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Abstract

Insulin controls nutrient and metabolic homeostasis via the IRS–PI3K–AKT signaling cascade that

targets FOXO1 and mTOR. Mitochondria, as the prime metabolic platform, malfunction during

insulin resistance in metabolic diseases. However, the molecular link between insulin resistance

and mitochondrial dysfunction remains undefined. Here we review recent studies on insulin action

and the mechanistic association with mitochondrial metabolism. These studies suggest that insulin

signaling underpins mitochondrial electron transport chain integrity and activity by suppressing

FOXO1/HMOX1 and maintaining the NAD+/NADH ratio, the mediator of the SIRT1/PGC1α
pathway for mitochondrial biogenesis and function. Mitochondria generate moderately reactive

oxygen species (ROS) and enhance insulin sensitivity upon redox regulation of protein tyrosine

phosphatase and insulin receptor. However, chronic exposure to high ROS levels could alter

mitochondrial function and thereby cause insulin resistance.

Insulin signaling and insulin receptor substrates

The insulin signaling system coordinates systemic growth and development with peripheral

and central nutrient homeostasis, fertility and lifespan [1,2]. At the molecular level, insulin

regulates many pathways including the stimulation of protein synthesis (in muscle and

liver), lipid synthesis and storage (liver and adipose tissue), glycolysis and glucose storage

(muscle and liver), and the inhibition of ketogenesis and gluconeogenesis (liver) [3].

The insulin receptor substrate (IRS) proteins integrate the activated membrane-bound insulin

receptor (IR) kinases to downstream adapter proteins and enzymes. Four IRS-proteins have

been identified in rodents, but only three (IRS1, IRS2 and IRS4) are expressed in human:

IRS4 is largely restricted to the hypothalamus and thymus [4,5]. IRS1 and IRS2 are

expressed in brain, muscle, heart, adipocyte, liver, kidney, ovary and mammary gland where

they contribute to a broad array of physiologic functions including pancreatic β-cell growth

and function, central nutrient sensing, neurodegeneration, cancer progression and lifespan

[6]. Although the role of each of these protein phosphorylation sites merits attention, work

with transgenic mice reveals that most if not all insulin/IGF responses – especially those that

are associated with somatic growth, carbohydrate and lipid metabolism – are initiated

through IRS1 and IRS2 [7].
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IRS-proteins are targeted by the specific binding of their N-terminal phosphotyrosine

binding (PTB) domain to a phosphorylated NPXY-motif in the cytoplasmic juxtamembrane

region of the insulin or IGF1 receptors (Figure 1). The pleckstrin homology (PH) domain of

the IRS-proteins is structurally similar but functionally distinct from the PTB-domain [8].

Deletion of the PH domain changes the signaling potential of IRS1 and IRS2 [9]. Although

the PH domain can be interchanged among the IRS-proteins without noticeable loss of

bioactivity, substitutions with heterologous PH-domains – βARK (beta adrenergic receptor

kinase), phospholipase Cγ, or spectrin – inhibit IRS1 function [10]. Several proteins can

interact with the PH domains of IRS1 and/or IRS2, including the Lon protease, myeloblast

protein, and nucleolin [10]. Each protein contains an acidic motif that interacts with the PH

domain of IRS-2, but only the acidic motif in nucleolin binds to IRS1: synthetic peptides

based on the acidic motif in Lon protease and myeloblast protein inhibit the binding of

nucleolin to the PH domain of IRS2 but not to the PH domain of IRS1 [10].

The C termini of IRS1 and IRS2 are poorly conserved, but they both contain over twenty

recognizable tyrosine phosphorylation motifs in similar positions that can bind signaling

molecules (Figure 1). The activated IR kinase phosphorylates tyrosine residues within

specific amino acid motifs, including the YMXM, YVNI and YIDL motifs [11–14]. IRS2

utilizes an additional motif located between amino acid residues 591 and 786 – especially

Tyr624 and Tyr628 – to interact with the activated insulin receptor [15,16]. This binding

region in IRS2 was originally called the kinase regulatory-loop binding (KRLB) domain

because tris-phosphorylation of the insulin receptor activation (A)-loop was required to

observe the interaction [15]. Because autophosphorylation moves the A-loop out of the

catalytic site, the functional part of the KRLB-domain –residues 620–634 in murine IRS2 –

can fit into the catalytic site [17]. This interaction aligns Tyr628 of IRS2 for phosphorylation;

however, it also inserts Tyr621 into the ATP binding pocket, and this might attenuate

signaling by blocking ATP access to the catalytic site. By contrast, this interaction could

promote signaling by opening the catalytic site before tris-autophosphorylation. For

unknown reasons, the KRLB-motif does not bind to the IGF1R, and this might explain

signaling differences between IR and IGF1R, as well as the receptor hybrids [17].

