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Abstract

Over the last few years, evidence has accumulated to the effect that the human brain is an insulin-sensitive organ. The hormone regulates activity in a limited number of specific areas that are important for memory, reward, eating behavior, and the regulation of whole-body metabolism. Accordingly, brain insulin regulates modulates cognition, food intake and body weight as well as whole-body glucose, energy, and lipid metabolism. However, imaging studies revealed that not everybody responds equally to insulin and that a substantial number of people are resistant to this hormone in the brain. In this review, we provide an overview of brain insulin effects in humans and their relevance for physiology. We present emerging evidence for insulin resistance of the human brain. Associated factors such as obesity and age as well as possible pathogenic factors like visceral fat, saturated fatty acids, alterations at the blood-brain-barrier, and certain genetic polymorphisms are reviewed. In particular, metabolic consequences of brain insulin resistance are discussed and an outlook on implications for the pathogenesis of obesity and type 2 diabetes and their prevention and treatment is provided. 
Key points

The human brain is an insulin sensitive organ.
Insulin in the human brain regulates modulates food intake, body weight and peripheral metabolism.

The human brain can become insulin resistant; a condition found in obesity as well as in persons with visceral fat accumulation and with specific genetic background. 

Overcoming brain insulin resistance can be a novel approach for preventing and treating metabolic diseases like type 2 diabetes. 

Boxes 
Box 1 – Intranasal insulin to study brain insulin actions in humans
Intranasal administration has turned out to be a feasible approach to deliver peptide hormones to the brain1. When insulin is given by a nasal spray, it is rapidly transported along the olfactory nerves into CNS2. Since the blood brain barrier is bypassed by this technique, direct insulin effects in the brain can be addressed. Within minutes of administration, an increase in cerebrospinal fluid (CSF) insulin concentrations can be measured3, while only small amounts reach the systemic circulation1,4. This approach makes brain-targeted delivery of larger amounts of insulin possible (i.e. 160 units, as used in many studies) without the major side effects experienced after systemic administration of comparable doses. In particular, no cases of severe hypoglycemia or electrolyte disturbances following intranasal insulin application have been reported. The intranasal approach has therefore been applied in a number of studies on brain insulin action in humans (see text). 
What is more, when administered as a nasal spray, insulin analogues, which are often systemically used in the treatment of diabetes, appear to act differently from regular human insulin5-7. Although this may limit their use for the study of brain insulin sensitivity in health and disease, it can help to attain enhanced insulin activity in the brain for possible therapeutical approaches. 

Box 2 – Insulin resistance of the human brain
Research in humans over the last years has shown that insulin resistance exists in the human brain1,2. Genetic background3-6, as well as increased age7, is associated with reduced insulin effects and might therefore play a causal role in the development of brain insulin resistance in humans. Insulin in the central nervous system has an impact on peripheral insulin sensitivity8,9, thereby regulating glucose fluxes throughout the body. In humans with brain insulin resistance, this ability is reduced8. Furthermore, these individuals have altered reactions to food cues10,11 and lose less weight during lifestyle intervention12.
Further phenotypes associated with brain insulin resistance are obesity3,13,11,10,14, enlarged visceral fat mass14,15, and increased levels of circulating saturated free fatty acids15. These could either be further causes or consequences of altered nutrient fluxes. 
Thus, the increasingly better understanding of insulin resistance in the brain suggests that brain insulin resistance plays an important role in the development of obesity with unfavorable body fat distribution as well as for the pathogenesis of metabolic diseases such as type 2 diabetes.

Possible future approaches to overcome insulin resistance of the human brain might therefore provide powerful new tools to combat the growing pandemics of obesity and diabetes. 

Main text
Introduction
Though the crucial role of insulin signaling for human metabolism is long known for “classic” insulin sensitive organs such as muscle, liver, and adipose tissue, the contribution of insulin action in the brain has drawn emerging attention over the last years. Given the growing pandemics of obesity and diabetes, a better understanding of how eating behavior, body weight and body fat distribution as well as metabolic fluxes throughout the body are regulated is desperately needed to develop novel approaches to combat these diseases. Research in animals clearly showed the involvement of insulin in the brain in all these processes, while for humans the significance of brain insulin action in behavior and physiology is still under investigation. 
This review summarizes accumulating evidence on insulin action in the human brain. Current findings and open questions on its physiologic relevance are discussed with a focus on the control of metabolism. Insulin resistance of the human brain and possible pathogenic factors are reviewed and consequences for metabolic disturbances are discussed. In an outlook, possible future approaches to overcome insulin resistance of the human brain are addressed that might provide powerful new tools for metabolic diseases in the future.

