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Abbreviations 
 

AD Alzheimer's disease 

a.m. ante meridiem (lat.), (“before midday”) 

ASL Arterial spin labelling (measurement sequence in fMRI) 

BBB Blood-brain barrier 

BMI Body mass index 

BOLD Blood-oxygen-level-dependent (imaging) 

CBF Cerebral blood flow 

CNS Central nervous system 

CSF Cerebrospinal fluid 

DLPFC Dorsolateral prefrontal cortex 

e.g. exempli gratia (lat.), (“for example”) 

FCR Food cue reactivity (task) 

[18F]-FDG-PET  18F-fluorodeoxyglucose positron emission tomography 

(f)MRI (functional) magnetic resonance imaging 

HOMA-IR index Homeostatic model assessment for insulin resistance index 

i.e. id est (lat.), (“that is”) 

ISI Insulin sensitivity index 

ISIMatsuda Matsuda peripheral insulin sensitivity index 

IU International unit 

ROI Region of interest 

SD Standard deviation 

T2D Type 2 diabetes 

TFEQ German Three Factor Eating Questionnaire 

vs. versus („opposed“ or „in contrast to“) 

VLPFC Ventrolateral prefrontal cortex 

WHO World Health Organization 

 

 



1  ENGLISH THESIS SUMMARY 
 
 

English Thesis Summary 

Insulin is a pancreatic hormone, able to pass the blood-brain barrier (BBB) to act on the 

central nervous system. Insulin receptors are widely distributed across the brain and found 

in high densities in regions like the cerebellum, hypothalamus, olfactory bulb, 

hippocampus, frontal cortex and striatum. Brain insulin signalling plays a crucial role in 

regulating whole-body metabolism, cognitive processes and eating behaviour. Different 

factors and conditions, including obesity and ageing, were shown to influence either insulin 

availability in the brain through changes in the transport across the BBB or by directly 

influencing brain insulin action. Moreover, first evidence points to sex-specific differences 

in the insulin-induced modulation of eating behaviour or memory performances. The aim 

of this work was to clarify and disentangle the influence of obesity/peripheral insulin 

sensitivity, age and biological sex on central insulin signalling. To probe central insulin 

action, intranasal insulin administration, compared to placebo was used in combination 

with functional magnetic resonance imaging in healthy women and men of different weight 

status and age. 

In the first study, we investigated whether brain insulin signalling influences 

appetite and reward regulation and if this process is modulated by sex, obesity and age. In 

response to high-caloric food cues, the amygdala, a region implicated in neural food reward 

pathways and eating behaviour showed higher insulin-mediated activity over all 

participants. The insulin-mediated insular cortex activity (besides other brain regions) was 

influenced by weight status and sex. Of interest, the insulin-mediated food cue reactivity 

in the insula was positively correlated to peripheral insulin sensitivity and this relationship 

was fully mediated by cognitive restraint, a measure for the cognitive self-control over food 

intake. In response to highly palatable food cues, brain insulin signalling in the prefrontal 

cortex, essential for decision-making and cognitive control of food intake, differed between 

women and men. In line with previous literature, central insulin action decreased perceived 

hunger over all participants and especially in men with normal weight, but also in women 

with overweight. Hence, insulin signalling in the brain modulates appetite and reward 

regulation, and this process is influenced by obesity and sex, but not age.  

In study 2, we investigated the association between brain insulin action, peripheral insulin 

sensitivity and age in different regions known to be insulin sensitive and crucial for eating 
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behaviour, homeostasis and cognitive functions. We could show a region-specific 

relationship between brain insulin action, age and peripheral insulin sensitivity in different 

brain regions important for the regulation of eating behaviour, including food reward 

pathways (amygdala, insula, striatum) and memory functions (hippocampus) with more 

pronounced associations depending on sex. These findings underline brain insulin 

responsiveness as a possible link between systemic metabolism and neurocognitive 

functions. 

In summary, our results confirm that central insulin signalling plays an important 

role in cognitive processes and in the regulation of homeostasis, appetite and reward 

regulation. Furthermore, our results demonstrate that insulin action is influenced and 

modulated by obesity, sex and age in a region-specific and task-specific manner. Brain 

insulin resistance was proposed as a joint pathological characteristic of neurodegenerative 

and metabolic disorders, including type 2 diabetes and Alzheimer’s disease. Interestingly, 

epidemiological data suggests that the prevalence, especially for type 2 diabetes and 

Alzheimer’s disease differs between women and men. Our results show that it is essential 

to consider and include different factors such as sex, age and weight status in further 

studies. Moreover, additional studies with larger numbers of participants and/or in suitable 

animal models are needed to understand the underlying (molecular) mechanisms of 

central insulin action in health and disease.  
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Deutsche Zusammenfassung 

Insulin ist ein Hormon, das in der Bauchspeicheldrüse produziert wird und hauptsächlich 

für seine Rolle in der peripheren Energiestoffwechselregulation bekannt ist. Insulin gelangt 

über die Blut-Hirn-Schranke auch in das zentrale Nervensystem. Insbesondere Regionen 

wie das Kleinhirn, der Hypothalamus, der Riechkolben, der Frontalkortex und das Striatum 

besitzen eine hohe Dichte an Insulinrezeptoren. Dabei spielt Insulin im Gehirn eine 

entscheidende Rolle bei der Regulierung des Ganzkörperstoffwechsels, kognitiven 

Funktionen und des Essverhaltens. Es wurde bereits gezeigt, dass verschiedene Faktoren 

wie zunehmendes Alter oder Adipositas entweder die Insulinverfügbarkeit beeinflussen 

(durch einen verminderten Insulintransport über die Blut-Hirn-Schranke) oder mit einer 

reduzierten Insulinwirkung im Gehirn einhergehen. Darüber hinaus gibt es erste Hinweise 

auf geschlechtsspezifische Unterschiede bei der insulin-induzierten, zentralen Regulierung 

des Essverhaltens oder Gedächtnisleistungen. Ziel dieser Arbeit war es, den Einfluss von 

Übergewicht/peripherer Insulinsensitivität, Alter und biologischem Geschlecht auf die 

zentrale Insulinwirkung zu untersuchen. Die zentrale Insulinwirkung wurde mittels 

intranasaler Gabe von Insulin im Vergleich zu Placebo in Kombination mit funktioneller 

Magnetresonanztomographie bei gesunden Frauen und Männern mit unterschiedlichem 

Gewichtsstatus und Alter, gemessen. 

In der ersten Studie wurde analysiert, ob die zentrale Insulinwirkung den Hunger 

oder das Verlangen nach Essen, sowie die Belohnungsaspekte von Essen beeinflusst und 

ob dieser Prozess durch Übergewicht, das biologische Geschlecht und Alter moduliert wird. 