The IRS→PI3K→AKT→mTOR cascade

One of the best-studied and most important signaling cascades activated by insulin involves

the production of phosphatidylinositol lipids by the class 1A phosphotidylinositide 3-kinase

(PI3K). The type 1A PI3K is a dimer composed of a catalytic subunit – either p110α, p110β
or p110δ – and one of five regulatory subunit isoforms encoded by three different genes –

Pik3r1, Pik3r2, and Pik3r3 (Figure 2) [18–20]. PI3K is activated when its SH2-domains in

the regulatory subunit (p85) are occupied by phosphorylated YXXM-motifs in IRS-proteins

[21]. The p85α regulatory protein in PI3K binds directly to and enhances the lipid

phosphatase PTEN activity in addition to promoting the stabilization and localization of

p110-PI3K activity, revealing its dual regulatory role in maintaining the balance of PI3K/

PTEN signaling [22]. Partial loss of the regulatory subunits increases insulin sensitivity, and

this appears to be related to diminished negative feedback to the IRS-proteins [23]. By

contrast, complete disruption of hepatic Pik3r1 and Pik3r2 markedly reduces insulin-

stimulated PI3K activity and PIP3 accumulation – at least in part by destabilizing the
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catalytic subunits – and this dysregulates glucose and lipid homeostasis, hepatic size and

function [24]. Thus, PI3K activity is crucial for insulin’s actions.

PI-3,4,5-P3 produced by PI3K recruits several Ser/Thr kinases to the plasma membrane,

including PDK1 (3′-phosphoinosite-dependent protein kinase-1) and AKT, where AKT is

activated when its Thr308 is phosphorylated by PDK1 (Figure 2). AKT can phosphorylate

several substrates relevant to insulin-like signaling: GSK3α/β (blocks inhibition of

glycogen synthesis), AS160 (promotes GLUT4 translocation), the BAD·–BCL2 heterodimer

(inhibits apoptosis), the FOXO (forkhead box O) transcription factors (regulate gene

expression in liver, β cells and the hypothalamus), p21CIP1 and p27KIP1 (block cell cycle

inhibition), eNOS (stimulates NO synthesis and vasodilatation), PDE3b (hydrolyzes cAMP),

and TORC1. Of the three AKT isoforms (AKT1, AKT2 and AKT3), AKT2 was found to

participate in metabolic regulation [18,25–28]. Thus, AKT below refers to AKT2 unless

specified elsewhere.

To integrate cell growth and metabolism the TOR signaling complexes (TORC1 and

TORC2) sense growth factor signals, energy status, oxygen availability and amino acid

concentrations [29]. TORC1 is composed of the mammalian target of rapamycin (mTOR),

mLST8, raptor and deptor, and the TORC1 complex is coupled to insulin signaling by AKT-

mediated inhibition of TSC2 – a GTPase that inactivates RHEB (RAS homolog enriched in

brain) [30,31]. AKT phosphorylates TSC2 and inhibits its GTPase to allow RHEB to

accumulate in the GTP-bound form, and this activates mTORC1. FKBP38 (FK506 binding

protein 8) also binds to mTORC1 and inhibits mTOR until RHEB–GTP binds to FKBP38 to

reverse inhibition of the kinase [32–34]. This complex regulatory cascade is augmented by

other pathways including the direct inhibition of the mTOR catalytic site by PRAS40 (the

proline-rich AKT substrate of 40 kDa) until AKT-mediated phosphorylation of PRAS40

reverses the inhibition [18]. The mTORC2 complex is also composed of mTOR and mLST8

but, instead of raptor, this rapamycin-insensitive complex contains rictor and mSIN1 and is

mainly regulated by nutrients [29]. The downstream effectors of mTORC1 – p70S6K and 4E-

BP1 – control protein synthesis and cell growth (Figure 2) [18,35,36]. Disruption of the

S6k1 gene in mice causes glucose intolerance owing to reduced size of pancreatic islet β
cells [37].

