTP1B via glutathionylation of the active site cysteine 215. Biochemistry
1999;38:6699-6705
315. Frei B, England L, Ames BN: Ascorbate is an outstanding antioxidant in human blood
plasma. Proc Natl Acad Sci 1989;86:6377-6381
316. Kamal-Eldin A, Appelqvist LA: The chemistry and antioxidant properties of tocopherols
and tocotrienols. Lipids 1996;31:671-701
317. Zimmermann R, Flohé L, Weser U, Hartmann H-J: Inhibition of lipid peroxidation in
isolated inner membrane of rat liver mitochondria by superoxide dismutase. FEBS Lett
1973;29:117-120
318. Flohe L, Zimmermann R: The role of GSH peroxidase in protecting the membrane of rat
liver mitochondria. Biochim Biophys Acta 1970;223:210-213
319. Greenfield RE, Price VE: Liver catalase: III. Isolation of catalase from mitochondrial
fractions of polyvinylpyrrolidone-sucrose homogenates. J Biol Chem 1956;220:607-618
320. Ballinger SW, Shoffner JM, Hedaya EV, Trounce I, Polak MA, Koontz DA, Wallace DC:
Maternally transmitted diabetes and deafness associated with a 10.4 kb mitochondrial DNA
deletion. Nat Genet 1992;1:11-15
321. Wallace DC, Singh G, Lott MT, Hodge JA, Schurr TG, Lezza AM, Elsas LJ, 2nd,
Nikoskelainen EK: Mitochondrial DNA mutation associated with Leber's hereditary optic
neuropathy. Science 1988;242:1427-1430

63

322. Nishino I, Spinazzola A, Hirano M: Thymidine phosphorylase gene mutations in MNGIE, a
human mitochondrial disorder. Science 1999;283:689-692
323. Piccolo G, Aschei M, Ricordi A, Banfi P, Lo Curto F, Fratino P: Normal insulin receptors
in mitochondrial myopathies with ophthalmoplegia. J Neurol Sci 1989;94:163-172
324. Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, Hofer T, Seo AY,
Sullivan R, Jobling WA, Morrow JD, Van Remmen H, Sedivy JM, Yamasoba T, Tanokura
M, Weindruch R, Leeuwenburgh C, Prolla TA: Mitochondrial DNA mutations, oxidative
stress, and apoptosis in mammalian aging. Science 2005;309:481-484
325. Yakes FM, Van Houten B: Mitochondrial DNA damage is more extensive and persists
longer than nuclear DNA damage in human cells following oxidative stress. Proc Natl
Acad Sci 1997;94:514-519
326. Santos JM, Tewari S, Goldberg AFX, Kowluru RA: Mitochondrial biogenesis and the
development of diabetic retinopathy. Free Radical Bio Med 2011;51:1849-1860
327. Chien MC, Huang WT, Wang PW, Liou CW, Lin TK, Hsieh CJ, Weng SW: Role of
mitochondrial DNA variants and copy number in diabetic atherogenesis. Genet Mol Res
2012;11:3339-3348
328. Monickaraj F, Aravind S, Gokulakrishnan K, Sathishkumar C, Prabu P, Prabu D, Mohan V,
Balasubramanyam M: Accelerated aging as evidenced by increased telomere shortening
and mitochondrial DNA depletion in patients with type 2 diabetes. Mol Cell Biochem
2012;365:343-350
329. Nikitin AG, Lavrikova EY, Chistiakov DA: The heteroplasmic 15059G-A mutation in the
mitochondrial cytochrome b gene and essential hypertension in type 2 diabetes. Diabetes
Metab Syndr 2012;6:150-156
330. Chance B, Williams GR: The respiratory chain and oxidative phosphorylation. Adv
Enzymol Relat Subj Biochem 1956;17:65-134
331. Albracht SP, Hedderich R: Learning from hydrogenases: location of a proton pump and of a
second FMN in bovine NADH--ubiquinone oxidoreductase (Complex I). FEBS Lett
2000;485:1-6
332. Albracht SP, van der Linden E, Faber BW: Quantitative amino acid analysis of bovine
NADH:ubiquinone oxidoreductase (Complex I) and related enzymes. Consequences for the
number of prosthetic groups. Biochim Biophys Acta 2003;1557:41-49
333. Friedrich T, Scheide D: The respiratory complex I of bacteria, archaea and eukarya and its
module common with membrane-bound multisubunit hydrogenases. FEBS Lett
2000;479:1-5
334. Sazanov LA, Walker JE: Cryo-electron crystallography of two sub-complexes of bovine
complex I reveals the relationship between the membrane and peripheral arms. J Mol Biol
2000;302:455-464
335. Iverson TM, Luna-Chavez C, Cecchini G, Rees DC: Structure of the Escherichia coli
fumarate reductase respiratory complex. Science 1999;284:1961-1966
336. Iverson TM, Luna-Chavez C, Schröder I, Cecchini G, Rees DC: Analyzing your complexes:
structure of the quinol-fumarate reductase respiratory complex. Curr Opin Struc Biol
2000;10:448-455
337. Lancaster CRD, Kröger A, Auer M, Michel H: Structure of fumarate reductase from
Wolinella succinogenes at 2.2 A resolution. Nature 1999;402:377-385