Discovery of the brain as an insulin-sensitive organ 
As early as 1854, the French physiologist Claude Bernard described the brain as a crucial organ for glucose homeostasis in animals1. Puncturing the floor of the fourth ventricle induced marked glucosuria. However, these findings were believed to be of minor importance after the discovery of the hormone insulin and its ability to drastically reduce blood glucose. The insulin receptor was subsequently identified in many tissues, including the brain2–4. However, since glucose uptake into the brain is independent of insulin5,6, the function of these receptors initially remained unclear. 

The role of insulin action in the brain started to arouse great interest when the brain-specific knockout of the insulin receptor was reported in the year 20007. Such knockout mice became obese due to increased food intake and developed whole-body insulin resistance with higher plasma insulin levels and dyslipidemia7. 

Subsequent studies in animals characterized insulin signaling in the brain, particularly in the hypothalamus, and identified specific insulin responsive cell populations and functional consequences (recently reviewed e.g. in 8,9). The hypothalamus, a deep brain structure mainly involved in the homeostatic control of body function, is closely connected to different regions in the cerebral cortex and brain stem. Understanding the physiological role of brain insulin from knockout models is however complicated because the insulin signaling cascade is also important for brain development10. 
The first studies to address possible brain effects of insulin in humans combined methods of measuring brain activity with hyperinsulinemic-euglycemic glucose clamps. During such clamps, insulin is infused intravenously (iv) together with a glucose solution that prevents a decline in blood sugar. The infusion of insulin versus saline resulted in significant changes in spontaneous and evoked brain activity, assessed by magnetoencephalography (MEG)11,12 and electroencephalography (EEG)13,14. Since both methods record neuronal activity, these studies provided strong evidence that systemic insulin administration modulates cortical brain activity in humans. This interpretation is further under lined by the detection of effects of iv insulin using two further indirect measurements of brain activity: positron emission tomography (PET)15,16 and functional magnetic resonance imaging (fMRI)17,18. These studies clearly established that insulin affects not only homeostatic areas as shown in animal studies, but also higher functional areas involved in sensory and cognitive processes.
However, the iv administration of insulin does not enable to distinguish between direct insulin effects within the brain and projections from other insulin-sensitive organs. Therefore, another route of insulin administration – the intranasal insulin administration19 – turned out to be useful. Intranasal insulin had effects on both basal20 and evoked neuronal brain activity21,22. Thus, the action of the hormone in humans is, at least partially, induced by direct brain insulin action.

  for delivering insulin into the brain without major impact on peripheral insulin concentrations. When given by a nasal spray, insulin is rapidly transported along the olfactory nerves into CNS23. Since the blood brain barrier is bypassed by this technique, direct insulin effects in the brain can be addressed. Within minutes of administration, an increase in cerebrospinal fluid (CSF) insulin concentrations can be measured19, while only small amounts reach the systemic circulation24,25. This approach makes brain-targeted delivery of even larger amounts of insulin possible (i.e. 160 units, as used in many studies) without the major side effects experienced after systemic administration of comparable doses. In particular, no cases of severe hypoglycemia or electrolyte disturbances following intranasal insulin application have been reported. 
The exact molecular nature of the receptors in the brain activated after intranasal insulin administration (e.g. which insulin receptor isoforms, insulin/IGF-1 receptor hybrids) and their localization has not been studied yet in humans.
Sources of insulin in the brain

The first report on the presence of insulin in the rat brain in 197826 assumed that it originates either from pancreatic beta cells entering the brain via the bloodstream or that it is locally synthesized within the brain26. While the latter seems to be important in lower organisms, the existence of local insulin synthesis in the brain has never been conclusively shown in higher animals or humans8,27,28. However, various studies in animals clearly demonstrated that insulin is transported across the blood-brain-barrier by a saturable transport system (reviewed in 28). 
In humans, peptides such as insulin cannot easily be determined directly in the brain. Many studies therefore assess peptide concentrations in the cerebrospinal fluid (CSF). A number of studies detected insulin in the human CSF19,29–32. Concentrations of insulin in the CSF increased when the hormone was administered into the bloodstream29, again indicating transport across the blood-CSF-barrier. It is worth mentioning that there is a large gradient between blood and CSF, with insulin concentrations around 10 fold lower in the CSF29–31. This gradient does not appear to originate at the level of brain blood vessels walls since these transport insulin at a high affinity in humans33. The insulin transport into CSF is attenuated in persons with reduced whole-body insulin sensitivity31, suggesting that insulin resistance at the blood-CSF-barrier could impair transport of the hormone into the brain. Accordingly, CSF insulin concentrations are lower in obese humans30, who are generally more insulin resistant. Furthermore, insulin concentrations within brain tissue34 and CSF35 were lower in older humans. No reports on CSF or brain insulin concentrations in patients with diabetes have been published so far. In Alzheimer’s disease, a condition often associated with insulin resistance, CSF insulin has been reported to be reduced36. 
However, the important next step, i.e. the further transport of insulin from the CSF towards brain cells, has not yet been sufficiently investigated in humans37. Thus, further studies are clearly needed to better understand insulin transport into the brain in health and disease. 
Insulin responsive brain areas in humans