Recent work suggests that TORC1 also plays an important role in lipid biosynthesis by

promoting the cleavage and activation of SREBP1 [30]. Cleaved SREBP1 is a transcription

factor that promotes the expression of diverse genes with important roles in lipid synthesis,

including FASN (fatty acid synthase), GPAT (glycerol-3-phosphate acyltransferases),

ACLY (ATP citrate lyase), ACC (acetyl-CoA carboxylase), SCD1 (stearoyl-CoA desaturase

1), and GK (glucokinase) (Figure 2) [30]. PI3K and AKT were found to be required for

gluconeogenesis and lipogenesis, but mTORC1 was only required for lipogenesis via

inducing SREBP-1c activity [38]. This established mTORC1 as an essential component at

the point of divergence in the insulin signaling pathway that leads to selective insulin

resistance – where insulin fails to block glucose production (gluconeogenesis) but continues

to promote fatty acid synthesis (lipogenesis). TORC1 also inhibits insulin signaling by

feedback inhibition of IRS1 through TOR and p70S6K-mediated serine phosphorylation [39].

Moreover, hepatic SREBP-1c expression inhibits TFE3/FOXO-mediated IRS2 expression,
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and this could be explained by competition between overlapping binding sites for SREBPs

(SRE) and FOXO1 (IRE) [40]. Upregulation of IRS2 expression by TFE3/FOXO and

downregulation by SREBP-1c parallels the switch from glycogenolysis and gluconeogenesis

during fasting to lipogenesis following feeding. An imbalance in this reciprocal regulation

could ultimately contribute to the pathophysiological effects of overnutrition, leading to the

development of the metabolic syndrome and diabetes. More work is needed to establish

whether this dysregulation contributes significantly to the pathophysiology of type 2

diabetes.

The IRS→AKT→FOXO cascade and hepatic lipid homeostasis

AKT phosphorylates the FOXO transcription factors –FOXO1, FOXO3 and FOXO4 –

which control the expression of hundreds of genes, including several that mediate

gluconeogenesis, lipid metabolism and stress resistance [41–44]. Earlier studies suggest

IRS1 and IRS2 play distinct roles in glucose and lipid metabolism. IRS2 apparently controls

gluconeogenesis by inhibiting FOXO1 and CREB-binding protein (CBP), whereas IRS1

controls lipid oxidation alongside IRS2 by regulating FOXA2 [45]. However, recent

evidence from genetic mouse models show that both IRS1 and IRS2 are strong inhibitors of

FOXO1, through AKT-mediated phosphorylation [42,46]. Moreover, the IRS1 branch of the

insulin signaling cascade plays a dominant role in hepatic nutrient homeostasis, because

nutrient-sensitive transcripts are normally expressed in the liver of IRS2 knockout mice

(LKO2-mice) but are significantly dysregulated in liver lacking IRS1 (LKO1-mice) [46].

High-fat diet (HFD) treatment decreases tyrosine phosphorylation of IRS2 in LKO1-mice

but increases the postprandial tyrosine phosphorylation of IRS1 in LKO2-mice as

hyperglycemia develops [47]. Moreover, a set of key gluconeogenic and lipogenic genes is

markedly dysregulated in IRS1 and IRS2 double knockout (DKO-mice), which show severe

glucose intolerance and impaired lipid metabolism [42,46]. Deletion of hepatic IRS1 and

IRS2, and obesity-induced hepatic insulin resistance, hyperactivate FOXO1 that in turn

induces HMOX1, the enzyme that consumes heme and disrupts the integrity of the

mitochondrial electron transport chain (ETC) [41]. As a result, mitochondrial oxidative and

phosphorylation activities are impaired, such as ATP generation and fatty acid oxidation

[41]. Therefore, the IRS→AKT→FOXO cascade is required for nutrient and metabolic

homeostasis in the liver.

Insulin resistance is associated with mitochondrial dysfunction

The characteristic of insulin resistance is the failure of insulin to suppress hepatic glucose

production or stimulate glucose uptake by peripheral tissues, and this in turn causes

hyperglycemia, hyperinsulinemia and dyslipidemia [1,2,7]. The dysregulation of glucose

and lipid metabolism can induce a cohort of systemic disorders, including obesity,

cardiovascular disease and hypertension, infertility, neurodegeneration, and type 2 diabetes

when pancreatic β cells fail to secrete sufficient insulin to compensate for peripheral insulin

resistance [48].