64

338. Ohnishi T, Moser CC, Page CC, Dutton PL, Yano T: Simple redox-linked proton-transfer
design: new insights from structures of quinol-fumarate reductase. Structure 2000;8:R2332
339. Darrouzet E, Moser CC, Dutton PL, Daldal F: Large scale domain movement in cytochrome
bc1: a new device for electron transfer in proteins. Trends Biochem Sci 2001;26:445-451
340. Abramson J, Riistama S, Larsson G, Jasaitis A, Svensson-Ek M, Laakkonen L, Puustinen A,
Iwata S, Wikstrom M: The structure of the ubiquinol oxidase from Escherichia coli and its
ubiquinone binding site. Nat Struct Mol Biol 2000;7:910-917
341. Abramson J, Svensson-Ek M, Byrne B, Iwata S: Structure of cytochrome c oxidase: a
comparison of the bacterial and mitochondrial enzymes. BBA-Protein Struct M
2001;1544:1-9
342. Behr J, Michel H, Mäntele W, Hellwig P: Functional properties of the heme propionates in
cytochrome c oxidase from Paracoccus denitrificans. Evidence from FTIR difference
spectroscopy and site-directed mutagenesis. Biochemistry 2000;39:1356-1363
343. Proshlyakov DA, Pressler MA, DeMaso C, Leykam JF, DeWitt DL, Babcock GT: Oxygen
activation and reduction in respiration: involvement of redox-active tyrosine 244. Science
2000;290:1588-1591
344. Gomes CM, Backgren C, Teixeira M, Puustinen A, Verkhovskaya ML, Wikström M,
Verkhovsky MI: Heme-copper oxidases with modified D- and K-pathways are yet efficient
proton pumps. FEBS Lett 2001;497:159-164
345. Mitchell P: Coupling of phosphorylation to electron and hydrogen transfer by a chemiosmotic type of mechanism. Nature 1961;191:144-148
346. Abrahams JP, Leslie AGW, Lutter R, Walker JE: Structure at 2.8 Å resolution of F1ATPase from bovine heart mitochondria. Nature 1994;370:621-628
347. Noji H, Hasler K, Junge W, Kinosita K, Jr., Yoshida M, Engelbrecht S: Rotation of
Escherichia coli F(1)-ATPase. Biochem Biophys Res Co 1999;260:597-599
348. Noji H, Yasuda R, Yoshida M, Kinosita K, Jr.: Direct observation of the rotation of F1ATPase. Nature 1997;386:299-302
349. Arechaga I, Jones PC: The rotor in the membrane of the ATP synthase and relatives. FEBS
Lett 2001;494:1-5
350. Menz RI, Walker JE, Leslie AGW: Structure of bovine mitochondrial F1-ATPase with
nucleotide bound to all three catalytic sites: Implications for the mechanism of rotary
catalysis. Cell 2001;106:331-341
351. Tsunoda SP, Aggeler R, Yoshida M, Capaldi RA: Rotation of the c subunit oligomer in
fully functional F1Fo ATP synthase. Proc Natl Acad Sci 2001;98:898-902
352. Chance B, Williams GR: Respiratory enzymes in oxidative phosphorylation: I. Kinetics of
oxygen utlization. J Biol Chem 1955;217:383-394
353. Lemasters JJ: The ATP-to-oxygen stoichiometries of oxidative phosphorylation by rat liver
mitochondria. An analysis of ADP-induced oxygen jumps by linear nonequilibrium
thermodynamics. J Biol Chem 1984;259:13123-13130
354. Kauppinen RA, Hiltunen JK, Hassinen IE: Compartmentation of citrate in relation to the
regulation of glycolysis and the mitochondrial transmembrane proton electrochemical
potential gradient in isolated perfused rat heart. BBA-Bioenergetics 1982;681:286-291
355. Kuznetsov AV, Strobl D, Ruttmann E, Konigsrainer A, Margreiter R, Gnaiger E:
Evaluation of mitochondrial respiratory function in small biopsies of liver. Anal Biochem
2002;305:186-194
65