In the last few years, research has detected insulin responses in a number of specific brain areas in    humans (recently reviewed e.g. in 38). In short, several studies observed a decrease in hypothalamic activity after glucose ingestion39–44; a reaction that is attenuated in obesity39,42 and type 2 diabetes43,45. Whether insulin secreted after glucose uptake is responsible for this effect has been discussed40,41. However, two recent studies showed similar hypothalamic effects after nasal insulin46,47, thus underscoring that the human hypothalamus reacts to insulin. Since experimental research localized both glucose- and insulin-responsive neurons in the hypothalamus, it is probable that the human hypothalamus responds to both signals. 

In addition to the hypothalamus, certain higher cortical brain regions respond to insulin in humans38. These include the fusiform gyrus, where the response to food stimuli is attenuated by insulin22,48. Furthermore, insulin reduces activity in the prefrontal areas24,41,46,47,49 that control human behavior, including the inhibitory control of eating. However, this prefrontal reaction seems to be confined to lean persons47. The hippocampus, a further insulin responsive area in humans48–50, is central for processing of memory contents, in particular those of declarative nature51. 
All in all, neuroimaging studies localized insulin responses in the hypothalamus – the central region for whole-body homeostatic control – as well as in cortical areas that control higher cognitive functions. 
Effects of brain insulin on cognitive function
In healthy volunteers, the administration of insulin seems to improve higher cognitive functions such as memory foundation and mood, in both the short term52 and over a period of several weeks53,54. Effects on memory are predominantly observed in women55. By way of example, a more detailed overview of insulin effects on cognition in healthy humans can be found in56. 
It should be borne in mind that the memory-enhancing effects of brain insulin action are not limited to healthy young volunteers; brain insulin also seems to have beneficial effects in patients with type 2 diabetes57 and even in patients suffering from cognitive impairments. Intranasal delivery of insulin has therefore also been investigated in early forms of Alzheimer’s disease in a number of studies (reviewed e.g. in 58–60). 

Effects of brain insulin on food perception, eating behavior, and body weight
In lean humans, intranasal insulin administration regulates the reaction to food cues. One study characterized this response with a high temporal resolution by MEG22: While the reaction to non-food pictures remained unaltered after insulin or placebo, the evoked potential to food pictures was lower after insulin than after placebo. This reduction was localized in higher visual brain areas like the fusiform gyrus22. A similar result was reported in a fMRI study showing a specific response attenuation of insulin to food pictures that was localized in the fusiform gyrus48. While these two studies addressed the effect of exogenous insulin, further fMRI studies investigated correlations between endogenous insulin levels and food picture processing (both fasting61 or stimulated41,49 blood insulin concentrations). Here, associations with activity of the fusiform gyrus49 and further brain areas, including the hippocampus, were detected41,49,61.  
Besides the effect of insulin on perception, two studies62,63 reported that insulin attenuates smelling capacity in humans. Thus, insulin reduces the response to food cues and smelling capacity in lean persons; a reaction that could physiologically regulate eating behavior in a postprandial state when high insulin levels prevail.