Die Amygdala, eine zentrale Region in der Verarbeitung von Emotionen, aber auch Teil des 

Belohnungssystems und involviert in der Regulierung von Essverhalten, zeigte über alle 

Personen hinweg eine höhere insulin-vermittelte Aktivität als Reaktion auf hochkalorische 

Nahrungsmittel. Die insulin-vermittelte Aktivität im insularen Kortex (neben anderen 

Hirnregionen) wurde durch den Gewichtsstatus und das Geschlecht der Personen 

beeinflusst. Interessanterweise korrelierte die insulin-vermittelte Antwort auf Essensreize 

in der Insula positiv mit der peripheren Insulinsensitivität, sowie der kognitiven Kontrolle 

über das Essverhalten. Die insulin-vermittelte Antwort auf als sehr schmackhaft bewertete 

Essensreize unterschied sich zwischen Frauen und Männern im präfrontalen Kortex, einer 

Region die essenziell an der Handlungsplanung und Selbstkontrolle beteiligt ist. Darüber 
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hinaus gab es eine Abnahme des wahrgenommenen Hungergefühls über alle Personen 

hinweg und insbesondere bei Männern mit Normalgewicht, aber auch bei Frauen mit 

Übergewicht. Insulin im Gehirn moduliert also sehr wohl das Hungergefühl, sowie das 

Verlangen und die Belohnungsaspekte von Essen und dieser Prozess wird durch 

Übergewicht und das Geschlecht, nicht aber durch Alter beeinflusst.  

In Studie 2 untersuchten wir den Zusammenhang zwischen Alter, der peripheren 

und der zentralen Insulinsensitivität in verschiedenen insulin-sensitiven Gehirnregionen, 

die an der Regulation von Essverhalten, Homöostase und kognitiven Funktionen beteiligt 

sind. Wir konnten einen regionsspezifischen Zusammenhang zwischen dem Alter, der 

peripheren Insulinsensitivität und der Insulinwirkung in verschiedenen Gehirnregionen 

nachweisen, wobei die Assoziationen je nach Geschlecht ausgeprägter waren. Bei diesen 

Gehirnregionen handelte es sich um Regionen die wichtig für die Regulierung des 

Essverhaltens oder Teil des Belohnungssystems sind (Amygdala, Insula, Striatum), sowie an 

Gedächtnisfunktionen (Hippocampus) beteiligt sind. Die Ergebnisse unterstreichen die 

Wichtigkeit der Insulinwirkung im Gehirn als mögliche Verbindung zwischen metabolischen 

und neurokognitiven Funktionen. 

Zusammenfassend bestätigen unsere Ergebnisse, dass Insulin im Gehirn eine 

wichtige Rolle bei kognitiven Prozessen, sowie bei der Regulierung der Homöostase, 

Appetit und der Verarbeitung von Belohnungsaspekten von Essensreizen spielt. Des 

Weiteren zeigen unsere Ergebnisse, dass die Insulinwirkung regionsspezifisch und 

aufgabenspezifisch durch Übergewicht, Geschlecht und Alter beeinflusst und moduliert 

wird. Die zentrale Insulinresistenz wird als gemeinsames pathologisches Merkmal von 

neurodegenerativen und metabolischen Beeinträchtigungen, inklusive Typ 2 Diabetes und 

Alzheimer diskutiert. Interessanterweise zeigen epidemiologischen Daten, dass sich die 

Prävalenz, insbesondere für Typ 2 Diabetes und Alzheimer zwischen Frauen und Männern 

unterscheidet. Unsere Ergebnisse zeigen, dass es elementar ist unterschiedliche Faktoren 

wie Geschlecht, Alter und Gewichtsstatus in Studien zu berücksichtigen. Weitere Studien 

mit größeren Teilnehmerzahlen, sowie in passenden Tiermodellen sind erforderlich 

insbesondere auch um die zugrundeliegenden molekularen Mechanismen der zentralen 

Insulinwirkung in Gesundheit und Krankheit zu verstehen.	 	
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Introduction 

The brain as insulin sensitive organ 

The hormone insulin was discovered and isolated a little over 100 years ago, in 1921, by 

Frederick Banting and Charles Best [1]. Insulin is produced in the pancreatic beta cells in 

response to rising blood sugar levels and has a seminal role in glucose metabolism by 

stimulating glucose uptake in muscles, the liver and adipocytes and by suppression of 

hepatic glucose production [2]. Approximately 50 years later, in 1978, insulin receptors 

were discovered in rodent brains [3]. However, the brain was for a long time considered as 

insulin-insensitive, as neuronal glucose uptake is thought to be mostly insulin-independent. 

Scientific interest only turned later to the role of brain insulin signalling. Especially in the 

last two decades, evidence is rapidly accumulating that brain insulin action is involved in 

metabolic and cognitive health, including memory, mood and olfaction as well as eating 

behaviour and peripheral metabolism [4-6]. Insulin receptors are found in high density in 

regions like the cerebellum, hypothalamus, hippocampus, frontal cortex, olfactory bulb and 

striatum [5, 6]. Besides targeting neuronal populations, insulin signalling also affects glia 

cells, including astrocytes. Astrocytes are functionally integrated and interconnected to 

neural networks and implicated in the regulation of synaptic transmission, neuronal 

proliferation and in mediating cerebral blood delivery linked to neural activity [7-9]. Recent 

findings suggest that brain-glucose uptake and energy balance regulation could 

nonetheless be regulated by insulin signalling in astrocytes [9]. Emerging evidence further 

indicates that insulin signalling in astrocytes, comparably to neurons, influences metabolic 

homeostasis and regulates cognition and mood [9]. 

As mentioned earlier, it is widely assumed that most of the insulin that reaches the 

brain, is produced in the pancreatic beta cells. The hormone is transported through the 

bloodstream and passes the blood-brain barrier (BBB) by a saturable receptor mediated 

transport mechanism [10-13]. In detail, peripheral insulin is transported from the blood 

stream through brain capillary endothelial cells in the brain interstitial fluid, where it can 

act on neuronal insulin receptors. From there insulin moves through the ependyma into 

the cerebrospinal fluid (CSF) [14, 15]. 
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Previous studies showed that insulin concentrations in the CSF are lower than serum insulin 

concentrations in the periphery [16].  Under baseline conditions, insulin concentrations in 

the CSF were approximately 10 times lower than serum insulin concentrations [17-19]. 

Moreover, in healthy participants the serum and CSF insulin concentrations were highly 

correlated [20] and insulin concentrations in the CSF increased during systemic insulin 

infusion [21]. 

Insulin sensitivity: a link between cognitive and metabolic disorders? 

The prevalence of metabolic disorders, including overweight and obesity is constantly 

rising. In brief, overweight and obesity arise from an energy imbalance between the 

consumed and expended calories [22]. In fact, the causes for overweight and obesity are 

multi-layered and not yet completely understood. Body weight is regulated by a complex 

interplay between the central nervous system (CNS) and the endocrine system, and inter 

alia, influenced by genetic and epigenetic factors [23, 24].  Moreover, an unhealthy lifestyle 

(e.g., reduced physical activity) and external factors including the continuous availability of 

processed, high-caloric food further promote excess weight gain [23, 24].   Obesity alone 

has almost tripled worldwide in the last 50 years [22]. Overweight and obesity are defined 

by an abnormal or excessive accumulation of body fat presenting a potential risk for health 

[25]. The most commonly used screening and classification tool for overweight and obesity 

is the Body Mass Index (BMI), a ratio between a person’s weight and height. The cut-off 

value for overweight is 25 kg/m2 and 30 kg/m2 for obesity. Even though the BMI does not 

differentiate between fat mass and lean mass, the BMI is generally well correlated to 

percentage body fat [26].  