356. Kuznetsov AV, Schneeberger S, Seiler R, Brandacher G, Mark W, Steurer W, Saks V,
Usson Y, Margreiter R, Gnaiger E: Mitochondrial defects and heterogeneous cytochrome c
release after cardiac cold ischemia and reperfusion. Am J Physiol-Heart C
2004;286:H1633-1641
357. Schoolwerth AC, Strzelecki T, Lanoue KF, Hoover WJ: Effect of pH and alphaketoglutarate on mitochondrial ammonia production. Contrib Nephrol 1982;31:127-133
358. Ross CD, Godfrey DA: Distributions of aspartate aminotransferase and malate
dehydrogenase activities in rat retinal layers. J Histochem Cytochem 1985;33:624-630
359. Winkler-Stuck K, Kirches E, Mawrin C, Dietzmann K, Lins H, Wallesch CW, Kunz WS,
Wiedemann FR: Re-evaluation of the dysfunction of mitochondrial respiratory chain in
skeletal muscle of patients with Parkinson’s disease. J Neural Transm 2005;112:499-518
360. Lemieux H GA, Blier P.U, Tardif J-C, Gnaiger E.: Temperature effects on the control and
capacity of mitochondrial respiration in permeabilized fibers of the mouse heart. 2006,
Biochim. Biophys. Acta, EBEC Short Reports Suppl. , p. 201-202
361. Coleman DL: Inherited obesity-diabetes syndromes in the mouse. Prog Clin Biol Res
1981;45:145-158
362. Garris D, Garris B: Cytochemical analysis of pancreatic islet hypercytolipidemia following
Diabetes (db/db) and Obese (ob/ob) mutation expression: Influence of genomic
background. Pathobiology 2004;71:231-240
363. Mao HZ, Roussos ET, Péterfy M: Genetic analysis of the diabetes-prone C57BLKS/J
mouse strain reveals genetic contribution from multiple strains. BBA-Mol Basis Dis
2006;1762:440-446
364. Maffei M, Halaas J, Ravussin E, Pratley RE, Lee GH, Zhang Y, Fei H, Kim S, Lallone R,
Ranganathan S, et al.: Leptin levels in human and rodent: measurement of plasma leptin
and ob RNA in obese and weight-reduced subjects. Nat Genet 1995;1:1155-1161
365. Park S-Y, Cho Y-R, Kim H-J, Higashimori T, Danton C, Lee M-K, Dey A, Rothermel B,
Kim Y-B, Kalinowski A, Russell KS, Kim JK: Unraveling the temporal pattern of dietinduced insulin resistance in individual organs and cardiac dysfunction in C57BL/6 Mice.
Diabetes 2005;54:3530-3540
366. Corva PM, Medrano JF: Diet effects on weight gain and body composition in high growth
(hg/hg) mice. Physiol Genomics 2000;3:17-23
367. Carlson MG, Snead WL, Oeser AM, Butler MG: Plasma leptin concentrations in lean and
obese human subjects and Prader-Willi syndrome: Comparison of RIA and ELISA
methods. J Lab Clin Med 1999;133:75-80
368. Lecoultre V, Ravussin E, Redman LM: The fall in leptin concentration is a major
determinant of the metabolic adaptation induced by caloric restriction independently of the
changes in leptin circadian rhythms. J Clin Endocr Metab 2011;96:E1512-E1516
369. Harris RBS, Zhou J, Redmann SM, Smagin GN, Smith SR, Rodgers E, Zachwieja JJ: A
leptin dose-response study in obese (ob/ob) and lean (+/?) mice. Endocrinology
1998;139:8-19
370. Chan JL, Wong SL, Orlova C, Raciti P, Mantzoros CS: Pharmacokinetics of recombinant
methionyl human leptin after subcutaneous administration: Variation of concentrationdependent parameters according to assay. J Clin Endocr Metab 2007;92:2307-2311
371. Kemp BE, Mitchelhill KI, Stapleton D, Michell BJ, Chen Z-P, Witters LA: Dealing with
energy demand: the AMP-activated protein kinase. Trends Biochem Sci 1999;24:22-25