In accordance with this interpretation, insulin affects food intake in humans. Postprandial serum insulin concentrations are correlated to satiety in lean humans64. Furthermore, intranasal insulin enhanced the postprandial feeling of satiety65 and reduced food intake in fasting male subjects55,66. However, an interaction between the insulin effect on food-choice and gender was detected55. The reduction in food intake from a buffet was limited to fasted men55,66, while insulin reduced the postprandial consumption of tasty chocolate cookies in women65. Unfortunately, the latter three studies differ in gender and feeding state; furthermore, no studies on postprandial insulin effects in men have been published. Thus, no definite conclusion can be drawn as to what specific aspects of eating behavior are regulated by brain insulin in men and women.  
There is also evidence that brain insulin ultimately affects body weight in humans. The application of intranasal insulin to healthy young students four times a day over a period of 8 weeks resulted in a significant weight reduction of 1.3kg in men67. However treated women even gained 1kg of body weight. The weight reduction in men was mainly due to the loss of body fat, while increased body weight in women was caused by fluid retention and subsequent rise in extracellular water. 
The linkage between brain insulin sensitivity and response to a lifestyle intervention program was investigated in a group of middle aged non-diabetic persons, who were monitored for two years. In this group, high insulin sensitivity of the brain predicted loss of body weight and, in particular, loss of metabolically unfavorable fat compartments such as visceral adipose tissue68. Unlike the first study67, the relation between brain insulin sensitivity and body weight loss was observed in both genders68. 
In the long run Over the years, brain effects of endogenous insulin might regulate body weight in both genders, while exogenous insulin might have gender specific effects in young persons. It is worth mentioning that insulin in the brain serves as a signal to reduce body weight with potential beneficial changes in body fat distribution. This seems to be in contrast to peripheral insulin action, where the hormone promotes weight gain69. 
Brain insulin regulates action affects peripheral metabolism
Research in animals has indicated that brain insulin action is involved in the regulation of influences peripheral metabolism (reviewed e.g. in 8,9,70). Early indications that brain insulin action has an effect on whole-body metabolism in humans were given in a study in which intranasal insulin and placebo were administered before male participants ingested a high caloric meal71. In this study, intranasal insulin enhanced postprandial energy expenditure, indicating increased thermogenesis. Furthermore, despite comparable blood sugar levels, serum free-fatty acid (FFA) and serum insulin levels during the meal were lower after insulin than after placebo spray application71. Both these observations were followed up by further experiments.
The suppression of circulating FFAs tallies with animal data which indicate that brain insulin action might reduce lipolysis in adipose tissue72–74. In humans, one study with intranasal insulin supported the hypothesis that brain insulin suppresses systemic lipolysis75. This effect was statistically independent of blood insulin levels75. Nevertheless, lipolysis is highly sensitive even to small increases in circulating insulin76 and neither of these studies contained experimental controls for the well-known absorption of small amounts of intranasal insulin into circulation24,48,53,71,77–79. Neither of the two recent studies that mimicked the insulin spill-over by intravenous insulin78,79, nor a study with systemic hyperinsulinemia80, detected any major effect of nasal insulin on systemic lipolysis assessed by circulating FFAs. The relevance of brain insulin action for human adipose tissue physiology has therefore yet to be determined, albeit possible brain-derived effects seem to be minor in comparison with direct insulin effects on adipocytes. 
The striking observation that, despite comparable blood sugar, serum insulin was lower when a meal was preceded by intranasal insulin application71, might indicate that less insulin is required to control blood glucose, i.e. improved whole-body insulin sensitivity. In accordance with this interpretation, animal studies showed that brain insulin action can regulate modulate insulin sensitivity in at least two major metabolic organs; the liver81–85 and skeletal muscle86. However, some of these findings in rodents have been queried in larger animals like dogs87,88. 

The first hint that the human brain contributes to the control of peripheral metabolism was given in a study assessing the effect of a pharmacologic KATP-channel opener on endogenous glucose production89. Experiments in rodents had already shown that activation of this channel in the hypothalamus decreases hepatic gluconeogenesis. Concomitantly, oral administration of this drug reduced endogenous glucose production in humans during a hyperinsulinemic glucose clamp89. 
The first human study to specifically address brain insulin effects in this regard compared plasma glucose and insulin levels before and after intranasal insulin administration in more than 100 healthy participants24. These measurements were used to make a rough estimate of peripheral insulin resistance; the homeostasis model assessment of insulin resistance (HOMA-IR)90. However, the absorption of small amounts of the nasally administered insulin into bloodstream directly after insulin spray application makes it difficult to interpret immediate effects. At later points in time, the results of this study were indeed found to be consistent with enhanced peripheral insulin sensitivity introduced by brain insulin action.

