
Introduction
 Whole-body energy homeostasis requires a balance between food 
intake and energy expenditure. Glucose and fatty acids are major 
sources of energy. Cellular and systemic glucose metabolism is pre-
dominantly maintained by insulin and glucagon. After feeding, glu-
cose enters the bloodstream through the gut and arrives at the pan-
creas where it stimulates insulin secretion from pancreatic beta cells. 
Insulin is an endocrine hormone that acts on peripheral tissues such 
as skeletal muscle, adipose tissue, and the liver. Therefore, insulin 
increases glucose uptake in adipocytes and myocytes and suppresses 
hepatic glucose production (via gluconeogenesis) while promoting  
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hepatic glycogenesis and lipogenesis. Moreover, insulin inhibits li-
polysis (lipid metabolism) in white adipose tissue (WAT), which re-
sults in a decrease in free fatty release from WAT. Conversely, during 
fasting, when blood glucose levels are low, glucagon is released from 
pancreatic alpha cells to maintain normal blood glucose levels. Glu-
cagon is an endocrine hormone, which elevates blood glucose levels 
by promoting hepatic glucose production using gluconeogenesis and 
glycogenolysis. Decreased circulating insulin and increased glucagon 
levels during fasting promote lipolysis in WAT and release free fatty 
acids into the bloodstream to provide energy substrate to such tissues 
as the heart and skeletal muscles. Thus, insulin and glucagon act mu-
tually antagonistically to maintain whole-body energy homeostasis 
at cellular and systemic levels during feeding and fasting conditions.

 Most eukaryotic cells use glucose as a primary source of energy. A 
certain amount of glucose is needed for cells’ functioning. However, 
elevated glucose levels can be toxic. Glucose metabolism is tight-
ly regulated and coordinated at cellular and systemic levels. At the 
physiological level, glucose metabolism is regulated by the endocrine 
action of polypeptide hormones, such as insulin and glucagon. At the 
cellular level, it is regulated by energy sensors, involving AMP-Ac-
tivated Protein Kinase (AMPK), sirtuin, and mTOR pathways. De-
fects in any of these pathways can lead to the deregulation of glucose 
metabolism and eventually result in the development of diabetes. 
Cellular bioenergetics plays a crucial role in maintaining systemic 
glucose homeostasis. Excess glucose present in the circulation can 
lead to harmful effects. Elevated blood glucose levels after the meal 
cause pancreatic beta cells to increase glucose uptake and metabolize 
it to generate ATP through oxidative phosphorylation. The resulting 
elevated ATP/ADP ratio works as an important signal responsible for 
secretion of insulin by beta cells [1,2]. Thus, insulin instructs meta-
bolic organs to respond to elevated blood glucose levels and restore 
the optimum concentration, which is critical since both hypoglycemia 
and hyperglycemia can cause major complications. Insulin not only 
promotes glucose uptake in target tissues, but also regulates mito-
chondrial function. Insulin increases mitochondrial oxidative capac-
ity, mitochondrial biogenesis, and coupling efficiency of oxidative 
phosphorylation [3,4]. Insulin also regulates the molecular clocks to 
the circadian rhythm of the fasting/feeding cycle [5].

 Chronic overnutrition leads to mitochondrial dysfunction and In-
sulin Resistance (IR). Nutrient mismanagement causes the accumula-
tion of lipid intermediates such as Diacylglycerol (DAG) and/or ce-
ramides causing inflammation and Reactive Oxygen Species (ROS) 
in muscle. These intermediates are harmful to cellular function and 
can cause mitochondrial dysfunction. Therefore, mitochondria play 
a crucial role in maintaining a well-balanced nutrient metabolism. 
Impaired glucose utilization manifests, for example, as lower insulin 
sensitivity in muscle [6].

 Energy availability is fundamental to survival. When energy 
sources become unavailable, IR can become an adaptation that pro-
motes survival. It can prevent glucose utilization by peripheral tissues 
to make sufficient amounts of glucose available for brain metabo-
lism. IR also occurs during normal physiological processes, such as  
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Abstract
 There is a fundamental connection between mitochondrial func-
tion, bioenergetics and insulin signaling. The dysfunction of mito-
chondria plays a causative role in metabolic and chronic diseases 
due to bioenergetic capacity impairment. In turn, insulin resistance 
is a major pathophysiological basis for type 2 diabetes, other meta-
bolic syndromes and cardiovascular disease. Insulin resistance and 
hyperinsulinemia is increasingly recognized as being correlated with 
accelerated cognitive decline and Alzheimer’s disease, as well as 
cancers of reproductive and gastrointestinal tissues. The connection 
between insulin resistance and mitochondrial dysfunction indicates 
their fundamental involvement in chronic diseases of aging. In this 
paper we provide an up-to-date review of insulin resistance and its 
connections to a number of pathologies as well as phases of insulin 
resistance progression.
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puberty, pregnancy, and physical/physiological stress, where it may 
help the body conserve energy. Following a periodic cycle, such as 
the feeding/fasting cycle, IR is a healthy event playing a critical role 
in healthy physiology and metabolic flexibility. However, patholog-
ical IR contributes to the onset of chronic diseases of aging such as 
Alzheimer’s Disease (AD), accelerated cognitive decline, heart and 
vascular disease, and various types of cancer.