66

372. Chen H, Charlat O, Tartaglia LA, Woolf EA, Weng X, Ellis SJ, Lakey ND, Culpepper J,
Moore KJ, Breitbart RE, Duyk GM, Tepper RI, Morgenstern JP: Evidence that the diabetes
gene encodes the leptin receptor: identification of a mutation in the leptin receptor gene in
db/db mice. Cell 1996;84:491-495
373. Leiter EH, Coleman DL, Hummel KP: The influence of genetic background on the
expression of mutations at the diabetes locus in the mouse. III. Effect of H-2 haplotype and
sex. Diabetes 1981;30:1029-1034
374. Coleman D: Thermogenesis in diabetes-obesity syndromes in mutant mice. Diabetologia
1982;22:205-211
375. Goodbody AE, Trayhurn P: GDP binding to brown-adipose-tissue mitochondria of diabetic-obese (db/db) mice. Decreased binding in both the obese and pre-obese states. Biochem J
1981;194:1019-1022
376. Bray GA, York DA: Hypothalamic and genetic obesity in experimental animals: an
autonomic and endocrine hypothesis. Physiol Rev 1979;59:719-809
377. Hogan S, Himms-Hagen J: Abnormal brown adipose tissue in obese (ob/ob) mice: response
to acclimation to cold. Am J Physiol 1980;239:E301-E309
378. van der Kroon PH, Boldewijn H, Langeveld-Soeter N: Congenital hypothyroidism in latent
obese (ob/ob) mice. Int J Obesity 1982;6:83-90
379. Kawashima H, Castro A: Effect of 1 alpha-hydroxyvitamin D3 on the glucose and calcium
metabolism in genetic obese mice. Res Commun Chem Pathol Pharmacol 1981;33:155-161
380. Boushel R, Gnaiger E, Schjerling P, Skovbro M, Kraunsoe R, Dela F: Patients with type 2
diabetes have normal mitochondrial function in skeletal muscle. Diabetologia 2007;50:790796
381. Gnaiger E: Capacity of oxidative phosphorylation in human skeletal muscle: New
perspectives of mitochondrial physiology. Int J Biochem Cell B 2009;41:1837-1845
382. Byrne E, Trounce I: Oxygen electrode studies with human skeletal muscle mitochondria in
vitro. A re-appraisal. J Neurol Sci 1985;69:319-333
383. Veksler VI, Kuznetsov AV, Kay L, Sikk P, Tiivel T, Tranqui L, Olivares J, Winkler K,
Wiedemann F, Kunz WS: Permeabilized cell and skinned fiber techniques in studies of
mitochondrial function in vitro. Mol Cell Biochem 1998;184:81-100
384. Rasmussen UF, Krustrup P, Kjær M, Rasmussen HN: Experimental evidence against the
mitochondrial theory of aging A study of isolated human skeletal muscle mitochondria.
Exp Gerontol 2003;38:877-886
385. Saks V, Belikova Y, Vasilyeva E, Kuznetsov A, Fontaine E, Keriel C, Leverve X:
Correlation between degree of rupture of outer mitochondrial membrane and changes of
kinetics of regulation of respiration by ADP in permeabilized heart and liver cells.
Biochem Biophys Res Co 1995;208:919-926
386. Veksler VI, Kuznetsov AV, Anflous K, Mateo P, van Deursen J, Wieringa B, VenturaClapier R: Muscle creatine kinase-deficient mice. J Biol Chem 1995;270:19921-19929
387. Radda GK: Control of bioenergetics: from cells to man by phosphorus nuclear-magneticresonance spectroscopy. Eighteenth CIBA medal lecture. Biochemical Society transactions
1986;14:517-525
388. Delettre C, Griffoin J-M, Kaplan J, Dollfus H, Lorenz B, Faivre L, Lenaers G, Belenguer P,
Hamel C: Mutation spectrum and splicing variants in the OPA1 gene. Hum Genet
2001;109:584-591