A hallmark of obesity is a reduced peripheral insulin sensitivity or peripheral insulin 

resistance, defined as the diminished ability of insulin to exert its action on target tissues 

(peripheral will be used in contrast to brain/central), which can ultimately also lead to type 

2 diabetes mellitus (T2D). Epidemiological evidence further suggests a strong link between 

reduced peripheral insulin sensitivity, including T2D, and age-related neurocognitive 

disorders [27-30]. The latter includes cognitive impairments as well as dementia (e.g., 

Alzheimer's disease (AD)). Besides pathological conditions, peripheral insulin sensitivity 

also slightly decreases with normal ageing [31, 32]. 
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Not only peripheral insulin sensitivity is influenced by several conditions and 

factors, but also brain insulin action. Humans displaying an attenuated or absent response 

to insulin in the brain are often referred to as brain insulin resistant [33, 34]. The 

mechanisms behind altered brain insulin signalling may include a reduced number of 

insulin receptors, reduced insulin receptor sensitivity and/or an altered transport of insulin 

across the BBB from the periphery to the brain [35]. The causes for brain insulin resistance 

are diverse and potentially include genetic factors, but also obesity and ageing [34, 36]. 

Several factors including exercise, obesity, peripheral insulin resistance, ageing and AD 

have been demonstrated to influence the BBB transport leading to decreased CSF insulin 

levels [14, 37-40]. Moreover, first evidence points to a brain-region-specific association 

between peripheral and central insulin sensitivity, even though the underlying mechanisms 

are not completely understood [34, 38, 41-44].  

Overall, there seems to be a close link between metabolic and cognitive impairments, 

whether reduced peripheral insulin sensitivity and/or brain insulin sensitivity is a common 

condition or a shared pathomechanism needs to be further elucidated. 

Assessment of peripheral and central insulin sensitivity 

The gold standard to assess peripheral insulin sensitivity in humans is the hyperinsulinemic-

euglycemic clamp method. Hereby, insulin is infused at a constant rate, while glucose is 

infused at a variable rate to maintain euglycemia. Via the glucose infusion rate, glucose 

uptake of the different tissues in the body can be assessed, which serves as a measure of 

peripheral insulin sensitivity. A cheaper and less invasive method, is the estimation of 

different insulin sensitivity indices (ISI) from repeated insulin and glucose measurements 

during an oral glucose tolerance test (e.g., ISIMatsuda index). Further, in clinical practice often 

used indices, including the widely used HOMA-IR index, are based on a single fasted glucose 

and insulin measurement [45]. 

Compared to the periphery, the assessment of brain insulin sensitivity and also 

brain insulin action non-invasively in humans, is challenging.  The intranasal application of 

insulin, -the delivery of insulin with a spray through the nose to the brain, combined with 

a functional imaging technique, like functional magnetic resonance imaging (fMRI) has 

been established over the last decades. As the intranasal application of insulin at the 

commonly used doses (40-160 IU), was shown to produce no or only little spill-over, no 
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peripheral hypoglycaemia or severe side effects [46], this method is widely used and allows 

to disentangle peripheral from brain insulin action. In contrast to the natural, peripheral 

insulin pathway via the bloodstream through the BBB to neuronal tissues, insulin is applied 

to the nasal cavity and enters the brain along olfactory, trigeminal pathways, bypassing the 

BBB [47-50]. The intranasally administered insulin is then distributed within several 

minutes along cerebral perivascular spaces in the brain [51, 52]. Following intranasal 

application, insulin levels in the CSF were shown to rise after 10 minutes, reaching a peak 

after 30 minutes and remain significantly elevated up to 80 minutes in humans [16].  

Several functional neuroimaging techniques are available to non-invasively quantify 

and measure brain insulin sensitivity in humans, including fMRI [5]. fMRI measurements 

rely on the neurovascular coupling, a term used to describe changes in local perfusion 

(blood flow) that occur in response to neural activity. These local changes in blood flow are 

measured with fMRI as a proxy for neural activity. Brain activity can either be studied during 

resting-state or while performing a specific task. To investigate appetite and food-specific 

brain responses and their modulation by peripheral signals (including hormonal signals) or 

personality traits (e.g., eating habits, impulsivity), tasks with food cues are often employed 

[53].  Food cues can include visual or olfactory stimuli, or any cues associated with food-

related memories [54]. Such cues can be considered as conditioned stimuli, able to elicit 

food-related psychological (e.g., craving) and physiological (e.g., salivation or hormone 

secretion) changes, accompanied by neurocognitive reactivity preparing for subsequent 

food intake [54, 55]. Food cue reactivity was shown to be a robust prospective and 

predictive measure for subsequent food-related outcomes, including eating behaviour and 

body weight changes over time (weight gain or weight loss) and is therefore commonly 

used to study appetite and obesity [56, 57]. 

Effects of brain insulin action on cognitive functions 

Central insulin is essential in synaptic plasticity, neuronal survival, neurite growth and 

learning [50, 58-62]. In contrast, brain insulin resistance might constitute a pathological 

trait in cognitive impairments described in relation to obesity, T2D, aging and AD [5, 36, 63, 

64]. Post-mortem studies in elderly patients demonstrated a decrease of insulin signalling 

in the brain of AD patients and this reduced central insulin sensitivity was directly 

associated with cognitive decline [64]. 
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Beneficial effects of intranasal administration of insulin on cognition, memory 

functions and mood have been demonstrated in healthy and elderly, cognitively impaired 

humans [65]. The existing literature is quite inhomogeneous concerning the used insulin 

doses (10-160 IU), the study population (i.e., age, BMI, sex, health status) and the used 

study design and cognitive testing, which makes it difficult to directly compare the study 

outputs (reviewed here: [65, 66]). Most studies tested either executive functions (e.g., 

working memory, attention or inhibition) or memory functions (e.g., declarative, spatial or 

non-declarative memory). Acute doses of intranasal insulin were demonstrated to improve 

executive functions and memory in normal weight adults [67-70] and in cognitively 

impaired adults [71, 72]. First evidence points to sex-specific differences, as Benedict and 

colleagues [67] reported improved performances on declarative and working memory 

tasks only in women and not in men [67]. Longer-term (3-16 weeks) insulin administration 

was shown to improve memory functions in participants with normal weight and 

overweight [73, 74]. Moreover, declarative memory and executive functions were 

increased following intranasal insulin administration in participants with mild cognitive 

impairments or AD [75, 76].  

Effects of brain insulin action on metabolism and eating behaviour 

Brain insulin signalling plays a major role in the regulation of eating behaviour and 

peripheral metabolism. In physiological conditions, pancreatic insulin secretion and insulin 

concentration in the bloodstream are the highest after food intake. The hormone is 

transported into the brain [13] where it potentially acts as a satiety signal leading to 

reduced postprandial appetite. In the rodent model, a disruption or a reduction of CNS-

specific insulin receptors led to hyperphagia and diet-induced obesity with higher body fat 

and peripheral insulin resistance [41, 77, 78]. In physiological conditions, brain insulin 

signalling was further shown to influence whole-body glucose metabolism by suppressing 

hepatic glucose production and to improve peripheral insulin sensitivity [5, 36, 79].  