 Insulin is involved in approximately 1700 signaling pathways, 
many of which are intertwined. Insulin signaling pathways promote 
cell survival, growth and replication, when nutrient availability is 
balanced with the capacity of bioenergetic machinery, i.e. healthy 
mitochondria. When an imbalance arises, numerous stress pathways 
are activated. Other mechanisms, such altered composition of gut mi-
crobiota and disruptions to the synchronization of circadian cycles 
may contribute to IR and can be major mediators of metabolic stress 
responses.Five major related defects in insulin signaling have been 
identified as: (1) overactive adipose tissue lipolysis, (2) pancreatic 
alpha cell hypersecretion of glucagon, (3) renal tubule hyper reab-
sorption of glucose, (4) impaired postprandial secretion of intestinal 
incretins, and (5) insulin resistance  in the brain [7].

 Insulin has important roles in lipid metabolism suppressing adi-
pose lipolysis, stimulating hepatic lipid synthesis, and inhibiting liver 
conversion of lipids into ketones. In insulin resistant states, the ability 
of insulin to promote energy storage is impaired. When peripheral 
tissues become insulin resistant, impaired glucose uptake contributes 
to postprandial hyperglycemia (e.g., glucose intolerance).The devel-
opment of IR in the liver often leads to uncontrolled hepatic glucose 
production. Increased flux of fatty acids and glycerol from insulin 
resistant adipose tissue accompanying high circulating insulin levels 
drive the paradox of hepatic insulin resistance with increased lipid 
synthesis in the liver.

 Adipose tissue is the central endocrine “organ” regulating met-
abolic homeostasis and hence overall health. As obesity develops, 
healthy expansion of adipose tissue can preserve insulin sensitivity 
and metabolic health. However, when adipose tissue becomes hypox-
ic, inflamed, and unable to efficiently store the excess lipid, IR and 
metabolic syndrome develops. Lipids then accumulate in non adipose 
tissues, forming ectopic fat deposits mainly in the liver, skeletal and 
cardiac muscle, pancreas, and the brain. They become a major cause 
of inflammation, mitochondrial dysfunction, and lost synchronization 
of circadian insulin signaling within and between organs and tissues 
of the body. Obesity is a major aspect of the insulin-insensitive adult 
form of diabetes with central abdominal fat being an important risk 
factor for type 2 diabetes. Fat cell hypertrophy is responsible for im-
paired insulin sensitivity and carbohydrate tolerance [8].

 Regional distribution of central abdominal fat is connected to ad-
verse effects of lipid and glucose metabolism, including a risk of type 
2 diabetes [9]. Subcutaneous adipocyte size in the abdomen appears 
to be the best predictor of type 2 diabetes [10]. Overgrown adipocytes 
with impaired perfusion become dysfunctional, leading to hypoxia 
and inflammation [11-13]. These changes can be detected before the 
onset of IR [14] indicating that measurements of hypoxia and inflam-
mation can be useful in predicting IR and hence preventing type 2 
diabetes. Local insulin signaling is disrupted within the adipocyte, 
leading to hyperlipidemia and ectopic seeding of fat in organs and 
tissues that are not equipped to serve as lipid storing depots [15]. 
Abolishing localized insulin signaling in adipocytes leads to transient 
IR, fatty liver, high blood sugar, and high blood insulin. IR is a major  

pathophysiological basis for type 2 diabetes and other metabolic syn-
dromes, and Cardiovascular Disease (CVD) [7,16,17].

 The primary defect in insulin resistant tissue is that insulin is un-
able to promote glucose transport from the bloodstream into insu-
lin sensitive tissues [18-20]. This is supported by evidence that IR is 
linked with decreased mitochondrial size, reduced activity of mito-
chondrial enzymes, and decreased fatty acid oxidation [21-23] and 
lowered rates of mitochondrial ATP synthesis [24-26]. Consistently, 
type 2 diabetic patients exhibit low mitochondrial respiration [27,28]. 

 A direct correlation between IR and hypertension has been known 
for three decades [29]. Hypertension due to IR is linked to renal salt 
retention and atherogenic dyslipidemia and often leads to cardiovas-
cular disease. IR and hyperinsulinemia has been linked to procoagu-
lant and proinflammatory states, high blood levels of uric acid, ovar-
ian hyperandrogenism, central obesity, Polycystic Ovarian Syndrome 
(PCOS), obstructive sleep apnea, hepatic nonalcoholic steatosis, 
many gastrointestinal and reproductive tumors, Alzheimer’s disease, 
and non-Alzheimer’s disease dementias (Figure 1).

 The pathogenesis of total body IR in specific tissues may be a 
heterogeneous multi-factorial process. IR typically occurs in the pan-
creas as well as in areas in the brain where it can result in impaired 
satiety, contributing to obesity. Also, metabolic dysfunction in the 
hippocampus is linked to accelerated cognitive decline and AD when 
coupled with IR and type 2 diabetes.

 Genetics can predispose individuals to pathological IR, for ex-
ample lean, active adolescents with pathologically insulin resistant 
parents have mitochondria that are subtly dysfunctional [31], which 
can further cause skeletal muscle IR, hyperinsulinemia, and dysregu-
lation of insulin receptor function. Risk factors for IR and hyperinsu-
linemia include genetic susceptibility, visceral obesity, mitochondrial 
dysfunction, food additives, high dietary saturated fat, high glycemic 
load, high caloric intake and subclinical endotoxemia. IR is also a risk 
factor for oncogenesis mediated by inflammation coupled with the 
formation of reactive oxygen species. Consequently, oxidative modi-
fication of DNA can induce mutations, which may be carcinogenic.