67

389. Duvezin-Caubet S, Jagasia R, Wagener J, Hofmann S, Trifunovic A, Hansson A, Chomyn
A, Bauer MF, Attardi G, Larsson N-G, Neupert W, Reichert AS: Proteolytic processing of
OPA1 links mitochondrial dysfunction to alterations in mitochondrial morphology. J Biol
Chem 2006;281:37972-37979
390. Talmadge RJ, Roy RR: Electrophoretic separation of rat skeletal muscle myosin heavychain isoforms. J Appl Physiol 1993;75:2337-2340
391. Long Y, Barnes B, Mahlapuu M, Steiler T, Martinsson S, Leng Y, Wallberg-Henriksson H,
Andersson L, Zierath J: Role of AMP-activated protein kinase in the coordinated
expression of genes controlling glucose and lipid metabolism in mouse white skeletal
muscle. Diabetologia 2005;48:2354-2364
392. Weibel ER, Staubli W, Gnagi HR, Hess FA: Correlated morphometric and biochemical
studies on the liver cell. I. Morphometric model, stereologic methods, and normal
morphometric data for rat liver. J Cell Biol 1969;42:68-91
393. Berdanier CD, Thomson AR: Comparative studies on mitochondrial respiration in four
strains of rats (Rattus norvegicus). Comp Biochem Phys B 1986;85:531-535
394. Gagnon J, Kurowski T, Wiesner R, Zak R: Correlations between a nuclear and a
mitochondrial mRNA of cytochrome c oxidase subunits, enzymatic activity and total
mRNA content, in rat tissues. Mol Cell Biochem 1991;107:21-29
395. Mootha VK, Bunkenborg J, Olsen JV, Hjerrild M, Wisniewski JR, Stahl E, Bolouri MS,
Ray HN, Sihag S, Kamal M, Patterson N, Lander ES, Mann M: Integrated analysis of
protein composition, tissue diversity, and gene regulation in mouse mitochondria. Cell
2003;115:629-640
396. Forner F, Foster L, Campanaro S, Valle G, Mann M: Quantitative proteomic comparison of
rat mitochondria from muscle, heart, and liver. Mol Cell Proteomics 2006;5:608-619
397. Johnson DT, Harris RA, French S, Blair PV, You J, Bemis KG, Wang M, Balaban RS:
Tissue heterogeneity of the mammalian mitochondrial proteome. Am J Physiol-Cell Ph
2007;292:C689-C697
398. Eisenberg B, Kuda A: Stereological analysis of mammalian skeletal muscle: II. White
vastus muscle of the adult guinea pig. J Ultra Mol Struct R 1975;51:176-187
399. Eisenberg B, Kuda A: Discrimination between fiber populations in mammalian skeletal
muscle by using ultrastructural parameters. J Ultra Mol Struct R 1976;54:76-88
400. Somberg EW, Mehlman MA: Regulation of gluconeogenesis and lipogenesis. The
regulation of mitochondrial pyruvate metabolism in guinea-pig liver synthesizing
precursors for gluconeogenesis. Biochem J 1969;112:435-447
401. Holmström MH, Iglesias-Gutierrez E, Zierath JR, Garcia-Roves PM: Tissue-specific control
of mitochondrial respiration in obesity-related insulin resistance and diabetes. Am J
Physiol-Endoc M 2012;302:E731-E739
402. Hall D, Poussin C, Velagapudi VR, Empsen C, Joffraud M, Beckmann JS, Geerts AE,
Ravussin Y, Ibberson M, Oresic M, Thorens B: Peroxisomal and microsomal lipid
pathways associated with resistance to hepatic steatosis and reduced pro-inflammatory
state. J Biol Chem 2010;285:31011-31023
403. Poussin C, Ibberson M, Hall D, Ding J, Soto J, Abel ED, Thorens B: Oxidative
phosphorylation flexibility in the liver of mice resistant to high-fat diet–induced hepatic
steatosis. Diabetes 2011;60:2216-2224
404. Ketterer B, Meyer DJ: Gluthathione transferases: A possible role in the detoxication and
repair of DNA and lipid hydroperoxides. Mutat Res-Func Mol M 1989;214:33-40
68

