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Abstract

Obesity increases the risk for type 2 diabetes through induction of insulin resistance. Treatment of
type 2 diabetes has been limited by little translational knowledge of insulin resistance although
there have been several well-documented hypotheses for insulin resistance. In those hypotheses,
inflammation, mitochondrial dysfunction, hyperinsulinemia and lipotoxicity have been the major
concepts and have received a lot of attention. Oxidative stress, endoplasmic reticulum (ER) stress,
genetic background, aging, fatty liver, hypoxia and lipodystrophy are active subjects in the study
of these concepts. However, none of those concepts or views has led to an effective therapy for
type 2 diabetes. The reason is that there has been no consensus for a unifying mechanism of
insulin resistance. In this review article, literature is critically analyzed and reinterpreted for a new
energy-based concept of insulin resistance, in which insulin resistance is a result of energy surplus
in cells. The energy surplus signal is mediated by ATP and sensed by adenosine monophosphate-
activated protein kinase (AMPK) signaling pathway. Decreasing ATP level by suppression of
production or stimulation of utilization is a promising approach in the treatment of insulin
resistance. In support, many of existing insulin sensitizing medicines inhibit ATP production in
mitochondria. The effective therapies such as weight loss, exercise, and caloric restriction all
reduce ATP in insulin sensitive cells. This new concept provides a unifying cellular and molecular
mechanism of insulin resistance in obesity, which may apply to insulin resistance in aging and
lipodystrophy.
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Introduction

Insulin reduces blood glucose by inducing glucose uptake in insulin-sensitive tissue such as
skeletal muscle, fat and heart. Insulin also inhibits glucose production in liver, kidney and
small intestine in the control of blood glucose. Insulin resistance occurs when the insulin-
sensitive tissue loss response to insulin. In the insulin sensitivity assays, insulin resistance
has following characteristics: hyperinsulinemia and hyperglycemia in fasting condition,
increased glycosylated haemoglobin (HbA1c), postprandial hyperglycemia, hyperlipidemia,
impaired glucose tolerance, impaired insulin tolerance, decreased glucose infusion rate,
increased hepatic glucose production, loss of first phase secretion of insulin,
hypoadiponectinemia, and increased inflammatory markers in plasma.
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Insulin has many physiological activities in which reducing blood glucose is a primary
function. In addition, insulin stimulates synthesis of fatty acids and glycogen, promotes
mitochondrial function, improves microcirculation and induces cell proliferation [1,2].
Insulin resistance is a condition whereby insulin-induced glucose uptake is impaired in the
insulin-sensitive tissue. The failure is a result of inhibition of the insulin signaling pathway.
It is believed that insulin resistance leads to hyperinsulinemia when f-islets produce a large
amount of insulin in an effort to control of blood glucose. In contrast to type 1 diabetes that
exhibits hyperglycemia and hypoinsulinemia, type 2 diabetes often exhibit hyperglycemia
and hyperinsulinemia. Insulin resistance is the primary cause of type 2 diabetes and it occurs
many years before type 2 diabetes starts in human. Several factors have been proposed to
explain the mechanisms of insulin resistance. These include: (a) obesity; (b) inflammation;
(c) mitochondrial dysfunction; (d) hyperinsulinemia; (e) lipotoxicity/hyperlipidemia; (f)
genetic background; (g) endoplasmic reticulum (ER) stress; (h) aging; (i) oxidative stress; (j)
fatty liver; (k) hypoxia; (1) lipodystrophy; (m) pregnancy. Many of these factors are
associated with obesity and aging, which are the major risk factors for insulin resistance in
the general population. Here, obesity-associated factors will be discussed in detail with a
focus on inflammation, mitochondrial dysfunction, and hyperinsulinemia. In addition, aging,
gene background, hyperlipidemia, ER stress, oxidative stress, hypoxia and pregnancy will be
discussed for their possible roles in the pathogenesis of insulin resistance. Both supporting
and conflicting evidence will be reviewed for each hypothesis or concept.