Figure 1: Insulin resistance is implicated in various pathologies ranging 
from cardiovascular disease to cancer to organ damage to neurological 
changes [30]. PCOS = polycystic ovarian syndrome; NAFLD = non-alco-
holic fatty liver disease.
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First Phase: Skeletal Muscle Insulin Resistance
 Skeletal muscle is the primary tissue for IR. Skeletal muscle insu-
lin resistance is due to a defect in glycogen synthesis consequential to 
impaired Insulin-Stimulated Glucose Uptake (ISGU). The mitochon-
drial stage of glucose oxidation is more efficient than fatty acid oxi-
dation, which burns cleaner than fatty acids, defined by a lower ratio 
of oxygen consumption to ATP produced. When glucose cannot be 
oxidized in the mitochondria, there is overreliance on fatty acids, thus 
generating greater ROS-mediated redox stress and a core of self-am-
plifying loops characteristic of metabolic inflexibility.

 We call attention tofive core binary self-amplifying instability 
loops, which promote the “wear and tear”, or “physiological cost” 
of allostasis. Allostasis or stability through change, in terms of phys-
iology can be defined as stability of vital organ system functions that 
maintain homeostasis, mediated by the stress response, hormonal and 
sympathetic nervous system branches, and immune system parame-
ters. Accordingly, these are responsible for reducing stress resilience. 
The loops are listed below:

• Redox stress/mitochondrial dysfunction

• Mitochondrial dysfunction/insulin resistance

• Insulin resistance and hyperinsulinemia (between tissues)

• Redox stress/inflammation

• Inflammation/psychogenic stress

 The final loop underscores how the mind-body connection links 
to the interlocking cascades of the core instability loops in disease 
pathogenesis.

 Perceived (mental) stress induces the intrinsic allostaticstress re-
sponse mediated by the hormonal and autonomic branches arising 
from the midbrain and brainstem. Prolonged mental stress in turn in-
duces physical and circadian stress behaviors (poor diet, sleep and 
activity).When prolonged; both the extrinsic stress behaviors and the 
intrinsic allostatic physiology promote proinflammatory cytokines 
that reduce the threshold for the perception of stress, thus forming 
a feedforward self-amplifying loop, which may have its origins in 
either perceived stress or alternatively physical proinflammatory me-
diators. This is a multi-system pathological IR process with four main 
phases we discuss here, which can be temporally overlapping.

 Young, lean, insulin-resistant individuals demonstrate a decreased 
capacity for mitochondrial oxidation [31,32] with similar changes ob-
served in aged patients with insulin resistance [33]. This can lead to 
glucose tolerance driving hepatic lipogenesis and promoting hepatic 
steatosis [34] but can be significantly improved with exercise. Patients 
with congenital lipodystrophies lack fat tissue, but show marked lipid 
accumulation in the liver, which can be reversed with leptin therapy 
[35]. The resultant negative calorie balance leads to a reduction in ec-
topic lipid accumulation and improvements in insulin sensitivity [31]. 
Resistive exercise training, particularly in conjunction with novel 
approaches for enhancing carnitine availability to skeletal myocytes, 
appears promising for improving muscle insulin resistance [36].

 Importantly, it has been proposed that ceramides could be the 
‘new cholesterol’ playing the role of a biomarker in the prediction of 
heart disease and diabetes risk [37]. Total and Low-Density Lipopro-
tein (LDL) cholesterol, insulin resistance, visceral adiposity, type 2  

diabetes, and CVD are well correlated with blood ceramide levels 
[38-41]. The proinflammatory action of ceramides promotes ROS and 
the formation of oxidized LDL within atherosclerotic lesions. When 
ROS exceed a threshold such as with high levels of ceramides in vas-
cular endothelial and smooth musclecells, the physiological balance 
of vascular tone mediated by such regulators as nitric oxide, prosta-
cyclin, thromboxane A2, endothelial 1 and angiotensin 1, becomes 
interrupted and endothelial dysfunction ensues [42-45].

 The inflammatory nature of ceramides, characteristic of IR, caus-
es activation of endothelial cell-bound Toll-Like Receptor 4 (TLR-4) 
promoting inflammatory cytokines. Moreover, ceramides exacerbate 
the risk of major cardiac events such as fatal and non-fatal heart at-
tacks, sudden death, and stroke by promoting platelet activation and 
endothelial dysfunction due to the impairment of nitric oxide-medi-
ated vasodilation. Ceramide lowering strategies have been shown to 
improve IR and hyperinsulinemia manifestations of metabolic syn-
dromes and atherogenesis [46-51]. However, low ceramide levels 
cause a loss of metabolic homeostasis in tissues, which signifies a 
hormesis effect, that the mid-range is optimal while too little or too 
much may generate pernicious effects. Similar to adiposity, too little 
(lipodystrophy) or too much is detrimental to metabolic health.

 Adiponectin is one hormone that helps to regulate ceramide levels 
and energy homeostasis. It’s beneficial effects are largely due to its 
positive influence on the degradation of ceramide [52]. In the liver, 
adiponectin inhibits ceramide-mediated antagonism of insulin signal-
ing, and hyperglycemia. In skeletal muscle it improves ceramide-in-
duced impairment of glucose uptake and thus glucose intolerance. 
Excessive ceramide can promote mitochondrial dysfunction-mediat-
ed apoptosis in other tissues such as the heart, pancreas and brain to 
pathogenetically underpin cardiomyopathy, insulinopenia, diabetes, 
Alzheimer’s disease, and Parkinson’s disease.In the liver, skeletal 
muscle and ectopic sites of lipid deposits, adiponectin enhances fatty 
acid oxidation. Its inherently insulin sensitizing function highlights 
the dichotomy of metabolically healthy versus unhealthy obese phe-
notypes [53].