405. Yamane Y, Furuichi M, Song R, Van NT, Mulcahy RT, Ishikawa T, Kuo MT: Expression
of multidrug resistance protein/GS-X pump and gamma-glutamylcysteine synthetase genes
is regulated by oxidative stress. J Biol Chem 1998;273:31075-31085
406. Sen P, Chakraborty PK, Raha S: p38 mitogen-activated protein kinase (p38MAPK)
upregulates catalase levels in response to low dose H2O2 treatment through enhancement
of mRNA stability. FEBS Lett 2005;579:4402-4406
407. Kwak MK, Itoh K, Yamamoto M, Sutter TR, Kensler TW: Role of transcription factor Nrf2
in the induction of hepatic phase 2 and antioxidative enzymes in vivo by the cancer
chemoprotective agent, 3H-1, 2-dimethiole-3-thione. Mol Med 2001;7:135-145
408. Scott JW, Hawley SA, Green KA, Anis M, Stewart G, Scullion GA, Norman DG, Hardie
DG: CBS domains form energy-sensing modules whose binding of adenosine ligands is
disrupted by disease mutations. J Clin Invest 2004;113:274-284
409. Townley R, Shapiro L: Crystal structures of the adenylate sensor from fission yeast AMPactivated protein kinase. Science 2007;315:1726-1729
410. Xiao B, Heath R, Saiu P, Leiper FC, Leone P, Jing C, Walker PA, Haire L, Eccleston JF,
Davis CT, Martin SR, Carling D, Gamblin SJ: Structural basis for AMP binding to
mammalian AMP-activated protein kinase. Nature 2007;449:496-500
411. Long YC, Glund S, Garcia-Roves PM, Zierath JR: Calcineurin regulates skeletal muscle
metabolism via coordinated changes in gene expression. J Biol Chem 2007;282:1607-1614
412. Ryder JW, Long YC, Nilsson E, Mahlapuu M, Zierath JR: Effects of calcineurin activation
on insulin-, AICAR- and contraction-induced glucose transport in skeletal muscle. J
Physiol 2005;567:379-386
413. Naya FJ, Mercer B, Shelton J, Richardson JA, Williams RS, Olson EN: Stimulation of slow
skeletal muscle fiber gene expression by calcineurin in vivo. J Biol Chem 2000;275:45454548
414. Wang YX, Zhang CL, Yu RT, Cho HK, Nelson MC, Bayuga-Ocampo CR, Ham J, Kang H,
Evans RM: Regulation of muscle fiber type and running endurance by PPARdelta. PLoS
Biology 2004;2:e294
415. Garcia-Roves P, Osler M, Holmstrom M, Zierath J: Gain-of-function R225Q mutation in
AMP-activated protein kinase gamma3 subunit increases mitochondrial biogenesis in
glycolytic skeletal muscle. J Biol Chem 2008;283:35724-35734
416. Burkholder TJ, Fingado B, Baron S, Lieber RL: Relationship between muscle fiber types
and sizes and muscle architectural properties in the mouse hindlimb. J Morphol
1994;221:177-190
417. Dobson GP, Yamamoto E, Hochachka PW: Phosphofructokinase control in muscle: nature
and reversal of pH-dependent ATP inhibition. Am J Physiol-Reg I 1986;250:R71-R76
418. Krämer DK, Al-Khalili L, Guigas B, Leng Y, Garcia-Roves PM, Krook A: Role of AMP
kinase and PPARδ in the regulation of lipid and glucose metabolism in human skeletal
muscles. J Biol Chem 2007;282:19313-19320
419. Fritz T, Krämer DK, Karlsson HKR, Galuska D, Engfeldt P, Zierath JR, Krook A: Lowintensity exercise increases skeletal muscle protein expression of PPARδ and UCP3 in type
2 diabetic patients. Diabetes Metab Res 2006;22:492-498
420. Hudson ER, Pan DA, James J, Lucocq JM, Hawley SA, Green KA, Baba O, Terashima T,
Hardie DG: A novel domain in AMP-activated protein kinase causes glycogen storage
bodies similar to those seen in hereditary cardiac arrhythmias. Curr Biol 2003;13:861-866