In comparison to the hyperinsulinemic-euglycemic glucose clamp, in which insulin and glucose are tightly controlled91, HOMA-IR has major limitations92, especially when used in smaller clinical studies. In a recent study77, this technique was combined with intranasal insulin versus placebo spray administration. Thereby, intranasal insulin improved peripheral insulin sensitivity assessed by hyperinsulinemic-euglycemic glucose clamp. Of note, this effect persisted until the end of the experiment, i.e. two hours after spray application. 
Since this study did not control for insulin spill-over into circulation after insulin spray77, it was suspected that increased plasma insulin had lowered blood glucose independent of brain effects93. However, insulin nasal spray also improved insulin sensitivity index that takes the circulating serum insulin concentration into account, regardless of its spill-over or iv infusion source. Nonetheless, further studies will be necessary to clarify this issue. 
Three recent studies78,79,94 included such a spill-over control. However, they investigated effects of brain insulin action on peripheral metabolism at systemic fasting insulin concentrations and therefore in the absence of such portal and systemic hyperinsulinemia as are physiologically present after, for example, food intake93. During the first study94, repeated intranasal administration of the insulin analogue aspart lowered fasting plasma glucose concentrations. However, this effect did not exceed that of iv insulin aspart administration. The intranasal administration regime used in this study increased the concentration of the counter-regulatory hormones growth hormone and cortisol94. Besides the difficulties of assessing insulin sensitivity from fasting insulin and glucose concentrations91, this unclamped experiment might have overlooked certain effects due to subtle alterations in insulin or glucagon secretion93. Thus, intranasal insulin had no net impact on basal glucose levels in this study94.
The second study controlled the endogenous secretion of insulin and glucagon using a pancreatic clamp protocol79. At systemic fasting insulin concentrations, intranasal administration of the insulin analogue lispro markedly suppressed endogenous glucose production in comparison to an iv lispro bolus that mimicked spill-over. This effect manifested itself approximately three hours after spray application. During this period, more glucose had to be infused to maintain euglycemia. 
The third study also addressed endogenous glucose production after intranasal insulin78. Since this study ended three hours after spray administration, no effect on endogenous glucose production was detected. However, the study also investigated the liver using magnetic resonance imaging. In healthy humans, nasal insulin spray stimulated hepatic energy metabolism. What is more, it immediately reduced liver fat content, whereas an iv insulin bolus actually increased liver fat.  
These studies, which tally well with rodent data95, support a model in which food intake stimulates the pancreatic release of insulin that subsequently reaches the brain. Here, it introduces signals that lead to enhanced effectiveness of the hormone, and altered metabolism in peripheral tissues. This reaction might promote the postprandial storage of energy, the suppression of endogenous glucose production, and the regulation of liver metabolism. Thereby, brain insulin might orchestrate whole-body energy fluxes and metabolism. Due to methodological difficulties in differentiating between central and peripheral effects93, there is a clear need for additional clinical studies to further test this model in humans.
How is insulin action in the brain communicated to peripheral tissues?
In this context, one important question is how brain-derived signals reach peripheral tissues to modulate metabolism. Studies in animals indicate that both the autonomous nervous system and endocrine outputs may be involved8,95. In humans, nasal insulin influences concentrations of epinephrine and norepinephrine96. Epinephrine is released from the adrenal gland controlled by the autonomous nervous system and norepinephrine reflects neurotransmission in the sympathetic branch of the autonomous nervous system. While a smaller study detected no effect on sympathetic nervous activity on skeletal muscle97, two studies analyzing heart rate variability indicated increased parasympathetic tone after iv96 and intranasal insulin77 administration. It should be borne in mind that the change in parasympathetic activity was correlated to the brain-derived improvement in peripheral insulin sensitivity77. This observation is in agreement with animal data, where brain outputs depend on the vagus nerve, i.e. the major parasympathetic nerve, to regulate influence peripheral insulin sensitivity83. 

Another possibility for the brain to regulate affect peripheral metabolism are endocrine outputs that reach other glands or peripheral target organs through the bloodstream. Cortisol, the effector hormone of pituitary ACTH has been researched best. While stress-induced cortisol levels respond to nasal insulin98, neither nasal insulin nor placebo had any immediate effect on concentrations of this hormone in an non-stress environment24,48. However, chronic administration of intranasal insulin reduced cortisol levels53,99. Furthermore, brain insulin had no effect on glucagon concentrations in humans78,94.
Animal research suggests that brain insulin might also have an impact on other, mainly pituitary endocrine outputs100. In rodents, brain insulin regulates the gonadotropic axes7, while the thyreotropic axis appears to be unaffected101. It is still unclear as to whether growth hormone typically released in insulin-induced hypoglycemia also reacts to brain insulin under euglycemic conditions.
Immediate effects on these endocrine systems under physiologic conditions have, however, not yet been studied in humans. 
Insulin resistance of the brain
One interesting phenomenon observed even in the earliest studies on insulin responses in the human brain was that brain insulin action is significantly reduced or even completely disappears in overweight subjects11. This phenomenon is often referred to as brain insulin resistance102,103. The association of higher body weight with impaired insulin action has since been replicated in a number of studies using MEG20,22 and has been localized by fMRI47,104 and PET15. The importance of body weight for brain metabolism is further underlined by the discovery that insulin-induced brain activity in obese humans normalizes when they lose weight after bariatric surgery105. 