Inflammation and insulin resistance

In obesity, there is a chronic and low grade inflammation that is involved in the
pathogenesis of several chronic diseases, such as type 2 diabetes, hypertension,
atherosclerosis, fatty liver, cancer, asthma, and sleep apnea. Inflammation is a physiological
process characterized by elevated number of white blood cells or increased levels of pro-
inflammatory cytokines in the circulation or tissue. In general, inflammation is required for
organ remodeling, tissue repairing, wound healing and immunity against infections.
Inflammation is a protective reaction in the body to control the harmful insults and to initiate
the healing process. Over reaction of inflammatory response usually leads to multiple side
effects such as tissue injury and organ dysfunction. Obesity-associated inflammation starts
in adipose tissue and liver with elevated macrophage infiltration and expression of pro-
inflammatory cytokines. The pro-inflammatory cytokines enter the blood stream to cause
systemic inflammation. In obesity, inflammation has both beneficial and detrimental effects

3].

The history of obesity-associated inflammation is more than 100 years with the first
observation that blood glucose was reduced by the anti-inflammation drug aspirin in type 2
diabetic patients a century ago [4]. Fifty years ago, fibrinogen was reported to be elevated in
the circulation of obese patients. In 1993, an increase in pro-inflammatory cytokine, TNF-a,
was found in the adipose tissue of obese mice in association with insulin resistance [5],
which opens the current page in the study of obesity-associated inflammation. Then, C-
reactive protein (CRP), interleukin 6 (IL-6), plasminogen activator inhibitor-1 (PAI-1) and
many other inflammation mediators were found in the plasma of obese patients or animals in
the last decade [6,7]. In addition, activities of signaling molecules in the inflammatory
pathways such as 1kBa kinase B (IKKf) and c-Jun N-terminal kinase 1 (JNK1) were found
to be activated in adipose tissue and liver [8,9]. Those intracellular signaling pathways are
activated in obesity by TNF-a, free fatty acids, diaglyceride (DAG), ceramide, ROS and
hypoxia [10]. TNF-a acts through its p55 receptor to inhibit IRS-1 in the insulin signaling
pathway [11]. Activation of IKKf and JNK1 involves in IRS-1 inhibition by TNF-a
[8,12,13]. In addition, TNF-a also inhibits PPARY function in the induction of insulin
resistance in adipose tissue [14,15].
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The IKKB/NF-xB pathway is a dominant inflammation signaling pathway that is extensively
studied in cancer and immunology fields. The serine kinase IKK has three major isoforms
including IKKa (IKK1), IKKB (IKK2) and IKKYy, which form an enzyme complex in the
cytosol [16]. Of the three IKK isoforms, IKKp catalyzes IxBa phosphorylation, which
makes the IxBa protein ubiquitination and then degradation in proteasome. As a result, NF-
kB translocates from cytoplasm into nucleus to induce gene expression. IKKp is able to
inhibit insulin signaling by phosphorylation of IRS-1 at multiple serine residues including
Ser307 and Ser270 in adipocytes [12,17].

In the INK-AP1 pathway, JNK (c-JUN N-terminal kinase), a ubiquitous serine kinase, is
extensively studied in cancer for carcinogenesis and apoptosis. The activity of JINK was first
found in the pathogenesis of insulin resistance for phosphorylation of IRS-1 S307 (S312 in
human), which inhibits the insulin signaling pathway in response to TNF-a signal [13,18].
JNK has several isoforms including JINK1, JNK2, and JNK3. JNK regulates gene expression
through activation of transcription factor AP-1. In the JAK/STAT pathway, STAT (signal
transducer and activator of transcription) is a latent transcription factor in the cytoplasm and
the activation requires tyrosine phosphorylation by JAK kinases, which induces dimerization
and translocation of STAT to the nucleus. STAT3 is closely related to obesity as it is
activated by IL-6, leptin, and IL-10. The pathway regulates metabolism through central and
peripheral mechanisms.