69

421. Koay A, Rimmer KA, Mertens HDT, Gooley PR, Stapleton D: Oligosaccharide recognition
and binding to the carbohydrate binding module of AMP-activated protein kinase. FEBS
Lett 2007;581:5055-5059
422. Polekhina G, Gupta A, Michell BJ, van Denderen B, Murthy S, Feil SC, Jennings IG,
Campbell DJ, Witters A, Parker MW, Kemp BE, Stapleton D: AMPK β subunit targets
metabolic stress sensing to glycogen. Curr Biol 2003;13:867-871
423. McBride A, Ghilagaber S, Nikolaev A, Hardie DG: The glycogen-binding domain on the
AMPK β subunit allows the kinase to act as a glycogen sensor. Cell Metab 2009;9:23-34
424. Koay A, Woodcroft B, Petrie EJ, Yue H, Emanuelle S, Bieri M, Bailey MF, Hargreaves M,
Park J-T, Park K-H, Ralph S, Neumann D, Stapleton D, Gooley PR: AMPK β subunits
display isoform specific affinities for carbohydrates. FEBS Lett 2010;584:3499-3503
425. Barnes B, Glund S, Long Y, Hjalm G, Andersson L, Zierath J: 5'-AMP-activated protein
kinase regulates skeletal muscle glycogen content and ergogenics. FASEB J 2005;19:773779
426. Athea Y, Viollet B, Mateo P, Rousseau D, Novotova M, Garnier A, Vaulont S, Wilding J,
Grynberg A, Veksler V, Hoerter J, Ventura-Clapier R: AMP-activated protein kinase
alpha2 deficiency affects cardiac cardiolipin homeostasis and mitochondrial function.
Diabetes 2007;56:786-794
427. Viollet B, Andreelli F, Jørgensen SB, Perrin C, Geloen A, Flamez D, Mu J, Lenzner C,
Baud O, Bennoun M, Gomas E, Nicolas G, Wojtaszewski JFP, Kahn A, Carling D, Schuit
FC, Birnbaum MJ, Richter EA, Burcelin R, Vaulont S: The AMP-activated protein kinase
α2 catalytic subunit controls whole-body insulin sensitivity. J Clin Invest 2003;111:91-98
428. Fisher RP, Clayton DA: Purification and characterization of human mitochondrial
transcription factor 1. Mol Cell Biol 1988;8:3496-3509
429. McCulloch V, Seidel-Rogol BL, Shadel GS: A human mitochondrial transcription factor is
related to RNA adenine methyltransferases and binds S-adenosylmethionine. Mol Cell Biol
2002;22:1116-1125
430. Montoya J, Perez-Martos A, Garstka HL, Wiesner RJ: Regulation of mitochondrial
transcription by mitochondrial transcription factor A. Mol Cell Biochem 1997;174:227-230
431. Lamartiniere CA, Weiss G: The role of the glycerolphosphate shuttle in heterogenous liver
mitochondria. Hoppe-Seyler's Zeitschrift fur physiologische Chemie 1974;355:1549-1554
432. Hu Y, Suarez J, Fricovsky E, Wang H, Scott BT, Trauger SA, Han W, Hu Y, Oyeleye MO,
Dillmann WH: Increased enzymatic O-GlcNAcylation of mitochondrial proteins impairs
mitochondrial function in cardiac myocytes exposed to high glucose. J Biol Chem
2009;284:547-555
433. Heron C, Corina D, Ragan CI: The phospholipid annulus of mitochondrial NADH—
ubiquinone reductase A dual phospholipid requirement for enzyme activity. FEBS Lett
1977;79:399-403
434. Schagger H, Hagen T, Roth B, Brandt U, Link TA, von Jagow G: Phospholipid specificity
of bovine heart bc1 complex. Eur J Biochem 1990;190:123-130
435. Hori H, Sasaoka T, Ishihara H, Wada T, Murakami S, Ishiki M, Kobayashi M: Association
of SH2-containing Inositol Phosphatase 2 with the insulin resistance of diabetic db/db
mice. Diabetes 2002;51:2387-2394
436. Xu X, Zhao CX, Wang L, Tu L, Fang X, Zheng C, Edin ML, Zeldin DC, Wang DW:
Increased CYP2J3 expression reduces insulin resistance in fructose-treated rats and db/db
mice. Diabetes 2010;59:997-1005
70