Moreover, the central administration of insulin led to reduced food intake in several 

animal models including rodents [80, 81], baboons [82], sheep [83] and young chicken [84]. 

In humans, previous behavioural studies showed decreases in appetite and food intake 

following acute intranasal insulin administration, but only in young men with normal 

weight [42, 67]. Longer-term intranasal insulin administration over 8-weeks led to 
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reductions in body weight and body fat content, again in men only. However, in women, 

intranasal insulin was shown to reduce the consumption of palatable food (i.e., cookies) in 

the postprandial state [85, 86]. Even though these studies point to sex-specific differences 

in central insulin action, such differences were not investigated or detected in fMRI studies 

so far.  

In previous studies, central insulin was shown to modulate regional resting-state 

activity and functional connectivity especially in the amygdala, hippocampus, 

hypothalamus, insula, striatum and parts of the prefrontal cortex [42, 87-92] (Figure 1). 

These regions belong to an interconnected network modulating energy balance and food 

intake, are influenced by the sight, smell and taste of food and are responsive to 

postprandial hormones [93]. 

Based on actual knowledge and theories, eating behaviour and food intake are 

regulated by a crosstalk of two systems: the homeostatic system mainly influenced by the 

hypothalamus; and the reward or hedonic system including the mesolimbic-dopaminergic 

pathways and prefrontal areas [94]. The homeostatic system mainly gets input from 

peripheral hormones (e.g., insulin, leptin and ghrelin) and reacts to the current energy 

status and the metabolic needs of the body [95]. The reward system is regulated by 

physiological signals in response to food cues, including sight, taste, olfaction, palatability 

and probably further influenced by beliefs and expectations [4, 96]. A dysregulation of 

these systems can lead to the preference for high-caloric food, hyperphagia or eating in the 

absence of hunger, which in the long-term may promote obesity [4, 97]. 

 

In different neuroimaging studies, participants with overweight and obesity were 

shown to have higher food cue elicited brain responses, especially in regions linked to 

emotion and reward regulation, including the amygdala, insula, orbitofrontal cortex and 

striatum [54]. Such visual or olfactory food cues are able to elicit food related psychological 

(e.g., craving) and physiological (e.g., salivation or hormone secretion) changes, 

accompanied by neurocognitive reactivity preparing for subsequent food intake [54, 55]. 

Moreover, an incentive salience is often attributed to palatable food cues, leading to an 

activation of the reward neurocircuitry [98]. Of note, brain responses to food cues and 

craving can even be predictive for eating behaviour and weight gain [56] or, on the 

contrary, for the success of weight loss interventions [57]. 
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In studies using a food cue reactivity (FCR) task and intranasal insulin, people with 

overweight and obesity showed an altered mostly increased response to visual food cues 

in brain regions linked to reward, associated with changes related to eating behaviour (e.g., 

food value and craving) [42, 90]. 

Figure 1: Insulin sensitive brain regions displayed within a 3-dimensional standard 

anatomical template. In humans, central insulin action is mostly studied using intranasal 

administration of insulin, combined with a functional imaging technique (e.g., fMRI). The 

amygdala (yellow) plays an important role in the regulation of emotional behaviour and 

food intake. The frontal cortex (green) is responsible for decision-making and cognitive 

control of eating behaviour. The fusiform gyrus (violet) is involved in the recognition of 

visual stimuli including food cues and visual processing. The hippocampus (dark blue) has 

an essential role in learning behaviour and memory consolidation. The hypothalamus 

(orange) is vital for maintaining homeostasis (e.g., energy expenditure and food intake, 

thermoregulation, sleep…). The insular cortex (red) includes the primary taste cortex and 

plays an important role in sensory and homeostatic processes. The striatum (light blue), 

including the dorsal (i.e., caudate nucleus and putamen) and the ventral striatum (i.e., 

nucleus accumbens), is associated with reward-motivated behaviour. [36] (Figure 1 was 

created using MRIcroGL) 

Insulin sensitive brain regions 

Frontal cortex 

Insular cortex 

Hippocampus 

Amygdala 

Hypothalamus 

Striatum 

Fusiform gyrus 
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Of interest, central insulin and dopamine action were shown to be closely linked 

and interconnected [4]. It was recently demonstrated in healthy humans that striatal 

dopamine levels [88] and functional connectivity of reward pathways [90, 91] were 

modulated by intranasal insulin administration. Moreover, in animal models, intranasal 

insulin directly modulated dopamine function in the midbrain and nucleus accumbens [99]. 

This shows that insulin signalling, besides being implicated in the modulation of energy 

homeostasis (satiety signal), is also involved in reward processing. Central insulin may act 

at the neural interface between metabolic and hedonic control and modulation of eating 

behaviour and food intake [90]. 
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Thesis objectives  

Insulin signalling in the brain has major implications in cognitive and metabolic processes. 

Several factors and conditions, including obesity and ageing have been shown to influence 

either insulin availability in the brain by altering the transport across the BBB or by directly 

affecting brain insulin action. First evidence further points to sex-specific differences in 

brain insulin action, particularly in the regulation of memory processes and eating 

behaviour. The aim of my thesis was to clarify and disentangle the influence of 

obesity/peripheral insulin sensitivity, age and sex on central insulin signalling. 

Obesity, sex and age have previously been shown to influence appetite regulation 

and FCR. Compared to men, women demonstrated greater brain activity in prefrontal and 

reward areas, including the striatum and insula in response to high-caloric visual food cues 

[100]. Higher FCR in brain regions associated with emotion and reward regulation (i.e., 

amygdala, insula, orbitofrontal cortex) was also demonstrated in individuals with obesity 

[54] and increased activity in reward areas in response to food cues was a predictor of BMI 

in women [101]. Moreover, in middle-aged adults, brain activity elicited by food cues, in 

response to a meal decreased with age [102]. This suggests that increasing age may be 

linked to a reduced satiety effect, or a reduced rewarding effect of food.  

Following intranasal insulin administration, individuals with obesity displayed an 

impaired response to food cues in reward-related brain areas [42, 90]. On behavioural 

level, central insulin failed to mediate eating behaviour (e.g., reduction of perceived hunger 

or food craving) in individuals with obesity [42, 90, 91]. In men, intranasal insulin led to a 

reduction of food intake and food craving [42, 67, 103]. Such an effect could not be 

observed in women. In women, however, intranasal insulin increased postprandial satiety, 

leading to a reduction of cookie consumption [85, 86]. Hence, first evidence suggests an 

influence of obesity and sex on central insulin signalling regarding appetite regulation and 

food intake. 

Despite the extensive literature, to my knowledge, no study has investigated the 

influence of obesity, sex and age on central insulin-mediated neural responses to food cues. 

Therefore, the primary aim of study 1 was to clarify the influence of brain insulin signalling 

on appetite and reward regulation in healthy women and men of different age and weight 

status. We used a visual FCR task during fMRI measurements combined with intranasal 
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application of insulin or placebo. I expected a stronger insulin-mediated response to food 

cues in brain regions involved in eating behaviour in participants with normal weight, 

compared to participants with overweight. Moreover, I hypothesised to see sex-specific 

differences, with higher insulin-mediated brain activity in reward-related areas in women 

and particularly in women with overweight. In line with previous literature, I expected a 

reduction of perceived hunger and food craving in men with normal weight. Finally, with 

increasing age, I expected a reduced insulin-mediated response to food cues and a reduced 

effect on perceived hunger and food craving. 