Systemic glucose and lipid metabolism converge in mitochondria that generate the majority

of cellular energy (ATP) by coupling the tricarboxylic acid cycle (TCA) cycle with
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oxidative phosphorylation (OXPHOS) (Figure 3) [41,49–51]. Acetyl-CoA generated from

glycolysis (glucose) and fatty acid β-oxidation (lipid) enters the TCA cycle in the

mitochondrial matrix, in which the substrates are oxidized with the formation of CO2,

NADH and FADH2. The electrons from NADH and FADH2 are taken up by complexes I

and II, respectively, and passed to complex III and IV through ubiquinone (Q) and

cytochrome c (C) (Figure 3). At complex IV, molecular oxygen accepts the electrons and is

then converted into water. During this redox process, complexes I, II and IV pump protons

from the matrix into the mitochondrial intermembrane space (IMS), and this generates an

electrochemical gradient (membrane potential) and drives ATP generation through complex

V (Figure 3). Mitochondrial metabolism is responsible for the major energy supply to vital

cell functions including the maintenance of transmembrane ion gradients, protein synthesis,

and vesicular transport [50]. Particularly, ATP and other mitochondrial factors accomplish

the coupling of glucose metabolism to insulin secretion in the pancreatic β cell [50].

Mitochondrial function is impaired during insulin resistance that progresses to metabolic

disease [52–54]. The muscles of patients with type 2 diabetes contain fewer mitochondria

than those of age-matched insulin-sensitive individuals [55]. Nuclear magnetic resonance

spectroscopy studies on individuals with insulin resistance showed marked reduction of

mitochondrial oxidative and phosphorylation activity in their muscle and liver tissues

[52,53]. Moreover, mitochondrial function is impaired in subjects with age-associated

insulin resistance, indicated by reduced insulin-stimulated muscle glucose uptake and/or

metabolism and an approximately 40% reduction in mitochondrial OXPHOS activity [56].

In contrast to insulin stimulation of mitochondrial protein synthesis and oxidative capacity

in healthy subjects [57,58], sustained insulin infusion failed to promote the expression of

mRNA transcripts encoding key mitochondrial proteins in the skeletal muscle of diabetic

patients [57]. In line with dysregulated OXPHOS gene expression in the insulin-resistant

liver [59], insulin signaling was recently shown to underpin ETC integrity and activity by

suppressing FOXO1/HMOX1 and maintaining the NAD+/NADH ratio, the mediator of

SIRT1/PGC1α pathway for mitochondrial biogenesis and function [41,49]. These findings

strongly suggest that insulin signaling is required for normal mitochondrial function in

metabolism [41,49,60–62].

A noteworthy observation in insulin-resistant elderly individuals is the significantly higher

levels of triglycerides in both muscle and liver [56]. These data imply that insulin resistance

might arise from defects in mitochondrial fatty acid oxidation, and that the deficiency

increases intracellular fatty acid metabolites (fatty-acyl-CoA and diacylglyerol) that can

disrupt insulin signaling through activation of stress-sensitive kinases such as PKC, IKK and

JNK. These stress-sensitive kinases can phosphorylate and inactivate IRS1 and IRS2 [52].

However, a growing body of evidence teaches against this concept [54,63–64]. In particular,

endurance-trained athletes have elevated levels of intramuscular triglycerides but they are

highly insulin sensitive [65]. Although aerobic exercise can substantially increase

mitochondrial capacity, it fails to improve insulin sensitivity [65–66]. In fact, excess lipid

availability is found to increase mitochondrial fatty acid oxidative capacity in the muscle of

rodents [67], and a HFD causes insulin resistance despite an increase in muscle

mitochondria [68].
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The controversy can be attributed to the complexity and difference of experimental

conditions used in these studies. First, during nutrient deprivation (such as in fasting and

endurance exercise) or in diabetic conditions, a metabolic switch from carbonate to lipid

occurs in skeletal muscle [63,69]. Thus, this could possibly explain why increased levels of

intramuscular triglycerides and fatty acid metabolites are observed in diabetic patients and

endurance-trained athletes [52,56,65]. Secondly, physiological adaptation of mitochondria to

energy demand and fuel influx must be taken into consideration in interpreting these data.

The increased energy demand during aerobic exercise and an elevated fuel influx due to

HFD could both induce an adaptive increase in mitochondrial biogenesis and function in

muscle so that the nutrients are efficiently combusted for energy generation [67–68]. Third,

short-term and chronic insults could produce different results [70–71]. Although HFD could

increase mitochondrial number and activity due to a prompt adaptive response, oversupply

of fuel can over-ride mitochondrial compensation. In this case, lipid accumulation and

insulin resistance might not be due to mitochondrial dysfunction, but instead to the

imbalance of fuel influx and consumption capacity of healthy mitochondria [67–68].

However, a chronic increase in fuel influx can induce mitochondrial hyperpolarization that

causes ROS overproduction and mitochondrial damage (Figure 3) [71,72]. Regardless, it is

suggested that mitochondrial abnormalities do not precede the onset of insulin resistance

[71]. Together, the cause–effect relationship between mitochondrial dysfunction and insulin

resistance requires further evidence.