Inflammation inhibits the insulin signaling activity in adipocytes and hepatocytes through
several mechanisms. The first is inhibition of IRS-1 (insulin receptor substrate 1) and insulin
receptor in the insulin signaling pathway [19,20]. IRS-1 receives signals from insulin
receptor in the insulin signaling pathway. The second is inhibition of PPARy function
[15,20]. PPARY is a nuclear receptor that drives lipid synthesis and fat storage in cells. Its
activity is dependent on ligands, which include long chain fatty acids and thiazolidinedione
(TZD). It induces expression of enzymes or proteins in lipogenesis or storage through
transcriptional activation. Reduction of PPARY activity contributes to insulin resistance. The
third is to increase plasma free fatty acid (FFA) through stimulation of lipolysis and
blocking TG synthesis [1]. The three pathways mediate these effects of inflammation. These
effects are primarily observed in adipose tissue and liver. Muscle insulin action is not
sensitive to inflammation.

In obesity, several alterations contribute to the initiation of chronic inflammation, such as
ER stress, adiponectin reduction, leptin elevation, adipocytes death, macrophage infiltration
and lipolysis [3]. Adipose tissue hypoxia has been proposed as a common root for all of
these changes [10]. Hypoxia may directly or indirectly induce expression of pro-
inflammatory cytokines in fat. Elevation of pro-inflammatory cytokines in fat and
circulation has been documented in obesity in other reviews [6,7]. The representative
cytokines include TNF-a, IL-1, IL-6, MCP-1 and PAI-1. Cytokine was originally used as a
term for a secreted protein that mediates signals among immune cells (T cells, B cells and
macrophages) by interaction with a specific cell membrane receptor. They are different from
hormones since they mainly act in the paracrine manner to regulate cell proliferation,
differentiation and metabolism. It is hard to separate cytokine from hormone in many cases,
such as leptin and adiponectin. Cytokine that is predominantly produced by adipocytes is
called “adipokines.” Functions of pro-inflammatory cytokines are complex in obesity
including inhibition of adipocytes [21-23], stimulation of angiogenesis, fuel mobilization,
induction of energy expenditure [24-28] and suppression of food intake [26,29]. These
activities are required in the control of energy balance in the body.

Macrophage infiltration is enhanced in the adipose tissue in obesity [30-33]. Macrophage is
derived from monocyte and controls local inflammatory responses in tissue. Adipose tissue
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macrophage (ATM) is much more active than adipocytes in the production of TNF-a and
other pro-inflammatory cytokines [30-33]. Inhibition of macrophage by TZDs was found to
enhance insulin sensitivity [34,35]. Macrophage infiltration is regulated by chemokines and
debris of dead cells. ATM is divided into two types, M1 and M2. An increase in M1 and
decrease in M2 were found in adipose tissue of obese mice [34,36]. M1 promotes
inflammation and M2 inhibits inflammation in general [37,38]. M1 macrophages express a
high level of interleukin 12 (IL-12), inducible nitric oxide synthase (iNOS or NOS2), and
major histocompatibility complex (MHC) class Il expression [37,38]. M1 has low level of
arginase and IL-10. M2 macrophages have an anti-inflammatory and angiogenic
phenotypes. M2 macrophages develop in response to IL-4 and IL-13. M2 macrophages
express lower levels of IL-12, iNOS and MHC class 1. M2 macrophages produce a high
level of anti-inflammatory cytokine IL-10, and arginase that depletes NO donor arginine.
TZD reduces M1 and increase M2 in obese mice [34], suggesting a role of M2 in the
improvement of insulin sensitivity by TZD.