In study 2, I focused on the relationship between age, peripheral insulin sensitivity 

and central insulin action. Initial evidence suggests a regional association between 

peripheral and brain insulin sensitivity [38, 39, 41, 42]. However, no study to date has 

systematically analysed the association between peripheral and central insulin sensitivity 

in a larger sample of participants.  

I expected to see region-specific correlations between peripheral insulin sensitivity 

and insulin-induced brain activity. I also expected brain insulin responsiveness to decrease 

with increasing age.  Sex-specific differences in central insulin action have so far only been 

observed in behaviour-related measures (e.g., food intake or memory). I therefore 

explored whether sex has an effect on the association between age, peripheral and central 

insulin sensitivity. 
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Results and Discussion  

In the following sections, the main results, mostly previously published [104, 105] will be 

outlined. Details concerning the study design (overview in Figure 2), statistics as well as the 

related figures can be found in the corresponding publications and in the Appendix.   

 
 
Figure 2: Simplified and merged study overview. The studies consisted of a cross-over 
within-participant design with intranasal insulin or placebo in a pseudo-randomized order 
during two visits. Data analysed in study 1 are represented in blue, data analysed in study 
2 in orange. The terms “pre” and “post” refer to the time points before and after application 
of the nasal spray. 
Upon arrival, the fasted state of the participants was controlled with a blood sample. 
Hunger was assessed with a visual analogue scale at arrival and approximately 75 minutes 
after nasal spray application. Trait eating behaviour characteristics were assessed with 
questionnaires, including the German Three Factor Eating Questionnaire (TFEQ) during the 
first visit. 
Resting-state CBF data were recorded at each visit before and 30 min after nasal spray 
application (study 2). After nasal spray application and after the resting-state 
measurements, participants were shown 60 pictures of high- and low-caloric food cues 
during fMRI blood oxygen level-dependent (BOLD) measurements (study 1). The food cue 
viewing task in the fMRI was followed by a rating task: participants rated the food cues 
seen in the scanner on a laptop based on wanting (i.e., desire to eat). 
When pre and post measures were available, we analysed the change (∆), meaning we 
subtracted the pre measurement from the post measurement, leading to baseline-corrected 
data. To analyse specific intranasal insulin-induced responses, we used the difference 
between insulin and placebo measures in our statistical models. 
BS: blood sample; BOLD: blood oxygenation-level dependent; CBF: cerebral blood flow; FCR: 
food cue reactivity task. 
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Study 1  
– Sex differences in central insulin action: Effect of 
intranasal insulin on neural food cue reactivity in 
adults with normal weight and overweight 

In the first study, we analysed whether central insulin action influences appetite and 

reward regulation in response to a food cue reactivity (FCR) task, where participants were 

exposed to visual high- and low-caloric food cues during BOLD-fMRI (Figure 2). 

Furthermore, we investigated whether brain insulin action differs between women and 

men (defined by biological sex) or weight status (defined by BMI). On a behavioural level, 

we were interested if central insulin reduces perceived hunger and the desire to eat specific 

food (wanting). 60 participants (30 women, BMI 18-32 kg/m2, age 21-69 years) were 

measured with intranasal insulin and placebo spray in a pseudo-randomised, cross-over 

design (table with descriptive and metabolic data of the participants in Table 1 in the 

Appendix [104]). Central insulin action was probed by intranasal insulin compared to 

placebo spray. Peripheral insulin sensitivity was assessed by an oral glucose tolerance test 

and the Matsuda peripheral insulin sensitivity (ISIMatsuda) index was used as a measure for 

peripheral insulin sensitivity.  

Results  

Effect of central insulin on perceived hunger 

Subjective feeling of hunger was assessed with a visual analogue scale before the fMRI 

measurements and approximately 75 minutes after spray administration. Hunger was 

significantly reduced after intranasal insulin administration compared to placebo over all 

participants and specifically in men with normal weight and women with overweight 

(Figure 2 in the Appendix [104]).  

Effect of central insulin on the desire to eat high and low-caloric food (wanting) 

During the fMRI-FCR task, participants were shown 60 food cues, including high- and low-

caloric sweet and savoury food (e.g., cakes, burger, pizza, vegetables, fruit and salads). 

Afterwards, outside of the scanner, participants were asked to rate the previously seen 
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food cues according to the question “how much they want to eat the food at that moment” 

on a 5-point Likert scale going from “not at all” to “very much”. 

No main effect of insulin vs. placebo spray was found in the wanting ratings for high-caloric 

food cues.  However, the differential wanting ratings (insulin-placebo) were significantly 

lower in men than in women. This indicates a reduction in wanting for high-caloric food in 

response to intranasal insulin in men, whereas women showed an insulin-induced increase.  

Moreover, the wanting ratings for high-caloric food cues correlated with the percentage of 

body fat. Participants with the highest percentage of body fat also displayed the highest 

wanting ratings for high-caloric food cues, in response to insulin compared to placebo 

spray. The wanting ratings for high-caloric food cues further correlated with cognitive 

restraint, which was assessed by the German Three Factor Eating Questionnaire (TFEQ).  

In contrast, the wanting ratings for low-caloric food were significantly higher 

following intranasal insulin compared to placebo over all participants. No differences could 

be observed with respect to BMI or sex, and no correlations with physiological or 

behavioural measures were found. 

Effect of central insulin on neural BOLD activity in response to high- vs.  low-caloric 

food cues 

The analysis of the FCR task was first performed according to the caloric content of the 

food cues (high-caloric vs. low-caloric food cues) and afterwards according to the individual 

participant’s wanting ratings for the 60 food cues.  

Over all participants, higher BOLD-activity was found in the amygdala after insulin 

compared to placebo administration, specifically in response to high-caloric food cues, 

compared to low-caloric food (Supplementary Figure 3 in the Appendix [104]). In the 

precuneus and insula (Figure 3 in the Appendix [104]) men with normal weight and women 

with overweight displayed higher BOLD activity following intranasal insulin, compared to 

placebo in response to specifically high-caloric food, than women with normal weight and 

men with overweight. A comparable pattern was found in the cerebellum/lingual gyrus. 

The differential (insulin minus placebo) BOLD response in the insula correlated 

positively with peripheral insulin sensitivity (Supplementary Figure 4 in the Appendix [104]). 

Hence, with higher peripheral insulin sensitivity, participants showed increased BOLD 

activity in the insula following intranasal insulin administration. Furthermore, the insula 
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response was positively associated with the wanting ratings for high-caloric food cues and 

cognitive restraint (TFEQ). 

On top, our mediation models showed a link between peripheral insulin sensitivity, 

cognitive restraint and central insulin-induced neural BOLD response in the insular cortex: 

cognitive restraint serves as a mediator between peripheral insulin sensitivity and central 

insulin action (Figure 4 in the Appendix [104]). This indicates that cognitive restraint 

promotes the relationship between periphery and central insulin action in response to 

high-caloric food cues. 