 The decreased capacity to oxidize fuels causes the accumulation 
of lipid mediators such as ceramides and DAG that leads to IR. A 
crucial mechanism that impairs substrate oxidation is based on the 
fact that too many electrons flood into the electron transport system in 
the mitochondria causing electron leakage towards oxygen and ROS 
formation. ROS oxidatively modify the molecular chemistry of mito-
chondria, further impairing bioenergetics with feedforward pathogen-
ic accumulation of reactive ceramide and DAG lipid species, induc-
ing insulin resistance.

 A critical feature in insulin resistance and type 2 diabetes is met-
abolic inflexibility.Healthy individuals can flexibly utilize fatty acids 
for energy during fasting or low glucose availability, and can switch 
to using glucose when available. However, type 2 diabetics do not 
have this degree of metabolic flexibility; they cannot easily switch 
from fatty acid oxidation to glucose oxidation [54].

 Classical views on metabolic flexibility are based on the ability of 
skeletal muscle to nimbly switch to carbohydrate from lipid oxidation 
as the fuel source for ATP production at the transition of the fasting to 
the feeding phase. According to a modern viewpoint, adaptable fuel 
sourcing in all metabolically flexible tissues is mediated by insulin 
and FOXO signaling (Figure 2).
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 In metabolically flexible individuals, meals can cause wide swings 
in the respiratory quotient (RQ) with relatively minimal changes in 
insulin secretion required to maintain normal blood glucose concen-
trations (euglycemia). With pathological transition to non-cyclical 
insulin resistance, these rhythms become desynchronized and metab-
olism becomes inflexible. A characteristic sign of pathological IR and 
type 2 diabetes is the loss of adaptive metabolic flexibility, such that 
mitochondrial enzymes cannot appropriately adjust to changes in nu-
trient source. RQ can be used to assess impairment of metabolic flex-
ibility in insulin-resistant muscle tissue [55]. As IR worsens, crosstalk 
between tissues becomes impaired.

Second Phase:  Systemic insulin resistance and hy-
perinsulinemia
 The second phase of IR progression leads to the thresholds of ir-
reversibility of the physiological changes as described in the Physi-
ological Fitness Landscape (PFL) model we recently proposed [56]. 
However, according to the PFL model, there is potential to raise these 
thresholds. This phase often may lead to oncogenic carcinogenesis, 
hepatic cirrhosis, and atherogenesis. IR/hyperinsulinemia promotes 
downregulation of insulin receptors leading to IR in the brain, in par-
ticular in the hypothalamus. This is linked to impaired satiety giving 
rise to morbid obesity. IR in the limbic system involving the hippo-
campus and emotional centers/amygdala can be a precursor to AD.

 Hyperinsulinemia drives lipogenesis in the liver potentiated by 
the influx of fatty acids coming in from visceral adipose stores of 
insulin resistant fat cell depots (i.e. exaggerated activation of lipo-
lytic activity), which together promotes hepatic steatosis. This is a 
sine qua non manifestation of hepatic and systemic IR, and the most 
common cause of liver cirrhosis as well as the basis for cholesterol 
and lipid abnormalities that drive atherogenesis. Excessive fat accu-
mulation in the liver overloads mitochondrial bioenergetic capac-
ity of the electron transport systems producing ROS and oxidative 
stress. This drives a positive feedback binary loop of mitochondrial  

dysfunction and redox/oxidative stress, which may lead to oncogenic 
mutations and hepatic carcinoma. Hyperinsulinemia stimulates mito-
genic pathways in tissue cells systemically. While insulin itself does 
not transform cells from a normal phenotype to the cancerous one, it 
promotes cell proliferation of existing cancer cells (including subclin-
ical cancers) of tissues in the reproductive, gastrointestinal and uro-
genital tracts. Moreover, these mitogenic pathways promote inflam-
mation, which in a feedforward loop of redox stress, may promote 
oncogenic mutations and cancer cell initiation.

 When the body is in a state of chronic IR, rescue programs for 
cell redox damage that typically occur during the daily cycle’s sleep 
phase become impaired. This, together with the additional loss of var-
ious forms of adaptive flexibility, causes disturbances in the temporal 
balance between redox and metabolic homeostasis such as disrupted 
regulation of glucose and lipid output from the liver. Consequently, 
excessive accumulation of ectopic lipids in tissues systemically leads 
to cellular dysfunction mediated by redox and inflammatory stress, 
which ultimately promotes the pathogenesis of IR and chronic disease 
[57].

 In some individuals, a propensity of islet dysfunction leads to de-
clines in insulin secretion that then bring about hyperglycemia and 
diabetes. This is particularly amplified as the organizational precision 
of the body declines with age, hence desynchronization of insulin 
secretion with fasting/feeding and sleep/wake cycles can result in 
pathogenic IR.Consequently, IR loses its periodic circadian rhythm 
and becomes associated with relative postprandial insulinopenia and 
fasting hyperinsulinemia. This compromised temporal organization 
across the organism is mediated by impaired bioenergetics of ATP 
production and a reduction in the Gibbs free energy that accompanies 
redox stress.