Emerging evidence suggests that macrophages have beneficial effects in adipose tissue.
Macrophages are required for adipose tissue remodeling and adipogenesis. These activities
of macrophages are found in adipose tissue growth in lean mice [39,40]. In addition,
macrophages regulate vasculature and extracellular matrix remodeling through secretion of
angiogenic factors [41,42] and collagenase. They also regulate blood flow by production of
vasodilator, such as NO. M1 macrophages produce a large amount of NO by expression of
iNOS. Additionally, macrophages may serve to clean the cell debris of dead adipocytes in
the adipose tissue [43].

In obesity, liver inflammation is associated with hepatic steatosis (fatty liver), a result of
lipid accumulation in hepatocytes. Pro-inflammatory cytokines and Kupffer cell (liver
macrophages) accumulation are elevated in the inflammatory response. Although these
cytokines are known to block the insulin signaling pathway in hepatocytes, the biological
significance of flammation remains to be the in investigated. Inflammation may also have
beneficial effects in liver in terms of regulation of metabolism. Remodeling of extracellular
matrix is required in the maintenance of hepatocyte function during liver expansion. IL-6
promotes hepatocyte proliferation that is required for hepatocyte regeneration to replace the
injured hepatocytes [44].

Liver inflammation may be a feedback response in an effort to attenuate lipid accumulation
in hepatocytes. One possibility is to enhance conversion of fatty acid into glucose in hepatic
gluconeogenesis, in which fatty acid-derived acetyl-CoA is used as building materials in the
production of glucose. The gluconeogenesis is normally inhibited by insulin and is enhanced
under insulin resistance. Inflammation induces hepatic insulin resistance to promote
gluconeogenesis. IKKp overexpression in liver led to hepatic inflammation and hepatic
insulin resistance [45]. IKKP knockout in liver reduced inflammation and protected mice
from insulin resistance [46]. In this way, inflammation protects liver from steatosis by
stimulation of lipid utilization in hepatocytes. Gluconeogenesis is one approach to enhance
lipid utilization. However, this possibility remains to be proved.

Though inflammation is well documented in the pathogenesis of insulin resistance in the
literature, inflammation is not a good target in the treatment of insulin resistance [3]. This
conclusion is supported by following facts: (a) Anti-inflammatory therapies failed to
generate a satisfactory result in improving insulin sensitivity in most clinical trials although
the hyperglycemia parameters were improved in some trials [3]; (b) Inflammation did not
impair insulin sensitivity in multiple models of transgenic mice with chronic inflammation
[27,47,48]; (c) Elevated plasma IL-6 (pro-inflammatory cytokine) is associated with
improved insulin sensitivity in physical exercise [49]; (d) Pro-inflammatory cytokines
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induce energy expenditure and inhibit food intake in the study of cachexia [50], which
favors insulin sensitivity; (e) Inflammation is an energy-consuming process in the body’s
defense against tissue injuries and pathogen infection [51]. Inflammation promotes negative
energy balance. (f) Negative energy balance in the body has been known for long time to
improve insulin sensitivity in the models of exercise, calorie restriction and weight loss
[52,53]. Those classical and new studies have formed a challenge to the foundation of
inflammatory theory.

Mitochondrial dysfunction and insulin resistance

Mitochondrial dysfunction is defined as reduction in mitochondrial number, density or
function. As mitochondria is a primary subcellular organ for oxidation and metabolism of
fatty acid and glucose, a reduction in mitochondrial function may contribute to FFA and
lipid accumulation in favor of insulin resistance [54]. Although the hypothesis explains the
association of improved mitochondrial function and insulin sensitivity in the models of
physical exercise in humans and rodents [55], most exiting evidence suggests that
mitochondrial dysfunction is a result of insulin resistance [56-58], instead of a cause of
insulin resistance [59]. The evidence includes: (a) Insulin stimulates mitochondrial
biogenesis [60,61]; (b) Mitochondrial number and function was not changed after
improvement of insulin sensitivity from weight loss [59]; (c) Enhanced mitochondrial
function in -oxidation led to insulin resistance, and inhibition of f-oxidation with
pharmacological inhibitors (etomoxir or oxfenicine) prevented the lipid-induced insulin
resistance in rodents [57,58]; (d) Decreased mitochondrial function was associated with
better insulin sensitivity and increased mitochondrial function induced insulin resistance in
transgenic mice [57,58]; () In healthy human subjects, lipid infusion-induced insulin
resistance was associated with enhanced mitochondrial f-oxidation [62,63]; (f) Insulin
sensitizing agents (TZDs, metformin and berberine, etc.) all inhibited mitochondrial function
of ATP production in cellular models [64-67]. Those lines of evidence support that
mitochondria over activation in obesity may cause insulin resistance (Fig. 1). Thisis a
strong argument about the role of mitochondrial dysfunction in the pathogenesis of insulin
resistance.