Effect of central insulin on neural food cue reactivity according to the individual 

wanting ratings 

In addition to the analysis of the neural FCR in response to the calorie content of the food 

cues, we modelled brain activity according to the participants’ individual wanting ratings 

for the different food cues (Supplementary Figure 1 in the Appendix [104]). A significant 

interaction between condition and sex of the participants appeared in the dorsolateral 

prefrontal cortex. Women showed higher insulin-induced dorsolateral prefrontal cortex 

activity with increasing wanting ratings, while men showed lower activity with increased 

wanting ratings in response to intranasal insulin (Figure 5 in the Appendix [104]). 

Moreover, the differential dorsolateral prefrontal cortex response (insulin-placebo) 

correlated positively with percent body fat and cognitive restraint (TFEQ) over all 

participants. 

Influence of age on central insulin action on reward and appetite regulation 

Besides the results described above and published in [104], we analysed whether age 

influences central insulin action on appetite and reward regulation. In our study, 

participants between 20 and 70 years were recruited, ideally having led to a homogenous 

age distribution in our participant sample. Unfortunately, we had difficulties to recruit 

participants in the working-age group between 35 and 50 years. We think that the 

recruitment difficulties were due to the time load of our study including three visits in the 

morning from ~7-11 a.m. and in contrast to different medication studies, participants had 

no direct benefit from the study participation.  
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After all, to guarantee sufficient statistical power, we decided to use a median split, leading 

to two equi-sized age groups: below and over 40 years. The mean age of the younger group 

(15 women) was 29 ± 4.8 (SD) years and of the elderly group (15 women) 57 ± 7.8 (SD) 

years. 

We did not observe significant main age group effects (or interaction effects with BMI or 

sex) with spray (insulin or placebo) on perceived hunger, wanting for high- or low-caloric 

food or on neural FCR (calorie-content or wanting-modulation analysis) (p> 0.05). In other 

words, no difference could be observed between the younger and elderly group after 

insulin compared to placebo spray on FCR or behavioural assessments. 

Summary and Discussion  

In study 1, we investigated the effect of central insulin action on perceived hunger, appetite 

and reward regulation in combination with an fMRI-FCR task in women and men of 

different weight status, specifically with normal weight or overweight and obesity. Over all 

participants, central insulin mediated an increase in BOLD activity in the amygdala in 

response to specifically high-caloric food cues. In other food-cue-responsive areas [106], 

like the insula, the central-insulin-mediated BOLD response differed between women and 

men, depending on the weight status. In addition, sex influenced the insulin-induced neural 

response to highly palatable food. Women showed an increase in insulin-induced BOLD 

activity in the dorsolateral prefrontal cortex with increasing palatability, whereas men 

showed a decrease. On the behavioural level, central insulin reduced perceived hunger. 

The desire to eat low-caloric food was increased in all participants, whereas the desire to 

eat high-caloric food was increased in women and decreased in men, in response to 

intranasal insulin. No effect of age was found on insulin-mediated neural food cue reactivity 

nor on behavioural level. 

In previous animal and human studies, including different fMRI studies, the 

amygdala has been reported to be insulin responsive [107-109]. In line with the previously 

described results, Kullmann and colleagues [109] showed an activity increase in the 

amygdala following intranasal insulin compared to placebo administration in resting-state 

fMRI. The amygdala is implicated in neural food reward pathways [110, 111], depending 

on the nutritional status (hungry vs. satiated) [106, 112, 113], and including cognitive 

processes (memory/recognition of food cues) [114]. Several fMRI studies have shown 
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increased activity in the amygdala specifically in response to high-caloric food cues [113, 

115, 116]. Likewise, in study 1, we observed greater BOLD activity in the amygdala following 

intranasal insulin administration in response to high- compared to low-caloric food cues. 

Our results further confirm that the amygdala responds to rewarding signals, including 

visual signals from the environment as well as internal hormonal signals. 

Apart from the amygdala, several other previously reported brain regions known to 

be responsive to food cues [106, 117-119] displayed insulin-mediated activity, but 

depending on the sex and weight status of the participants. BOLD activity in the insula was 

increased in women with overweight and men with normal weight in response to intranasal 

insulin. The insula plays an important role in sensory and homeostatic processes and 

current evidence suggests that the insula is an important convergence region in the gut-

brain axis, where internal states or signals (e.g., hunger, nutrient sensing pathways) are 

integrated with conscious sensory input or subliminal reward signals to influence food 

choice and intake [96, 120]. To our knowledge, the effects of BMI and sex on central insulin-

mediated FCR have not been investigated so far. However, previous studies have reported 

that weight status and/or sex influence central insulin action in the insular cortex.  Central 

insulin action led to an increase in regional cerebral blood flow (CBF) in the insula in young 

men with normal weight [89], whereas in men with overweight intranasal insulin led to a 

CBF decrease [121]. Moreover, central insulin action led to an increase in BOLD activity in 

the insula during a FCR task both in women with normal- and overweight [86]. Independent 

of central insulin action, several studies have investigated the effects of BMI and sex on 

neural responsiveness to food cues [113, 115, 122-124]. In one study [122], including men 

and women, participants with normal weight displayed greater activity in the insula in 

response to food cues than participants with overweight. In a second study [115] women 

with overweight revealed higher insula activity than women with normal weight. These 

results coincide with our results, where central insulin induced the highest activation in the 

insula in women with overweight and men with normal weight in response to high-caloric 

food cues. 

Previous studies have indicated a partial, regional association between peripheral 

and brain insulin sensitivity [38, 39, 41, 42]. In study 1, we observed an association between 

peripheral insulin sensitivity and insulin-mediated FCR in the insula. Participants with high 

peripheral insulin sensitivity also showed the highest insulin-induced response in the 
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insula, and this relationship was fully mediated by cognitive restraint. Cognitive restraint is 

a measure of cognitive self-control over food intake and in general a good predictor for 

body weight maintenance or weight loss success [125]. Our results suggest that cognitive 

restraint may strengthen the association between peripheral insulin sensitivity and insulin-

mediated FCR in the insula. Central insulin has previously been shown to act on the 

mesocorticolimbic dopamine system with a direct influence on dopamine signalling [4] 

leading to a reduction of the rewarding aspect of food [88, 90, 91]. Cognitive restraint may 

further influence the subjective value and hedonic aspects of food. 

Based on these findings, we assume that in men with normal weight, the insulin-

mediated BOLD response in the insular cortex is mainly driven by physiological signals 

(central insulin signalling/satiety signal). In women with overweight, we postulate that the 

insulin-mediated response in the insula was further influenced by environmental cues and 

cognitive processes. We will return to this assumption in the discussion below.  

Notably, women with normal weight showed no response or if at all, a slight decrease in 

insulin-mediated BOLD response in the insula to high-caloric food cues. Central insulin 

effects in women with normal weight on appetite ratings and insulin-mediated FCR in the 

insula were previously described in the postprandial state [85, 86]. Thus, the nutritional 

state could further impact the insulin-mediated neural response to food cues in a sex- or 

weight-dependent manner [106, 113, 124, 126]. Moreover, in women, hormonal 

fluctuations associated with the menstrual cycle or menopause have been shown to affect 

peripheral insulin sensitivity as well as central insulin action [127, 128]. Further studies, 

including studies in suitable animal models, are needed to disentangle the complex 

interplay between nutritional status, sex hormones, cognitive and physiological cues on 

insulin-mediated neural activity and to evaluate the underlying molecular mechanisms. 