 Departure from a healthy dietary and consistent circadian life-
style promotes obesityand insulin resistance and makes the individual 
more susceptible to premature aging and chronic diseases. Obesity is 
often associated with dysfunction of adipose tissue. The capacity of 
adipose tissue to store lipids varies, dependent on the size and number 
of adipocytes, which in turn vary with sex, age, fitness and genetics, 
etc. When this capacity is exceeded, the overflow of free fatty acid 
from adipose tissue into the blood, and subsequently into ectopic tis-
sues, such as the liver and skeletal muscle leads to insulin resistance 
in liver and muscle [58].

 ROS and reactive nitrogen species (RNS), or free radicals of ox-
ygen- and nitrogen-containing molecules, can cause oxidative and 
nitrosative stress, respectively. Depending on the levels of each, it 
is possible for them to have either healthy or pathological effects 
(hormesis). Low to moderate levels of free radicals under regulated 
conditions promote healthy physiological effects, whereas excessive 
and uncontrolled levels of free radicals promote chronic disease and 
accelerated aging often associated with the metabolic disturbances, 
insulin resistance, and sometimes diabetes.An important molecular 
mechanism underlying the pathophysiology of oxidative stress that 
leads to chronic disease states of aging associated with IR and diabe-
tes is the nonenzymatic glycation of lipids and proteins. Exposure to 
sugars causes glycation of lipids at phospholipid groups and proteins 
at lysine/arginine amino acid groups. Both cases lead to the creation 
of Advanced Glycation Products (AGEs).Soluble, circulating protein 
AGEs or AGEs formed on collagen in the extracellular space bind 
to Receptor for AGEs (RAGEs) on endothelial cells of blood ves-
sels, peroneal cells, epithelial cells of the gut or reproductive tract,  

Figure 2: Under healthy conditions, cyclical insulin resistance is adaptive 
and promotes FOXO-mediated stress resistance programs with energy and 
redox homeostasis. Under pathologic conditions of insulin resistance, a 
lack of insulin causes FOXO to be constitutively activated leading to an 
increase in hepatic glucose output, decreased glucose uptake in skeletal 
muscle, and decreased insulin secretion from the pancreas.
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cardiomyocytes, pancreatic beta cells, adipocytes, and immune cells. 
RAGEs promote the signal transduction of AGEs, which trigger in-
flammatory responses and cellular dysfunction. This is also a caus-
ative link between IR and atherosclerosis and cardiovascular disease 
[17] since ROS promote endothelial cell dysfunction by inhibiting en-
dothelial Nitric Oxide Synthase (eNOS) and Nitric Oxide (NO)-medi-
ated vasodilatation [59]. This results in hypertension.

 IR and hyperinsulinemia is also connected to cancer, in particular 
endometrial cancer, breast cancer in post-menopausal women [60] 
as well as renal cell, cervical, ovarian, breast, prostate, gallbladder, 
colorectal, gastric, esophageal, hepatocellular, non-Hodgkin’s lym-
phoma, and multiple myeloma [61]. Moreover, obesity at diagnosis 
of cancer signals a potential for a worse clinical outcome [62-64]. 
An integrative model [65] shows involvement of systemic insulin re-
sistance, hyperinsulinemia, type 2 diabetes, estrogens, inflammatory 
cytokines, hyperlipidemia, hyperglycemia, obesity, tumorigenesis, 
and cancer cell proliferation. Solid evidence has been provided for 
a cause-and-effect relationship between hyperinsulinemia and cancer  
[66] with a mechanistic cellular model linking insulin and IGF-1 to 
cancer cell growth [67]. Insulin and IGF-1 stimulate receptor sig-
naling through PI3K/Akt/mTOR and RAS/MAPK pathways, which 
promote cancer cell proliferation and/or survival, and increase tumor 
angiogenesis. In the setting of IR and coexisting hyperinsulinemia, 
hyperinsulinemia drives higher expression of Growth Hormone (GH) 
receptors in the liver. Another node in the insulin signaling pathway 
is the Ras-Raf-MAPK pathway, which plays important roles in cell 
regulation and mitogenesis and is responsible for tumorigenesis [68] 
and inflammatory effects in insulin-targeting tissues [69]. Moreover, 
obesity and insulin resistance/hyperinsulinemia directly promote can-
cer. Thus, the interwoven fabric of obesity, insulin resistance/hyper-
insulinemia and inflammation provide a foundational parameter for 
many cancers.The upregulation of insulin signaling in cancer cells 
promotes cell survival, growth and replication (Figure 3).

 The presence of hyperinsulinemia provides extracellular stimula-
tion that links cancer cells to the Warburg effect. This occurs when 
there is the preferential utilization of glucose to bioenergetically fuel 
cancer cell growth and proliferation via the glycolysis pathway, in 
the absence of oxygen consumption even when oxygen is available. 
Hyperinsulinemia linking cancer cells to the Warburg effect is largely  

underpinned by the PI3K-Akt-mTOR pathway and other Akt-medi-
ated signaling.

Third Phase: Ectopic Fat Development
 This phase generally defines thresholds of reversibility as defined 
in the PFL model [56] with notable exception of hepatic steatosis. 
The threshold of reversibility may not be achieved except, as shown 
by Petersen [31] that an 8kg (10%) weight loss reverses hepatic IR. A 
5 % weight loss results in a 40% loss of hepatic fat. Conversely, di-
etary overconsumption causes adipocytes to become overstuffed with 
fat, which outstrips adipocyte blood supply. This then causes chronic 
states of hypoxia, inflammation, redox imbalance and IR triggering 
lipolysis. Subsequently, ectopic fat is generated and metabolic dys-
regulation of core self-amplifying loops across the system.