Furthermore, peripheral insulin resistance was linked to brain insulin resistance in studies using both systemic insulin infusion11,15,106,107 and intranasal administration46,47. Further evidence for brain insulin resistance in whole body insulin-resistant persons has been gathered from indirect observations: prediabetes is accompanied by markedly increased insulin-induced glucose uptake into the brain112; in diabetes, specific associations of whole-body insulin sensitivity with functional brain connectivity are impaired108,109. 

Besides body weight and peripheral insulin resistance, age seems to be a strong determinant of brain insulin sensitivity, with reduced responsiveness in older persons108.  

Causes of brain insulin resistance
Intrauterine origin?

It is a long established fact that fetuses of mothers with gestational diabetes who are exposed to metabolic disturbances in utero are predisposed to metabolic consequences later in life: offspring from mothers with gestational diabetes have a higher risk of becoming obese or of developing type 2 diabetes109 independent of their genetic background110. Research in animals indicates that altered brain insulin sensitivity in the offspring could contribute to their predisposition to metabolic diseases. In rodents, the maternal metabolic derangement interacts with the development of insulin- sensitive hypothalamic structures111,112, causing impaired brain insulin sensitivity. 
In humans, little is known about the effects of maternal metabolism on fetal brain insulin sensitivity. Only recently, a study provided first evidence that metabolic changes which occur in the mother after oral glucose intake are immediately transmitted to the fetal brain113. It is worthy of note that this response was attenuated in fetuses of insulin-resistant mothers113, suggesting that the former might also respond less to the hormone insulin.  Hence, just as in animals, brain insulin resistance might be programmed in humans during fetal development. Of course, further research is required to improve the evaluation of this proposed pathomechanism for humans.   
Role of visceral adipose tissue

Excessive fat accumulation in the visceral compartment has unfavorable effects on insulin sensitivity in many other organs. Accordingly, enlarged visceral fat content is associated with brain insulin resistance in the cerebral cortex114 and, in particular, in the hypothalamus47. The question as to which specific signals mediate the effect of visceral adiposity on brain insulin resistance has not yet been conclusively answered, although soluble adipocyte-derived factors like saturated fatty acids might be involved.  However, no longitudinal studies have specifically addressed the connection between visceral fat and brain insulin sensitivity in humans. It therefore remains unclear as to whether enlarged visceral adipose tissue is one cause of brain insulin resistance or, vice versa, if brain insulin resistance leads to unfavorable body fat distribution with fat accumulation in the visceral depot. Hints towards the second possibility were provided by one study in which high insulin sensitivity of the brain predicted the ability to reduce visceral fat during a lifestyle intervention program68. Further interventional studies are therefore required to clarify this issue.  
Possible mediators – fatty acid signaling, adipokines and beyond
Saturated free fatty acids are linked to metabolically unhealthy obesity and contribute to the development of insulin resistance in various tissues115–117. Increased levels of saturated free fatty acids were found to be associated with insulin resistance of the brain independent of important covariates such as BMI114. They appear to modulate at least parts of the adverse effects of visceral adiposity on brain insulin resistance114. Specific fatty acid receptors selectively link saturated fatty acids to inflammatory responses, the toll-like receptors 2 and 4118. Research in animals suggests that these specific receptors contribute to saturated fatty acid-induced brain insulin resistance118–120. However, the practicability of these mechanistic insights in humans remains unclear. 