437. Wardlaw GM, Kaplan ML: Oxygen consumption and oxidative capacity of hepatocytes
from young male obese and nonobese Zucker rats. Proc Soc Exp Biol Med 1986;183:199206
438. Warmington SA, Tolan R, McBennett S: Functional and histological characteristics of
skeletal muscle and the effects of leptin in the genetically obese (ob/ob) mouse. Int J Obes
Relat Metab Disord 2000;24:1040-1050
439. Stickland NC, Batt RA, Crook AR, Sutton CM: Inability of muscles in the obese mouse
(ob/ob) to respond to changes in body weight and activity. J Anat 1994;184 ( Pt 3):527-533
440. Reddy JK, Goel SK, Nemali MR, Carrino JJ, Laffler TG, Reddy MK, Sperbeck SJ, Osumi
T, Hashimoto T, Lalwani ND: Transcription regulation of peroxisomal fatty acyl-CoA
oxidase and enoyl-CoA hydratase/3-hydroxyacyl-CoA dehydrogenase in rat liver by
peroxisome proliferators. Proc Natl Acad Sci 1986;83:1747-1751
441. Siculella L, Damiano F, Sabetta S, Gnoni GV: n-6 PUFAs downregulate expression of the
tricarboxylate carrier in rat liver by transcriptional and posttranscriptional mechanisms. J
Lipid Res 2004;45:1333-1340
442. Zara V, Gnoni GV: Effect of starvation on the activity of the mitochondrial tricarboxylate
carrier. BBA-Biomembranes 1995;1239:33-38
443. Saha AK, Laybutt DR, Dean D, Vavvas D, Sebokova E, Ellis B, Klimes I, Kraegen EW,
Shafrir E, Ruderman NB: Cytosolic citrate and malonyl-CoA regulation in rat muscle in
vivo. Am J Physiol-Endoc M 1999;276:E1030-E1037
444. Underwood AH, Newsholme EA: Control of glycolysis and gluconeogenesis in rat kidney
cortex slices. Biochem J 1967;104:300-305
445. Zhang F, Chen Y, Heiman M, DiMarchi R: Leptin: structure, function and biology. In
Vitam Horm Gerald L, Ed., Academic Press, 2005, p. 345-372
446. Mercer JG, Moar KM, Rayner DV, Trayhurn P, Hoggard N: Regulation of leptin receptor
and NPY gene expression in hypothalamus of leptin-treated obese (ob/ob) and coldexposed lean mice. FEBS Lett 1997;402:185-188
447. Rentsch J, Levens N, Chiesi M: Recombinant OB-gene product reduces food-intake in
fasted mice. Biochem Biophys Res Co 1995;214:131-136
448. Shapira JF, Kircher I, Martin RJ: Indices of skeletal muscle growth in lean and obese
Zucker rats. J Nutr 1980;110:1313-1318
449. Halaas JL, Boozer C, Blair-West J, Fidahusein N, Denton DA, Friedman JM: Physiological
response to long-term peripheral and central leptin infusion in lean and obese mice. Proc
Natl Acad Sci 1997;94:8878-8883
450. Wang M-Y, Lee Y, Unger RH: Novel form of lipolysis induced by leptin. J Biol Chem
1999;274:17541-17544
451. Banks WA, Kastin AJ, Huang W, Jaspan JB, Maness LM: Leptin enters the brain by a
saturable system independent of insulin. Peptides 1996;17:305-311
452. Koyama K, Shimabukuro M, Chen G, Wang MY, Lee Y, Kalra PS, Dube MG, Kalra SP,
Newgard CB, Unger RH: Resistance to adenovirally induced hyperleptinemia in rats.
Comparison of ventromedial hypothalamic lesions and mutated leptin receptors. J Clin
Invest 1998;102:728-733
453. Lee Y, Wang M-Y, Kakuma T, Wang Z-W, Babcock E, McCorkle K, Higa M, Zhou Y-T,
Unger RH: Liporegulation in diet-induced obesity: The antisteatotic role of
hyperleptinemia. J Biol Chem 2001;276:5629-5635

71

454. Burcelin R, Kamohara S, Li J, Tannenbaum GS, Charron MJ, Friedman JM: Acute
intravenous leptin infusion increases glucose turnover but not skeletal muscle glucose
uptake in ob/ob mice. Diabetes 1999;48:1264-1269
455. Kamohara S, Burcelin R, Halaas JL, Friedman JM, Charron MJ: Acute stimulation of
glucose metabolism in mice by leptin treatment. Nature 1997;389:374-377

72