Insulin signaling regulates mitochondrial metabolism

Given that insulin signaling is required for mitochondrial DNA and protein synthesis and

potently stimulates mitochondrial oxidative capacity and ATP production [57,72], we reason

that impaired insulin action can dysregulate mitochondrial function. This concept has been

increasingly corroborated in different tissues. In β cells, the mitochondrion forms a tethering

complex with glucokinase (GK) and the pro-apoptotic protein, BAD(S) [60]. However,

mitochondria in β cells from patients with type 2 diabetes exhibited attenuated function and

reduced BAD(S), GK and protein kinase A in the complex [60]. In line with this, β-cell-

specific insulin receptor knockout (betaIRKO) mice show a similar phenotype, and re-

expression of insulin receptors in betaIRKO cells partially restored the stoichiometry of the

complex and mitochondrial function, suggesting that insulin signaling regulates

mitochondrial function in β cells [60].

In cardiac muscle, activation of PI3K increases myocardial fatty acid oxidation capacity,

whereas impaired PI3K signaling leads to cardiac mitochondrial dysfunction and prevents

mitochondrial adaptations in response to physiological hypertrophic stimuli [62]. In mice

with cardiomyocyte-specific deletion of IRS1 (CIRS1KO), IRS2 (CIRS2KO), or of IRS1 +

IRS2 (CIRS12KO), there was a striking decrease in ADP-stimulated mitochondrial oxygen

consumption and ATP synthesis, concomitant with a coordinate downregulation of

OXPHOS genes. In line with this, deletion of myocardial insulin receptor (IR) and IGF1

receptor (IGF1R), whose signaling cascades converge at IRS proteins, resulted in

downregulation of genes of the ETC and of mitochondrial fatty acid β-oxidation in the heart

[73]. These findings reveal a crucial role for IRS-mediated signaling in the regulation of
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mitochondrial gene and protein expression, and for mitochondrial function in

cardiomyocytes [61,73].

Mitochondrial biogenesis is controlled by the transcription co-activator PGC1α
(peroxisome proliferator-activated receptor γ coactivator-1α) [74]. The AKT→FOXO1

cascade was shown to suppress PGC1α expression [75], and mitochondrial production and

activity in liver and skeletal muscle (gastrocnemius) were increased in mice with insulin

deficiency or resistance [76,77]. By contrast, however, PGC1α expression and PGC1α-

responsive genes involved in OXPHOS are coordinately downregulated in skeletal muscle

of subjects with diabetes or insulin resistance [78,79]. Moreover, mitochondrial production

and activity were dampened regardless of increased PGC1α protein expression in insulin-

resistant liver [41,49]. This controversy reflects the complexity of the molecular link

between insulin signaling and mitochondrial metabolism. It should be noted, however, that

different experiment models and conditions were used in those studies and could account for

the varying results, especially when studies were carried out at different stages of the

pathogenic progression of diabetes or insulin resistance [70,71]. In addition, PGC1α protein

undergoes post-translational modification, such as reversible acetylation/deacetylation that

suppresses/promotes its activity [41,80–83]. Thus, the post-translational regulation of

PGC1α must be considered in addition to its total protein/gene expression level.

Using hepatic IRS1/IRS2 double knockout (DKO) mice, a possible molecular mechanism by

which insulin regulates mitochondrial function in the liver was recently established [41].

The DKO mice develop insulin resistance and systemic hyperglycemia due to a substantial

blockade of insulin signaling [42,46]. Hepatic insulin resistance hyperactivates hepatic

FOXO1, which increases the expression of hundreds of genes including heme oxygenase 1

(HMOX1), the enzyme that breaks down heme into biliverdin (BV), Fe(III) and CO2 (Figure

4) [41,49]. This causes defects in the mitochondrial ETC by depleting heme, because the

latter is the essential cofactor that facilitates electron transport and ensures the expression,

stability and function of ETC components [84]. Consequently, NADH oxidation is impaired

and the NAD+/NADH ratio decreases, which blunts the SIRT1→PGC1α pathway of

mitochondrial biogenesis (Figure 4) [41,49,80–83]. The ETC defects can impair fatty acid

oxidation rate due to the reduced concentration of NAD+ – the essential cofactor required

for acyl-CoA dehydrogenase [85]. Mild lipid accumulation is present in the DKO liver,

presumably because of the impaired fatty acid oxidation and reduced mitochondrial number

[41,49]. Ablation of FOXO1 (gene knockout) or HMOX1 (siRNA knockdown) restores the

SIRT1→PGC1α pathway for mitochondrial biogenesis, and rescues mitochondrial function

(ETC activity, NAD+/NADH ratio and fatty acid oxidation rate), with normalization of

hepatic triglyceride concentrations [41,46,49]. This mechanism can explain how failure of

insulin action might impair mitochondrial function through the redox node composed of

HMOX1 and the redox couple NAD+/NADH.