Hyperinsulinemia and insulin resistance

Hyperinsulinemia means a constant high level of plasma insulin in the fasting condition.
Although it is generally accepted that hyperinsulinemia is resulted from insulin resistance,
studies also suggest that a high level of insulin may lead to insulin resistance, especially in
the presence of fatty acid [1]. Insulin resistance is associated with hyper-insulinemia. It has
been more than 30 years that insulin resistance is considered as a result of hyperinsulinemia,
which represents a body’s effort to prevent hyperglycemia. However, hyperinsulinemia also
induces insulin resistance. The insulin signaling pathway has a negative feedback loop to
control the pathway activity precisely in response to insulin stimulation [1]. This loop is
activated by insulin signal to avoid activation insulin-induced stress responses [1]. This
mechanism has received consistent support from human and animal studies [1,68,69].

Hyperinsulinemia is derived from either over production or decreased clearance of insulin in
obesity (Fig. 2). The balance of insulin production rate and insulin clearance rate determines
plasma insulin level. p cells in the pancreatic islets are the only source of insulin. In obesity,
{3 cells function is enhanced and the cell number is increased in the pancreatic islets during

the weight gain [1,69]. These changes are related to the stimulation of 3 cells by fatty acids/
glucose [1,69]. Leptin resistance in 3 cells may contribute to over production of insulin by
cells [70]. Leptin inhibits insulin production in  cells [71]. In B-cell-specific leptin receptor
knockout mice, this inhibition was abolished, and hyperinsulinemia was observed [70]. The
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mice first exhibited hyperinsulinemia, and then developed insulin resistance [70]. The study
provides an excellent answer to the hyperinsulinemia in leptin resistant mouse models, such
as ob/ob mice (leptin deficient) and db/db mice (leptin receptor deficient). Other evidence in
this line includes that mice with extra copies of the insulin gene had two to four-fold of
insulin elevation in blood [68]. The mice were normal in weight but with insulin resistance,
hyperglycemia, and hypertriglyceridemia. In rats and humans, escalating doses of insulin
induced both hyperinsulinemia and insulin resistance [68]. In contrast, reduction of insulin
production in § cells by decreasing insulin gene dose prevented insulin resistance in mice on
high fat diet in a recent study [72]. Those studies consistently support that over production
or supply of insulin leads to hyperinsulinemia, and causes insulin resistance in human and
animal models. The mechanism is inhibition of IRS-1/2 function after activation of the
negative feedback loop in the insulin signaling pathway [1].

Insulin clearance occurs in liver and Kidney [73]. Both organs produce glucose as well in the
control of blood glucose. Insulin life is about 2-4 min in the blood. In the process of insulin
clearance, insulin is bound to its cell membrane receptor and degraded by insulin degrading
enzyme in the cytosol after internalization [73]. In this way, liver and kidney each remove
50% of insulin in the blood stream. The clearance is dependent on the insulin receptor and
insulin degrading enzyme. When these two molecules are deficient from gene inactivation in
mice, insulin clearance will be blocked leading to hyperinsulinemia [74-76]. In those mice,
insulin resistance and type 2 diabetes were reported, and the mechanism was attributed to
the hyperinsulinemia. Those studies strongly suggest that impairment of insulin clearance
may cause insulin resistance as a consequence of hyperinsulinemia.