 IR in adipocytes with insuppressible lipolysis and high fatty acid 
influx coupled with hyperinsulinemia promotes hepatic steatosis, and 
consequently dyslipidemia and vascular disease. These processes oc-
curring in skeletal muscle manifest in worsening IR. Ectopic fat stor-
age in heart muscle leads to myocardial dysfunction. Lipid droplets in 
the limbic system of the brain promote disturbances in emotion and 
cognition, while in the pancreas they cause exocrine and endocrine 
insufficiency and lead to GI malabsorption and T2D. Ectopic fat de-
posits in many epithelial tissues may result in oncogenic mutations 
and cancer cell initiation.

 Ectopic intramyocellular lipid (IMCL) accumulation can occur 
even in the absence of obesity and associated spillover of fat from 
adipose tissue storage depots [33]. Genetic variants in enzymes that 
code for fatty acid oxidation in humans have shown a high incidence 
of insulin resistance and diabetes [70]. Individuals in the top quartile 
of normal glucose tolerance maintained euglycemia with a cost of 
hyperinsulinemia [34]. This compensatory response in turn becomes 
a pathogenic driver of de novo lipogenesis in the liver. It follows that 
hepatic de novo lipogenesis and steatosis is a hallmark of insulin re-
sistance. Once a threshold of lipid buildup in the liver is reached, the 
synthesis of triglyceride and Very Low-Density Lipoprotein (VLDL) 
particles and their release into the circulation is accelerated. The 
progression of hepatic fat accumulation is responsible for triggering 
inflammatory liver injury, or transaminitis, which is now the most 
common etiology of cirrhosis and can lead to hepatic carcinoma.

 In the state of type 2 diabetes, a relatively modest 10% weight 
loss promotes a dramatic reduction in liver fat and improvement in 
fasting hyperglycemia accompanying an increase in total body oxi-
dative bioenergetics [31]. Thiazolidinedione agents and metformin, 
recommended as first line drug therapy for the treatment of type 2 
diabetes, promote a metabolically favorable topography of body fat 
with a reduction in hepatic fat. Based on the lipocentric pathogenesis 
of insulin resistance and diabetes, it was concluded that targeting an 
upregulation of mitochondrial fatty acid oxidation would be another 
ideal pharmacotherapeutic approach. Such drugs that work by pro-
moting the uncoupling of fatty acid oxidation to ATP production in 
the liver are currently in the pipeline of research and development. 
This approach increases the burning of acetyl CoA, rather than allow-
ing the alternate pathway of gluconeogenesis, following delivery of 
excess fatty acids and glycerol to the liver due to exaggerated adipose 
tissue lipolysis in states of insulin resistance. The reduction in gluco-
neogenesis helps to normalize fasting hyperglycemia, as well as the 
superimposed component of relatively uninhibited hepatic glucose 
output by meals [71].

Figure 3: Insulin signaling in cancer cells promotes cell survival, cell 
growth, and cellular replication. Increased insulin signaling through the 
Akt/PKB pathway inhibits pro-apoptotic factors, resulting in increased 
cellular survival. Insulin signaling through the PI3K pathway results in ac-
tivation of mTORC1, increasing cellular growth. Insulin signaling through 
the ERK/MAPK pathway upregulates cellular replication.
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 Mitochondrial dysfunction could also be associated with acti-
vation of the Endoplasmic Reticulum (ER) stress pathways. As mi-
tochondrial bioenergetic capacity declines, there is an associated 
increase in unfolded proteins. Dysfunctional mitochondria have a 
reduced ability to maintain the metabolic demands of normal protein 
folding and are thus burdened by ER stress as this is the organelle in 
which protein folding takes place. ER stress and the accumulation of 
unfolded proteins initiate the unfolded protein response which acti-
vates branches of inflammatory (NFκB and JNK) and oxidative stress 
pathways that all work to aggressively promote insulin resistance. 
Mitochondrial dysfunction thus represents an impaired capacity to 
transform available energy substrates into the biological currency of 
ATP in a manner sufficient to maintain cellular homeostasis.Some de-
gree of mitochondrial dysfunction is present in most individuals who 
are predisposed to insulin resistance. Mitochondrial dysfunction will 
fundamentally decrease bioenergetic metabolism, altering the balance 
between substrate availability and oxidative capacity.The intercon-
nections between mitochondrial dysfunction and insulin resistance 
are complex and varied. Mitochondrial function and insulin signaling 
are also influenced by numerous hormonal, neural, circadian and met-
abolic inputs.

 The brain’s high demand for energy makes it vulnerable to the 
accumulation of dysfunctional mitochondria, which is associated 
with neurodegenerative disorders including Alzheimer’s disease. 
Defective mitochondria generate ROS, which can eventually lead to 
neuronal death [72-74]. Mitophagy serves to preserve the nervous 
system’s physiology, and can drive the pathogenesis of Alzheimer’s 
and other neurodegenerative diseases when it fails [75,76]. The ener-
gy deficit and excess ROS generated by dysfunctional mitochondria 
promote insulin resistance in the brain, and ultimately amyloid beta 
accumulation with clinical signs of Alzheimer’s [77-79]. Obesity is 
an established risk factor for Alzheimer’s disease with ectopic fat ac-
cumulation in the brain causing reduced insulin signaling and acceler-
ated cognitive decline. Accumulation of ceramides has been demon-
strated to cause brain mitochondrial dysfunction. Insulin signaling 
in the brain regulates the synaptic release and reuptake of various 
neurotransmitters in areas such as the hypothalamus and hippocam-
pus, which mediate satiety as well as learning and memory [80-83]. 
In fact, disrupting insulin signaling in the brain may lead to impaired 
spatial memory and anxiety-like behaviors.