Mitochondrial regulation of insulin action

The mitochondrial respiration chain takes electrons from NADH and FADH2 that are

produced during glucose and lipid oxidation and generates the electrochemical gradient

(membrane potential) that drives ATP generation to meet cell energy demand (Figure 3)
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[41,50–51]. Thus, functional mitochondria are responsible for the finely tuned redox couple

NAD+/NADH ratio, which has been shown to regulate insulin action through SIRT1 [80–

83]. In particular, small molecules that reduce the Michaelis constant of SIRT1 for NAD+

have been used to improve systemic glucose homeostasis greatly in insulin-resistant mouse

models [80–83], presumably by suppressing FOXO1 [86,87] and enhancing IRS2 signaling

[88]. SIRT1 inhibition increased acetylation and decreased phosphorylation of IRS2,

suggesting that SIRT1 can enhance insulin signaling in part by deacetylating IRS2 [88].

Single-electron reduction of molecular oxygen at complexes I and III generates superoxide

(O2
•−) that is converted into hydrogen peroxide (H2O2) (Figure 3) [89]. Although chronic

exposure to high level of ROS can induce mitochondrial alteration [71] and possibly insulin

resistance [90,91], accumulated evidence suggests that modest ROS generation in cells

during insulin stimulation plays an integral role in the tyrosine phosphorylation for IR

activation [92–94]. Early studies implicated NADPH oxidase (Nox) in the ROS elevation

[92,94]. Recently, it was found that mitochondrial respiration could account significantly for

the insulin-induced H2O2 production and tyrosine phosphorylation of the insulin receptor

[94], and an H2O2 scavenger (N-acetylcysteine) could prevent both insulin-stimulated H2O2

generation and tyrosine phosphorylation of the insulin receptor. Inhibition of mitochondrial

respiration-mediated H2O2 production by a potent chemical uncoupler of mitochondria

(FCCP) diminishes both insulin-induced H2O2 and phosphorylation of the insulin receptor.

Moreover, in neurons the respiratory substrate succinate substantially promotes insulin

receptor phosphorylation [94]. These results reveal a functional relationship between

mitochondrial respiration and insulin receptor autophosphorylation, which reveals how

redox balance can modulate directly insulin sensitivity (Figure 4) [92].

Consistent with the treatment of cells with antioxidants reducing insulin responsiveness,

mild oxidative conditions cause a decrease in insulin receptor β-chain sulfhydryl groups and

greatly enhance the induction of insulin-stimulated tyrosine autophosphorylation [95].

Structural data indicate that the ATP binding site is blocked by the dephosphorylated A-loop

in the insulin receptor β subunit. However, the conversion of any of the four cysteine

residues (Cys1056, Cys1138, Cys1234, and Cys1245) into sulfenic acid leads to structural

changes that bring Tyr1158 into close contact with Asp1083 and render the catalytic site

accessible to ATP for tyrosine phosphorylation [96]. Thus redox priming can promote

autophosphorylation and insulin receptor signal, even in the absence of insulin.

In addition to the role of receptor kinases, tyrosine phosphorylation of the proteins in IRS-

branch signaling pathway is regulated by phosphatases (e.g. PTP1B and PTEN) (Figure 4)

[97,98]. In line with the increased PTP1B expression in insulin resistant human subjects

[99], mice lacking PTP1B are insulin sensitive and do not develop diet-induced obesity,

whereas re-expression of PTP1B decreases insulin sensitivity [100,101]. PTPase activity is

generally sensitive to the redox state in cells because the catalytic center consists of a readily

oxidized 11-residue signature sequence (I/V)HCXAGXXR(S/T/G) [102]. The cysteine

residue forms a cysteinyl-phosphate intermediate to catalyze the hydrolysis of protein-

phosphotyrosine, which is inhibited by oxidation of the catalytic thiol by ROS [103,104].