Production of glucose is a major function of the liver in the maintenance of homeostasis of
blood glucose in the fasting condition. A failure in this function contributes to
hypoglycemia. Glucose production by the liver is inhibited by insulin in fed condition.
When the liver develops insulin resistance, the liver will keep producing glucose in both fed
and fasting conditions leading to hyperglycemia. Liver function is important in the control
of homeostasis of blood glucose.

Other risk factors for insulin resistance

Aging

Insulin resistance has a high prevalence in aging people. This is related to increased
prevalence of central obesity in aging population. Imbalance of sex hormone and lack of
physical exercise contribute to the central obesity in aging people. Removal of visceral fat is
able to prevent insulin resistance in aging [77]. Other factors that increase risk of insulin
resistance in aging include free radical that leads to oxidative stress in aging, and
mitochondrial dysfunction [54,78,79]. Oxidative stress and mitochondrial dysfunction have
been used to explain insulin resistance in aging [54,78,80]. However, those hypotheses
remain to be proved. A new hypothesis may be required. In this regard, the energy-centered
hypothesis is promising. In aging, energy (ATP) demand is reduced from less physical and
mental activities. This leads to relative energy surplus. ATP may induce insulin resistance
by inhibiting the AMPK pathway.

Genetic background

Insulin resistance is determined by multiple factors. However, the gene background is a key
factor. This is supported by several lines of evidence. The first is that insulin resistance
patients are often associated with family history of type 2 diabetes. The second is high risk
of insulin resistance in certain ethnic population in epidemiology study. In US, black
Americans and Pima Indians have a higher risk of insulin resistance than Caucasians
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Americans. In Asian countries, Indian and Chinese are also at high risk of insulin resistance.
Although central obesity, mitochondrial dysfunction, hypoadiponectinemia and
inflammation may contribute to the high risk of insulin resistance, increased ATP production
in muscle may be a new mechanism. This possibility is supported by the association of high
ATP production and high susceptibility to insulin resistance in the Asian Indians [81].

Free fatty acid (FFA, also called non-esterified fatty acid) is a risk factor of insulin
resistance [82—84]. Plasma FFA is usually increased in fasting condition and decreased after
meal in the physiological condition. The plasma level of FFA is tightly controlled by insulin.
When FFAs is persistently maintained at a high level, it leads to systemic insulin resistance
and type 2 diabetes. This condition is often observed in patients with a high risk of type 2
diabetes [85]. Lipodystrophy and adipose tissue dysfunction contribute to the FFA elevation
[86,87]. In healthy people, FFA elevation from lipid infusion induces insulin resistance in
skeletal muscle [63]. In the mechanism, FFAs may suppress IRS-1 through activation of the
negative feedback loop of the insulin receptor pathway [1]. Two intermediate metabolites of
FFAs (DAG and ceramide) are involved in the inhibition of insulin sensitivity. Reduction of
DAG and Ceramide in the skeletal muscle by physical exercise is able to improve insulin
sensitivity [88]. | propose that FFAs may act through induction of mitochondrial -
oxidation, which yields a large amount of ATP and acetyl-CoA. This possibility is supported
by that activation of mitochondrial function in f-oxidation led to insulin resistance, and
inhibition of B-oxidation with pharmacological inhibitors (etomoxir or oxfenicine) prevented
insulin resistance in rodents [57,58]. Although some studies suggest that activation of 3-
oxidation protects insulin sensitivity [89,90], the mechanism might be release of energy in
heat that prevents excessive ATP production. If ATP level is elevated in cells, AMPK
activity will be inhibited leading to insulin resistance [91]. Activation of AMPK represents a
promising approach for improvement of insulin sensitivity [92].