 There is a bidirectional relationship between accelerated cognitive 
decline and Alzheimer’s disease with insulin resistance and diabetes 
type 2. Between the ages of 60 and 74, the age range when accelerated 
cognitive decline and Alzheimer’s disease incidence precipitously in-
creases, an estimated 67% of the United States population is diabetic 
or pre-diabetic. The cerebral cortex and hippocampus, two regions of 
the brain that are highly sensitive to insulin, require both glucose and 
insulin for high level cognitive functions such as learning and memo-
ry consolidation.

Fourth Phase: Stress Resistance Programs
 In this final stage of IR progression, redox stress resilience pro-
grams including autophagy/mitophagy and apoptosis are activated. 
Clinical manifestations can be seen to pass the threshold of reversibil-
ity. In the liver, the presentation of this stage of IR involves a cirrhotic 
shrunken liver. In skeletal muscle, sarcopenia and muscle wasting is 
evident and a related sign of mortality is how fast an older person 
can walk. The heart tissue presents with dilated cardiomyopathy. The 
loss in cell volume of the brain’s hippocampus causes accelerated  

cognitive decline. Finally, IR effects in the pancreas lead to pancreatic 
insufficiency.

 The hormone leptin also plays a role in responses to stress. Leptin 
exerts a satiety effect through regulation of neuropeptides, by signal-
ing through the leptin receptor, found on neurons in the arcuate nucle-
us in the hypothalamus [84]. Overall, leptin acts to reduce food intake. 
During leptin resistance seen in states of obesity, the positive energy 
balance is further potentiated. Perhaps independently of leptin’s effect 
on the circadian rhythm of the hypothalamic pituitary adrenal, gonad-
al and thyroid axes are additional effects on neuroendocrine function. 
Moreover, the hypothalamic pituitary growth hormone axis is also 
regulated by leptin [85]. It follows that leptin resistance is associated 
with a blunted growth hormone response [86,87]. Thus, growth hor-
mone-related effects of leptin resistance are clinically most relevant to 
an underlying state of insulin resistance and obesity as well as vitamin 
D deficiency.

 Vitamin D promotes osteocalcin gene expression that enhances 
insulin sensitivity, thus improving insulin resistance, obesity, glucose 
intolerance and so on. Leptin regulates the hypothalamic pituitary 
adrenal axis by inhibiting cortisol release from adrenocortical cells 
[88,89]. There is crosstalk between leptin and cortisol centrally in the 
hypothalamic paraventricular nucleus, where leptin opposes cortisol 
feedback suppression of CRH mediated by endocannabinoid biosyn-
thesis and release. Thus, leptin disinhibits the feedback suppression of 
cortisol, potentiating the CRH driven stress response. Hence, cortisol 
and leptin have antagonistic effects on the neuronal stress response 
and associated energy homeostasis centrally at the level of the hy-
pothalamic paraventricular nucleus. Accordingly, leptin resistance 
attenuates the cortisol stress response. This relationship is interesting 
because while leptin resistance promotes obesity, insulin resistance 
and metabolic disease states downstream of these parameters, it coun-
terbalances the toxic metabolic effects of the prolonged HPA stress 
response.

 In the case of psychogenic stressors, imagined stress when acute 
may be motivating; hence adaptive stressors activating the sympa-
thetic nervous system and hypothalamic pituitary stress response may 
be lifesaving in the case of a real physical threat. However, psycho-
genic stressors are often pathologically prolonged in modern society, 
thus overextending the adaptive nature of the stress response leading 
to pathology or disease.

 Psychogenic stressors may take many forms. Being the caretaker 
of a sick and elderly parent, or other loved one, ranks among one of 
the most stressful circumstances in life. Loss of physical health is also 
a significant psychogenic stressor; importantly, this relationship is bi-
directional. Perceived stress worsens physical health, and mediated 
by inflammatory protein cytokines, physical health decline reduces 
the threshold for tolerance of external stressors. Social stress ranks 
very high in the pathological potential of psychogenic stressors. So-
cial stressors may include chronic relationship discord or social isola-
tion - isolated from love, networking and interactions with friends and 
family. Financial stress is common and may be an absolute stress due 
to unemployment and lack of financial resources. Work stress funda-
mentally is rooted in failure or fear of failure of performing the work 
responsibilities to expectations including personal expectations. Work 
stress may be importantly rooted in the lack of empathy, compassion 
or other motivation required to put personal talents to work.
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 Nutrient disturbances also contribute to pathology and may be 
in the form of three pathological patterns: nutrient depletion; energy 
excess; and dietary toxicants, the pollution of diet with greater than 
80,000 processing chemicals introduced in the 1970s. It is worthwhile 
in making the above distinctions of psychogenic stressors and nu-
trient disturbances as parameters in order to discern them as targets 
of upstream interventions to prolonged and pathogenic parameters of 
the neuro-endocrine stress responses. As described above, these be-
come parameters for insulin resistance and subsequent disease states 
including not only type 2 diabetes but chronic disease states of ac-
celerated cognitive decline, Alzheimer’s disease, cardiovascular dis-
ease and cancers, which should all be recognized as metabolic disease 
states.