Conversely, use of antioxidants to counteract the ROS effect can diminish exercise-induced

insulin sensitivity [105].
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PTPase activity undergoes a universal mechanism of reversible redox modulation of the

active-site cysteine residues into Cys-SOH, glutathiolylated Cys, a disulfide bond with the

neighboring Cys, or a sulfenyl-amide intermediate [102–104]. PTEN contains an N-terminal

phosphatase domain with specificity toward both phospha-tidylinositol-3,4,5-trisphosphate

(PI-3,4,5-P3) and to a lesser degree tyrosine-phosphorylated proteins. Being a lipid

phosphatase, PTEN can reduce PI-3,4,5-P3 concentrations and suppress Akt

phosphorylation/activation, which activates FOXO1 and increases glucose production in the

liver [42,46]. However, PTP1B can directly dephosphorylate tyrosine residues in the insulin

receptor and the IRS-proteins to block the insulin-signaling cascade [106–108]. Therefore,

the dephosphorylation of IR and IRS-1 by PTP1B can modulate insulin receptor and IRS

protein activities that contribute to insulin resistance (Figure 4). To this end, systemic and

tissue-specific knockout of PTP1B is beneficial to enhance insulin signaling and ameliorate

metabolic syndromes in obese and diabetic rodents [108–110].

The oxidation of PTEN by H2O2 results in a disulfide bond between Cys124 and Cys71 that

blocks the active site, and this increases PIP3 concentration and activates downstream

signaling events through the PI3K→Akt cascade [111–113]. Similarly, hyperglycemia-

induced H2O2 in adipocytes substantially reduces PTP1B activity and increases the

phosphorylation of the insulin receptor, IRS1, and Akt in response to insulin [114]. In

particular, a chemical-induced mitochondrial ROS burst suppresses PTEN and greatly

stimulates the PI3K signaling pathway, which can promote hepatocyte steatosis [115]. In a

recent study, mice lacking Gpx1 (glutathione peroxidase 1), the key ROS scavenger, showed

increased insulin sensitivity and were protected from HFD-induced metabolic syndrome

[104]. The underlying mechanism is a significant elevation of ROS in muscle that leads to

enhanced oxidation/inactivation of PTEN, thus improving PI3K/Akt signaling and glucose

uptake in muscle (Figure 4). However, administration of the antioxidant N-acetylcysteine

diminishes the phenotype in Gpx1-deficient mice. Consistent with this, supplementation

with a combination of vitamin C and vitamin E abolishes exercise-induced ROS and

diminishes the health-promoting effects (i.e. enhanced insulin sensitivity) of physical

exercise in humans [105].

Summary and Perspectives

Insulin activates IR kinase and propagates two main branches of signaling via the IRS-

proteins: the PI3K→PDK1→AKT and GRB2/SOS→RAS kinase cascades. Both of the

branches of IRS signals are shown to regulate mitochondrial function [41,49,60–62].

Impaired insulin action deregulates systemic glucose and lipid metabolism, and leads to

hyperglycemia and dyslipidemia in diabetic patients. It is established that under insulin

resistance, insulin fails to block FOXO1 that can induce gluconeogenesis via PEPCK and

G6P, but an outstanding question remaining to be addressed is how insulin resistance

promotes dyslipidemia in the liver. Recent evidence that insulin resistance causes

mitochondrial dysfunction and impairs fatty acid oxidation can at least in part account for

this [41,49].

Insulin signaling has been established to underpin normal mitochondrial function in

metabolism of the liver, skeletal and cardiac muscles as well as in pancreatic β cells.
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Impaired insulin action can cause abnormalities in both mitochondrial biogenesis and

functions through the FOXO1–HMOX1–SIRT1–PGC1α axis. On the other hand,

mitochondria produce ROS that serve as a second messenger and enhance insulin sensitivity

via oxidative modification of the insulin receptor and inactivation of PTEN and PTP1B. As

such, mitochondrial ROS and persistent oxidative challenge are suggested to induce

systemic adaptations, during which both insulin action and antioxidant capacity are

improved [104–105,116]. However, other evidence shows that hyperglycemia or obesity-

induced ROS activates stress-sensitive kinases (e.g. JNK and IKK), and promotes insulin

resistance in rodent animal models and humans [90–91]. Thus, the ‘threshold’ at which ROS

switches from an enhancer to suppressor of insulin sensitivity must be defined before

strategies can be developed for clinically treating metabolic syndrome.
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Figure 1.
Comparison of IRS1 and IRS2 protein sequences, including the relative location of the amino-terminal pleckstrin homology

(PH) and phosphotyrosine binding (PTB) domains, and numerous known (*, phosphorylation sites revealed by MS/MS) or

expected tyrosine phosphorylation sites. The amino acid sequences surrounding tyrosine sites are shown, and motifs conserved

between IRS1 and IRS2 are coded with a similar background color. The kinase regulatory loop-binding (KRLB) domain in IRS2

is indicated by a yellow box, which includes the tyrosine residue that binds in the ATP binding pocket (Y621).
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Figure 2.
Insulin and insulin-like signaling cascade. Two main branches propagate signals generated via the IRS-proteins:

PI3K→PDK1→AKT and GRB2/SOS→RAS kinase cascades. Activation of the receptors for insulin and IGF-1 results in

tyrosine phosphorylation of the IRS-proteins, which bind PI3K and GRB2/SOS. The GRB2/SOS complex promotes GDP/GTP

exchange on p21ras, which activates the RAS→RAF→MEK→ERK1/2 cascade. Activated ERK stimulates transcriptional

activity by direct phosphorylation of elk1 and by indirect phosphorylation of fos through p90rsk. The activation of PI3K by IRS-

protein recruitment produces PI3,4P2 and PI3,4,5P3 (antagonized by the action of PTEN or SHIP2), which recruit PDK1 and

AKT to the plasma membrane. AKT is activated via phosphorylation at T308 by PDK1 and at S473 by mTOR in complex with

rictor. The mTOR kinase is activated by RhebGTP, which accumulates upon inhibition of the GAP activity of the TSC1–TSC2

complex following PKB-mediated phosphorylation of TSC2. mTOR is also activated by AKT-mediated PRAS40

phosphorylation. The S6K is primed through mTOR-mediated phosphorylation for activation by PDK1. AKT phosphorylates

many cellular proteins, and this inactivates PGC1α, p21kip, GSK3β, BAD and AS160, and activates PDE3b and eNOS. mTOR

also promote cleavage and activation of SREBP1c (Clv’d SREBP1C), which stimulates the expression of genes needed for lipid

synthesis. AKT-mediated phosphorylation of forkhead proteins, including FOXO1, results in their sequestration in the

cytoplasm, which inhibits their influence upon transcriptional activity. Insulin stimulates protein synthesis by altering the

intrinsic activity or binding properties of key translation initiation and elongation factors (eIFs and eEFs, respectively) as well as

crucial ribosomal proteins. Components of the translation machinery that are targets of insulin regulation include eIF2B, eIF4E,

eEF1, eEF2 and the S6 ribosomal protein [117]. TNFα activates JNK which can phosphorylate IRS1, inhibiting its interaction
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with the insulin receptor and its subsequent tyrosine phosphorylation. IRS2 expression is promoted by nuclear FOXO, which

increases IRS2 concentration in the fasted liver.
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Figure 3.
Mitochondria integrate glucose and lipid metabolism for energy generation. Glycolysis (glucose metabolism) and fatty acid

oxidation (from lipid) generate acetyl-CoA, the substrate for tricarboxylic acid (TCA) cycle that oxidize the substrates into

carbon dioxide and reducing products NADH and FADH2. NADH and FADH2 donate electrons to complexes I and II,

respectively, of the respiration chain that generate an electrochemical gradient (membrane potential) by pumping protons in

matrix across the inner membrane (IM) into the intermembrane space (IMS). The electrochemical gradient drives ATP

generation at complex V and pumps protons back into the matrix. Moderately reactive oxygen species (such as O2
•−) can be

generated as a second messenger under physiological conditions, but a significant ROS burst can occur during mitochondrial

hyperpolarization.
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Figure 4.
Mechanistic association of insulin signaling with mitochondrial function. Insulin elicits the IR→IRS→PI3K→AKT signaling

cascade and inhibits the transcriptional factor FOXO1 under normal conditions. During insulin resistance, including genetic

deletion of IRS1 and IRS2, or physiological challenge of obesity, FOXO1 is hyperactivated and induces HMOX1. HMOX1

oxidizes heme to biliverdin (BV) and free Fe3+. Because heme is essential for the function and stability of electron transport

proteins, insulin resistance impairs the ETC activity that is essential for NADH oxidation. Consequently, NAD+ levels decrease

and the NAD+/NADH ratio increases, and this can inhibit the activity of the NAD+-dependent deacetylase SIRT1. Therefore,

mitochondrial function and biogenesis are impaired under insulin-resistant conditions owing to the relative inactivity of SIRT1.

Moreover, mitochondria can generate ROS (e.g., O2
•− and H2O2) as a second messenger to regulate IR-mediated signaling

cascade. ROS functions by oxidizing the β chain of the insulin receptor to facilitate its autophosphorylation (activation) or

through oxidative modification of protein tyrosine phosphatases, especially PTP1B and PTEN, which leads to

hyperphosphorylation of the insulin receptor and IRS1/2, and increased activity of the PI 3-kinase. Suppression of mitochondrial

ROS causes insulin resistance, whereas knockout of the ROS-scavenger enzyme improves insulin responsiveness [104–

105,118].
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