FFA elevation is often associated with hyperlipidemia, which is a risk factor of insulin
resistance. Hyperlipidemia includes an increase in cholesterol, FFA, and TG in the plasma.
These lipid indicators are normally downregulated by insulin. When insulin resistance
happens, one or more of these parameters will increase in the blood. Insulin stimulates
uptake of FFA by liver and adipose tissue, and conversion of FFA into TG. Insulin also
induce uptake of TG in lipid protein by adipocytes. When adipose tissue lost response to
insulin, the levels of FFA and TG will increase in the blood.

FFA was considered to induce insulin resistance through induction of inflammation. FFA,
such as palmitate (saturated FFA) and linoleic acids, was reported to induce activation of
IKK/NF-xB pathway through an interaction with Toll-like receptor 4 (TLR4) [93-95].
TLR4 is a cell membrane receptor for endotoxin (LPS) in macrophages and adipocytes.
Alternatively, FFA was proposed to induce inflammation after conversion into DAG or
ceramide, which are intracellular signaling molecules [96,97]. DAG is an endogenous
activator for PKC (protein kinase C), which activates IKKs and JNKs. DAG is generated as
an intermediate product in cells during triglyceride biosynthesis. However, a consensus
about relative significance of this inflammatory pathway remains to be established in vivo
for FFA. The major challenge is the disassociation of FFA level with inflammation in the
fasting condition, where plasma FFA is high and inflammation is low. In addition,
inflammation is observed without FFA elevation in plasma in diet-induced obese mice.

Endoplasmic reticulum stress

Endoplasmic reticulum (ER) stress was first found to induce chronic inflammation in
obesity by activating JNK [98]. It was then reported as a risk factor of insulin resistance [99]
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and leptin resistance in obesity [100]. ER is a membranous network that functions in the
synthesis and processing of secretory and membrane proteins. Accumulation of unfolded or
misfolded proteins is a major cause of ER stress [101]. ER stress is also called the unfolded
protein response (UPR). ER stress is induced by many factors that inhibit protein folding,
such as glucose or nutrient deprivation, viral infections, hypoxia, and lipids [101]. In
obesity, ER stress may improve insulin sensitivity in liver by activation of p38 MAP kinase
[102]. Inhibition of ER stress by chemical drugs is shown to improve insulin sensitivity in
obese mice [103]. Although the ER stress hypothesis is supported by strong evidence in
animal models, the relevance of ER stress to human insulin resistance remains unclear.

In clinic, obstructive sleep apnoea (OSA, sleep apnea) is associated with insulin resistance in
obese subjects [104]. The syndrome of OSA is characterized by recurrent collapse of the
upper airway during sleep leading to periods of intermittent hypoxia (IH) and fragmentation
of sleep. The prevalence of OSA is 40% to 60% in obese subjects. OSA increases risk of
insulin resistance, hypertension, coronary artery disease and stroke. Systemic hypoxia was
proposed as a risk factor for insulin resistance in patients with sleep apnea. This line of
evidence suggests the role of hypoxia in the pathogenesis of insulin resistance. In a recent
study, acute systemic hypoxia was shown to induce insulin resistance in lean mice [105].
The insulin resistance was examined with insulin clamp techniques. The result suggests that
hypoxia may not act through liver for insulin resistance since hepatic glucose output was not
changed by hypoxia in mice. The study excludes the role of autonomic nervous system
(ANS) in the hypoxia-induced insulin resistance in OSA. Our study suggests that local
hypoxia may contribute to the inflammatory response in adipose tissue [106].