On a behavioural level, intranasal insulin led to the most pronounced decrease in 

perceived hunger in men with normal weight and women with overweight. This is in line 

with previous studies, mainly conducted in men with normal weight, showing a central 

insulin-induced reduction in appetite or hunger ratings as well as reduced food intake [42, 

67]. Moreover, Schneider and colleagues [86] showed a more pronounced reduction in 

appetite in women with obesity compared to lean women. Concerning the desire to eat 

high-caloric food, men displayed an insulin-induced reduction whereas women displayed 

an insulin-induced increase. Intranasal insulin has previously been shown to reduce 
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wanting for high-caloric food [42, 90, 129], and our results further demonstrate a sex-

specific modulation.  

Moreover, the insulin-mediated DLPFC activity was modulated by individual wanting 

ratings for the food cues and differed between women and men. With increasing desire to 

eat the different food items, women showed increased insulin-mediated DLPFC activity, 

whereas men showed decreased DLPFC activity.  The prefrontal cortex is essential for 

decision-making and cognitive control of eating behaviour, such as food intake [130, 131], 

and is highly responsive to different hormones, including insulin [42, 132]. The sex 

differences in prefrontal cortex activity further support our findings discussed above, that 

insulin signalling differs between women and men, especially when cognitive processes 

related to eating behaviour are involved [5, 67]. In men, central insulin led to a reduction 

in prefrontal cortex activity for highly desired food cues and a decrease in perceived 

hunger, which could then lead to the previously described reduction in food intake in men 

[103] and male rats [80, 133]. In women, central insulin action seems to be strongly 

influenced by cognitive processes, linked to food choice. This hypothesis is further 

supported by the positive correlation between DLPFC activity and cognitive restraint. We 

postulate that in men physiological signals, e.g., central insulin, are the main regulators of 

homeostasis and appetite, whereas in women physiological and cognitive signals may be 

either dissociated or interrelated. 

Limitations 

It is known that peripheral insulin sensitivity [127], as well as eating behaviour and food 

preferences [100] vary throughout the female menstrual cycle. Due to the limited sample 

size, we could not consider the influence of menstrual cycle, contraceptive medication or 

menopause. Even though Krug and colleagues [68] did not find differences in food intake 

after insulin administration between postmenopausal and young women, the impact of sex 

hormones on central insulin-mediated FCR or eating behaviour should be addressed in 

further studies.  

Conclusion 

Overall, sex and obesity, but not age have a major influence on central insulin-mediated 

FCR. While previous studies have demonstrated an effect of obesity on central insulin 
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signalling, our results underline a complex interplay between obesity and sex on neural 

FCR. In addition, prefrontal cortex activity, modulated by the desire to eat specific food, 

displayed sex-dependent differences. Overall, this suggests that central insulin signalling 

differs between men and women, particularly in the regulation of cognitive and reward-

related processes. 
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Study 2  
– Brain insulin responsiveness is linked to age and 
peripheral insulin sensitivity 

In the second study, we analysed whether central insulin action associates with peripheral 

insulin sensitivity or age. 110 participants including those of study 1; 54 women, BMI 18-49 

kg/m2, age 21-74 years) were measured with intranasal insulin and placebo spray in a 

pseudo-randomised, cross-over design (Figure 2).  In contrast to study 1, the difference in 

cerebral blood flow (CBF) measurements after, compared to before nasal spray application, 

was used as a proxy for central insulin action. Peripheral insulin sensitivity was assessed by 

an oral glucose tolerance test, as in study 1, and the Matsuda peripheral insulin sensitivity 

(ISIMatsuda) index was used as a measure of peripheral insulin sensitivity. Several regions of 

interest (ROI) known to be insulin sensitive and related to metabolism, eating behaviour or 

cognition were analysed: bilateral amygdala, hypothalamus, hippocampus, insula, dorsal 

and ventral striatum. (table with descriptive and metabolic data of the participants in Table 

1 in the Appendix [105]).  

Results  

Association of central insulin action and age 

Age was negatively associated with insulin action in the hippocampus and caudate nucleus. 

With increasing age, the CBF response to central insulin decreased in these regions (Figure 

2 in the Appendix [105]). Moreover, the negative association of hippocampal insulin action 

and age was stronger in women.  In men only, there were further associations between 

insulin action and age in the amygdala and insula. There were no associations between 

insulin action in the hypothalamus, putamen or ventral striatum and age.  

Association of central insulin action and peripheral insulin sensitivity 

Peripheral insulin sensitivity was negatively associated with insulin action in the amygdala 

(Figure 3 in the Appendix [105]). Participants with low peripheral insulin sensitivity showed 

no response or a slight increase in response to intranasal insulin, whereas those with high 

peripheral insulin sensitivity showed the strongest decrease in the CBF response to 
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intranasal insulin. The negative association between peripheral insulin sensitivity and 

insulin action in the amygdala was more pronounced in men.   

Additionally, we found an interaction between peripheral insulin sensitivity and age 

with insulin action in the insular cortex (Figure 4 in the Appendix [105]). In younger 

participants (between 20 and 40 years), those with the highest peripheral insulin sensitivity 

showed the highest insulin action in the insula. In elderly participants, those with the lowest 

peripheral insulin sensitivity showed the highest response to intranasal insulin. A similar 

pattern was observed as a trend in the ventral striatum overall participants and this 

association was significant in men.  

No association was found between peripheral insulin sensitivity and central insulin 

action in the hippocampus, hypothalamus, or dorsal striatum.  

Summary and Discussion 

In study 2, we revealed region-specific associations of central insulin responsiveness with 

age and peripheral insulin sensitivity. Insulin receptors are widely spread across different 

brain areas and brain insulin action has been shown to modulate metabolism and 

behaviour. Disturbances in central insulin responsivity affect different cell populations 

(including neurons and glia cells [9]) as well as different brain circuitries. This further 

induces changes in dopamine signalling, BBB function, synaptic plasticity in the 

hippocampus and amyloid β and microtubule-associated tau protein expression (reviewed 

in: [5]). Brain insulin resistance might be a joint pathological trait of psychiatric, 

neurodegenerative and metabolic diseases. In study 2, we showed that central insulin 

action is associated with age and peripheral insulin sensitivity in a region-specific way and 

dependent on sex. 

Insulin action in different limbic brain regions was negatively associated with age. 

In the hippocampus and caudate nucleus, younger participants displayed the strongest CBF 

increase in response to intranasal insulin and this response declined with increasing age. 