In addition to fatty acids, research in animals points towards other soluble factors that might interact with brain insulin sensitivity. In this regard, the best studied soluble factor is the fat cell-derived peptide hormone leptin. Leptin levels are increased in obese humans121 and research in rodents showed a molecular interplay between insulin and leptin signaling in specific neurons70,122,123 and other brain cells124,125. Leptin therapy in patients with leptin deficiency affects brain areas in which insulin action also occurs126–128, but the interaction between both signals in humans has yet to be addressed. 
In animal studies, an increasing number of other messenger substances have been found to act on the same brain cells as insulin123,125. These include peptides that are released from adipocytes or specialized gut cells as well as inflammatory cytokines (reviewed e.g. in 9,95,123,129). However, no studies on the impact of these soluble factors on brain insulin sensitivity in humans have been published so far.
Genetic background
Common genetic variants have been found to determine be linked to brain insulin sensitivity in humans. The first of these single nucleotide polymorphisms (SNP) to be identified, is located in the gene locus of insulin receptor substrate 1 (IRS-1)11. The encoded protein is crucial for the insulin receptor signaling cascade130. This association in one of the first reports on brain insulin resistance11 therefore endorsed that the MEG methodology used truly addressed insulin specific brain effects. 
The second polymorphism that determines the brain’s insulin responsiveness is located in the FTO (fat mass and obesity) locus131. Polymorphisms in this gene region are the strongest known common genetic determinants of human obesity132,133. This association with body weight is due to increased food intake in risk-allele carriers while energy expenditure is unaffected by the genetic variant134. The notion that this SNP is associated with some131 (but not all135) aspects of brain insulin action suggests that altered brain insulin sensitivity contributes to the development of obesity in FTO risk-allele carriers. 
A further common polymorphism associated with brain insulin action is located near MC4R (melanocortin-4 receptor)136. This important receptor is fundamental for melanocortin signaling in regions that control body weight and whole-body energy homeostasis137. It is worth bearing in mind that the encoded receptor is of particular importance for the regulation of homeostatic control of eating as well as for the control over whole-body metabolism by the hormone insulin137. 

Furthermore, one SNP in CNR2 (cannabinoid-receptor 2) is also associated with brain insulin sensitivity in humans138. This gene encodes an important receptor for the endocannabinoid system; a complex regulatory network that contributes to the control of body weight, food intake, and whole-body energy metabolism138,139. 

Interestingly enough, the latter three genetic variants were initially identified as risk polymorphisms for obesity132,133,138,140,141, underlining the role of brain insulin action in the regulation of body weight. 

The memory enhancing effect of brain insulin action is modulated by a specific polymorphism in ApoE (Apolipoprotein E)142, a well-investigated risk polymorphism for Alzheimer’s disease. 
These results indicate that genetic background – particularly when different risk-polymorphisms are simultaneously present – could induce brain insulin resistance. However, the relative contribution of genetics in comparison to environmental factors remains unclear. Furthermore, these associations were discovered in smaller studies and replication in larger studies is still pending, presumably due to the complex nature of the techniques necessary to quantify brain insulin sensitivity in humans.
Metabolic consequences of brain insulin resistance

Due to increasing evidence that brain insulin action regulates body weight via food intake and energy expenditure, it is tempting to speculate that brain insulin resistance leads to obesity. Indeed, brain insulin-resistant persons lost less weight during a lifestyle intervention program68. Furthermore, intranasal insulin failed to reduce body weight in obese persons who were known to be brain insulin resistant99. Accordingly, insulin’s modulating effect on the processing of food cues is altered in obesity, as detected after intranasal insulin administration20,22 as well as after stimulation of endogenous insulin release41,49. The brain response to food stimuli is also associated with whole-body insulin resistance in obese humans143.  Consequently, the association of serum insulin with the feeling of satiety is weakened or even completely lacking in obesity64. 
How brain insulin resistance affects the brain’s ability to regulate peripheral metabolism has not yet been conclusively studied. However, one study has demonstrated that brain insulin can no longer improve peripheral insulin sensitivity in obese humans, as assessed by hyperinsulinemic glucose clamp77. In accordance with animal data7, these first results suggest that impaired brain insulin responsiveness contributes to the pathogenesis of whole-body insulin resistance in obese humans. Whether it also contributes to dyslipidemia via inadequately inhibited lipolysis, as suggested by animal data72, has not yet been addressed in humans. 
It is worth mentioning that not all modes of insulin action are equally affected by brain insulin resistance. While insulin effects on food processing and body weight are disturbed due to brain insulin resistance in obesity, memory performance was still improved99. The cause of this discrepancy is still unclear in humans. Different susceptibilities to insulin resistance in various brain areas could be involved, as indicated by animal9,122 and first human47 studies.
The improved insight into the crucial physiological role of insulin in the brain together with a greater understanding of insulin resistance in the brain suggests that brain insulin resistance plays an important role in the pathogenesis of metabolic diseases such as type 2 diabetes.
Possible consequences of brain insulin resistance for cognitive function and the risk of Alzheimer’s disease was recently reviewed in 60,144,145. 