 Stress is any situation that may disturb the equilibrium of a living 
organism and its environment. This equilibrium is asymmetrical, an 
adaptive homeostasis of the organism in the setting of its environment. 
The responses of the organism to the stress are allostatic responses 
to maintain homeostasis. These allostatic neuroendocrine responses 
include the secretion of Corticotropin Releasing Hormone (CRH) 
from the paraventricular nucleus of the hypothalamus, enhanced pitu-
itary hormone secretion, growth hormone, prolactin and vasopressin, 
adrenal gland glucocorticoids, and the sympathetic nervous system 
release of catecholamines. These stress responses are considered nec-
essary for survival in the classical fight or flight setting to adaptively 
increase mobilization of energy sources, optimized immune function 
as well as wound healing.

 Growth hormone is increased during acute physical stress and an-
tagonizes insulin signaling, hence promoting energy mobilization and 
allowing availability of energy sources to the body systemically. In-
terestingly, chronic psychological stress is not usually associated with 
a growth hormone response. Importantly, it should be highlighted that 
the purpose of the acute stress response is to promote the calibration 
of limited energy resources to the fight or flight response intended to 
keep the organism alive from an evolutionary perspective. According-
ly, it calibrates these resources away from energy expensive processes 
such as reproduction.

 Fundamentally, functions of cortisol and growth hormone antag-
onize insulin signaling, which is important to the overall response of 
promoting glucose primarily to the brain, and glucose and fatty acid 
delivery to the heart and skeletal muscles. This allows the appropri-
ate preferred energy source to their respective tissues to optimize the 
fight or flight response. In addition to the hormonal component of the 
neuro-endocrine response, the catecholamine response is inextricably 
part of the fabric of this stress response. Catecholamines importantly 
contribute to nutrient delivery as well as other independent effects 
on sharpening cognitions, sight, hearing and other senses that put 
the body in a state of hair-trigger alert. Some of the effects of cate-
cholamine that mediate the stress and hence fight or flight responses 
include hemodynamics such as activating the renin-angiotensin-al-
dosterone system promoting sodium retention from the kidney, the 
release of Antidiuretic Hormone (ADH) or vasopressin, promoting 
retention of free water, and increased cardiac output, all of which pro-
mote the adequate flow of blood carrying nutrients and oxygen to 
peripheral tissues.

 Catecholamines as neurotransmitters of the sympathetic nervous 
system reduce intestinal motility and increase cutaneous vasoconstric-
tion. This promotes gluconeogenesis, the production of glucose from 
other nutrient precursors such as lactate, amino acids and glycerol in a  

variety of tissues, most importantly the liver. Through beta receptors, 
catecholamines enhance bronchodilation for deep breathing, allowing 
oxygenation of tissues during this high metabolic demand state. When 
the stress response is excessive or prolonged, a state of allostatic load 
ensues. In this state, the allostatic responsiveness exhibits a loss in 
resilience of the body against the external perturbations. Excessive or 
prolonged stress response may be rooted in epigenetic factors, that is, 
environmental exposures as well as genetic predispositions for abnor-
mal perceptions of stress. It may also be rooted in psychogenic stress, 
whether real or imagined.

Conclusion

 The inextricable intertwining of disturbed redox homeostasis, in-
flammation and impaired bioenergetics appear to be fundamentally 
linked to the chronic diseases of aging, including CVD, dementias 
and cancers. These manifestations of advanced and often premature 
biological aging are largely mediated by pathogenic parameters of: 
disturbed microbiota, a chronic exaggerated stress response, and 
dis-synchronous circadian metabolism and physiology within and be-
tween tissues. All of these factors are also inseparably entangled.

• Insulin resistance occurs under both healthy and pathologic con-
ditions. In healthy tissue insulin resistance is maintained under 
cyclical circadian patterns that are adaptive and maintain cell 
stress resilience programs. Conversely, insulin resistance becomes 
pathological when not following cyclical circadian patterns

• Parameters of insulin resistance include prolonged psychogenic 
stressors, poor diet quantity and quality, disrupted circadian be-
haviors, and altered gut microbiota

• The Respiratory Quotient (RQ) is a clinically useful tool to mea-
sure mitochondrial inflexibility, which is indicative of insulin re-
sistant states

• Increased levels of ROS and AGEs generate inflammation and are 
associated with insulin resistance

• Insulin resistance affects the different metabolic tissues of the body 
(i.e., liver, skeletal and cardiac muscles, and adipose tissues) in 
unique ways

• There is a bidirectional self-amplifying relationship between insu-
lin resistance and mitochondrial dysfunction, among 4 other core 
self-amplifying binary loops, where either can drive the other

• High levels of free radicals and oxidative stress are associated with 
insulin resistance, while low levels promote healthy physiological 
effects

• Insulin resistance contributes to the pathogenesis of cardiovascular 
disease

• Insulin resistance contributes to the pathogenesis of cancer via the 
Warburg effect. This effect can be described as the inability of na-
tive host cells to efficiently utilize available oxygen to meet their 
bioenergetic needs. Thus, cancer cells can outcompete them for 
available resources using glycolytic metabolism

• Insulin resistance can contribute to the pathogenesis of Alzhei-
mer’s disease and accelerated cognitive decline
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