Oxidative stress

Summary

Oxidative stress is a result of mishalance between production and disposal of reactive
oxygen species (ROS). ROS is mainly generated in mitochondria during oxidation of fatty
acid or glucose for ATP or heat production. ROS is required for normal signal transduction
in cells [107]. However, ROS over production will induce oxidative stress. In obesity,
oxidative stress occurs from oversupply of fatty acid and glucose to mitochondria since
obesity is often associated with hyperlipidemia and hyperglycemia. In cells, oxidative stress
is induced by fatty acid such as oleic acid [108-110], and glucose [111-113]. Hypoxia also
induces ROS [114,115]. Under hyperglycemia, advanced glycation end products (AGE) or
lipoxidation end products are oxidants in vivo [116].

Oxidative stress has been proposed to play a role in insulin resistance in aging and in type 1
patients with uncontrolled hyperglycemia [112,117]. ROS has been reported to inhibit
insulin signal transduction by activation of PKC, JNK and NF-xB [112]. ROS also mediates
TNF-a and glucocorticoid signal in insulin resistance [80]. The observation was made in
cellular models [80,118]. This hypothesis is challenged by the disassociation of ROS and
insulin resistance in exercise models, in which muscle contraction generates more ROS and
insulin sensitivity is not reduced in exercise. In contrast, insulin sensitivity is enhanced by
exercise [119]. Autophagy was reported to mediate exercise signal to improve insulin
sensitivity in muscle [120].

Insulin resistance is a target in the treatment of type 2 diabetes. However, the treatment is
limited by our knowledge on insulin resistance. Although there have been several
hypotheses for the pathogenesis of obesity-associated insulin resistance, none of them has
led to development of effective drugs or therapies. Instead, the effective drugs and therapies
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have led to development of this energy-centered view of insulin resistance. Inflammation
occurs in obesity and associates with insulin resistance. Anti-inflammatory therapies have
been tested in many clinical trials, but the efficacy is poor in the improvement of insulin
sensitivity [3]. This result might be due to incomplete understanding of metabolic activities
of inflammation. Recently, more data suggest that inflammation has beneficial effects on
obesity in addition to its detrimental effects [3]. Mitochondrial dysfunction exists in aging
patients with type 2 diabetes. However, recent studies consistently suggest that
mitochondrial over activation actually induces insulin resistance, in which ATP blocks
AMPK activity (Fig. 1). Similarly, prevention of hyperinsulinemia is able to improve insulin
sensitivity. Insulin stimulates ATP production in mitochondrial to inhibit AMPK activity
under hyperinsulinemia in obesity. Although oxidative stress, ER stress, fatty liver, hypoxia
and lipodystrophy are closely associated with obesity and insulin resistance, they may not
directly contribute to insulin resistance. Author believes that ATP surplus is the most
relevant risk factor for insulin resistance (Fig. 1). The energy surplus signal is mediated by
ATP that induces insulin resistance by inhibiting AMPK signaling pathway. We believe that
suppression of ATP production in mitochondrial is a promising approach in the treatment of
insulin resistance. This possibility is supported by the fact that most insulin sensitizing
medicines are able to inhibit ATP production in mitochondria (Fig. 1) [122]. This conclusion
provides a unifying mechanism for insulin resistance in obesity and aging. It also explains
insulin sensitivity in response to weight loss, exercise, and caloric restriction where energy
surplus is attenuated.
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Fig. 1.

Mitochondria over activation in the pathogenesis of insulin resistance. In obesity, lipids
induce mitochondrial over activation by boosting fatty acid -oxidation to enhance energy
disposal especially in muscle, liver and brown fat. As a result, a large amount of ATP is
generated from the fatty acid catabolism if the extra energy cannot be released in heat. When
ATP level exceeds the threshold, the energy surplus will trigger a negative feedback reaction
to attenuate the substrate-induced mitochondrial function. In the mechanism, ATP
inactivates AMPK to reduce insulin-induced glucose uptake in order to decrease ATP
production. In this model, insulin resistance represents a cellular protective mechanism that
is aimed to control the ATP stress response in the muscle and liver. Insulin-sensitizing
agents rescue the tissue from insulin resistance by inhibiting mitochondrial B-oxidation.
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Hyperinsulinemia in obesity.
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