Outlook: Possible future concepts to overcome brain insulin resistance
One concept to improve insulin action in insulin resistance is to increase the available concentrations of the hormone at the target tissue. One specific insulin analogue, insulin detemir, was shown to enter the brain more readily than other insulins in animals146,147, probably on account of its lipophilic configuration. Accordingly, systemic insulin detemir reduced food intake more strongly than regular human insulin in normal weight men148. Of note, the peripheral administration of this insulin was shown to restore brain insulin action in overweight humans in an acute setting106. No data on the effects of chronic detemir administration on brain insulin sensitivity are available in humans. However, the clinical observation of a weight sparing effect of systemic insulin detemir over the first months of treatment in obese patients with diabetes149 might point towards improved brain insulin sensitivity. 

Interestingly enough, another route of administration – repeated intranasal application of insulin detemir – was recently shown to improve cognitive function in patients with mild cognitive impairment or early Alzheimer’s disease150. 
Besides increasing insulin levels within the brain, strategies to improve whole-body insulin sensitivity might also target the brain and restore peripheral insulin sensitivity as well. However, one potent insulin- sensitizing class of diabetes drugs, the thiazolidinediones, do not seem to markedly improve brain insulin sensitivity, probably because they do not enter the brain in larger amounts60. By contrast, metformin, another commonly used diabetes drug with insulin sensitizing property in peripheral tissues, enters the brain in animals151. However, its effect on brain insulin sensitivity has not yet been addressed. 
The most physiological way of improving brain insulin sensitivity, however, may be body weight loss. Indeed, animal research indicates that the effect of brain insulin action on body weight regulation can be restored when diet-induced overweight rodents lose weight152. It is therefore tempting to speculate that weight loss might also restore the favorable effects of brain insulin action in humans. However, neither the effects of diet-induced weight loss, nor the effect of certain anti-diabetic drugs like GLP-1 receptor agonists153 or SGLT2-inhibitors154, both of which promote weight loss, on brain insulin sensitivity have been studied in humans so far. 
These data hold out the prospect that a way can be found to improve or even reverse brain insulin resistance in humans, either by weight loss or by certain pharmacologic approaches. However, appropriate studies in humans are still required to address this issue. 
Conclusion
Insulin acts in the human brain to control whole-body metabolism. It regulates modulates eating behavior and thereby body weight. By regulating affecting lipid und glucose fluxes, it has an immediate impact on blood glucose and free fatty acids, as well as long-term effects on energy storage in various organs. When the brain becomes insulin resistant, these crucial functions are impaired – with unfavorable consequences for the whole body. Possible future concepts to improve brain insulin sensitivity might therefore provide totally novel approaches for the prevention and cure of metabolic diseases such as type 2 diabetes. 
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Figures
Figure 1 – insulin-sensitive brain areas in humans

Imaging studies identified major insulin effects in the hypothalamus, the central regulator of whole-body metabolism; the prefrontal cortex, that is crucial for inhibitory control of e.g. food intake; the hippocampus that might mediate insulin effects on memory; and the fusiform gyrus where insulin attenuates the response to food stimuli.
Figure 2 – physiologic effects of brain insulin action
After food intake, insulin is released into the bloodstream from the pancreas. It reaches the brain where it regulates memory and mood, the response to food cues, as well as smelling capacity. Thereby, insulin acts as a satiety signal and reduces food intake. Chronic brain insulin effects also reduce food intake and thereby body weight. Furthermore, high brain insulin sensitivity is associated with reduced metabolic unfavorable visceral fat depot.   In the brain, insulin induces outputs to the rest of the body via the autonomous nervous system and soluble brain-derived factors. In the periphery, these signals improve whole-body insulin sensitivity, they regulate liver metabolism and reduce the amount of circulating free fatty acids. 
Figure 3 – possible causes of brain insulin resistance

In humans, there is first evidence that brain insulin resistance might originate already in utero where maternal metabolic derangement interacts with fetal brain. Genetic background also determines brain insulin sensitivity throughout the life. Increasing age and obesity are also linked to impaired transport of insulin across the blood-brain-barrier and with insulin resistance directly in the brain in humans. Especially enlargement of the metabolic unfavorable visceral adipose tissue is associated with brain insulin resistance. 