Rebelos and colleagues [44] investigated insulin-stimulated brain metabolism using [18F]-

FDG-PET scans in a large study cohort. In line with our results, they could show that the 

insulin stimulated brain metabolism decreased with increasing age, especially in the limbic 

lobe. Nonetheless, further studies are needed to clarify the underlying mechanisms. 
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The hippocampus, also part of the limbic system, is known for its essential role in learning 

behaviour and memory consolidation and is very prone to age-related decline [134]. In 

rodents, intra-hippocampal administration of insulin led to increased performances in 

learning and memory tasks [135, 136]. In different previous human studies, intranasal 

insulin was shown to have a positive impact on memory performances in healthy young 

participants [67, 73, 137] as well as in patients with T2D or early AD (a recent review can 

be found here: [66]). Interestingly, in study 2 this age-related decrease in hippocampal 

insulin action seemed independent of peripheral insulin sensitivity. Such an independence 

between hippocampal and peripheral insulin sensitivity was already shown in rats and 

human post-mortem analyses [64, 138]. In rats with specifically downregulated insulin 

receptor expression in the hippocampus (i.e., “hippocampal insulin resistance”) neural 

plasticity and spatial learning were impaired, while they had normal peripheral insulin 

sensitivity as well as normal body weight [138]. Furthermore, in human post-mortem 

studies, elderly patients with AD had decreases in insulin-induced signaling cascades in 

hippocampal tissue correlating with cognitive impairment scores, whereas they had no 

history of diabetes [64]. Even so, it needs to be considered that the prevalence of 

prediabetes (with reduced peripheral insulin sensitivity) rises with age and data of 

peripheral insulin sensitivity was not available in these post-mortem datasets [64]. Of 

interest, in study 2, especially women showed a reduced insulin response in the 

hippocampus with increasing age. Coincidentally, women have a higher prevalence of age-

related AD [139] and first evidence points towards a relation between a reduction of brain 

insulin sensitivity and AD [140]. 

Moreover, insulin responsiveness was also reduced in the caudate nucleus, part of 

the striatum, with increasing age. Previous studies in healthy participants have shown that  

intranasal insulin increases striatal CBF, reduces striatal synaptic dopamine levels [88] and 

modulates mesostriatal connectivity [88, 90, 91, 99]. The striatum is not only involved in 

reward processing, but is also essential for motor functions. Besides a decline in cognitive 

functions, ageing is accompanied by a gradual decrease of motor performances [141]. To 

study and quantify motor functions, the gait, by means of walking speed, is often analysed 

and measured in studies. Gait is a complex task involving voluntary and automatic 

processes and a good predictor of disabilities and mortality [142, 143]. Moreover, 

Dumurgier and colleagues [144] demonstrated a direct linear relationship between 
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caudate nucleus volume and walking speed in elderly participants. First evidence suggests 

that gait functions can be improved using intranasal administered insulin [35, 49]. In 

elderly, healthy participants as well as in participants with T2D, gait speed was increased 

by a 24-week intranasal insulin intervention [49]. Furthermore, we recently showed that 

insulin responsiveness in the striatum can be improved by an 8-week exercise intervention 

and that this insulin-induced striatal activity positively correlates with improvements in 

metabolism and cognition [145]. Hence, enhancing central insulin sensitivity could 

constitute a potential new treatment option in ageing-associated or neurodegenerative 

disorders. 

Besides the associations with age, we discovered a link between insulin action in 

the insular cortex and the amygdala, and peripheral insulin sensitivity. The amygdala and 

the insula are part of the mesolimbic reward system, and are involved in the regulation of 

non-homeostatic eating behaviour, emotion processing and the regulation of 

physical homeostasis [146, 147]. Following intranasal insulin administration, participants 

with the highest peripheral insulin sensitivity showed the strongest CBF decrease in the 

amygdala. Similarly, Wingrove and colleagues [148] described a decrease in the amygdala 

CBF in response to intranasal insulin in healthy young men. Hence, high insulin sensitivity 

might translate into an insulin-induced inhibition of blood flow in the amygdala, 

comparable to previous reports on insulin-induced inhibition of hypothalamic blood flow 

in insulin-sensitive individuals [42, 149]. Furthermore, a deletion of the insulin receptors in 

the amygdala led to an altered glucose metabolism in rodents [108] and the direct injection 

of insulin into the amygdala led to a reduction in food intake [150]. Consequently, 

amygdalar insulin signalling may be involved in the regulation of glucose metabolism and 

eating behaviour; and a resistance may lead to the development of T2D or mood disorders 

[108, 151]. Amygdalar insulin sensitivity may constitute a joint feature between whole-

body metabolism and emotional behaviour in humans, although this needs to be further 

investigated. 

Insulin action in the insula was related to peripheral insulin sensitivity and age. 

Younger participants with high peripheral insulin sensitivity showed the most pronounced 

insulin-induced CBF increase in the insula, whereas in elderly participants those with the 

lowest peripheral insulin sensitivity showed the highest insulin-induced CBF increase. 

Interestingly, such an association between insulin-induced insular activity and peripheral 

https://en.wikipedia.org/wiki/Homeostasis
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insulin sensitivity was already found in study 1 in response to food cues [104]. Similar to 

the results in study 2, Schilling and colleagues [89] reported a CBF increase in the insula in 

response to intranasal insulin in healthy young men with normal weight, whereas Wingrove 

and colleagues [121] showed an insulin-induced decrease in men with overweight. In study 

2, the relationship between insulin-induced insular activity and peripheral insulin sensitivity 

changed with increasing age, such that in young participants, those with the highest 

peripheral insulin sensitivity showed the greatest CBF increase, whereas in elderly 

participants, those with the lowest peripheral insulin sensitivity showed the highest CBF 

increase in response to intranasal insulin. This might constitute a compensatory effect 

linked to ageing.  Lower CSF insulin concentrations have previously been reported in elderly 

participants with peripheral insulin resistance, caused by a reduction in insulin transport 

across the BBB [38, 39]. This reduction in insulin transport across the BBB could eventually 

lead to an insulin-deficiency in the brain. Through the intranasal administration of insulin, 

the BBB is bypassed and the pronounced insulin-induced response in elderly participants 

with low peripheral insulin sensitivity could represent a compensatory hyper-

responsiveness in a relatively insulin deficient brain. In line with this hypothesis, early brain 

hypermetabolism has been proposed as a transient compensatory reaction in initial 

cognitive and neurodegenerative decline. This overstimulation and ultimately exhaustion 

of brain tissues and networks may then accelerate degenerative processes, ultimately and 

progressively leading to brain hypometabolism (reviewed in: [152]). This hypothesis and 

the underlying molecular mechanisms need to be confirmed and investigated in further 

studies (probably in suitable animal models).  

Of note, several associations between brain insulin responsiveness, peripheral 

insulin sensitivity and age were more pronounced in either women or men. In rodents, 

oestrogen has been reported to modify brain insulin responsiveness [153, 154]. The steroid 

hormone is best known for its primary role in reproduction, but oestrogen also influences 

cognitive health, eating behaviour, energy expenditure and body weight regulation [155, 

156]. In women, oestrogen levels drop dramatically during and post-menopause, which has 

been identified as an additional risk factor for neurodegenerative alterations [156]. In 

contrast to the cited animal studies, an influence of oestrogen on brain insulin 

responsiveness has not yet been confirmed in humans [68, 157]. Nonetheless, several 

previous studies (including study 1) have suggested sex-specific effects of brain insulin 
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action on eating behaviour, food intake, and cognitive functions, including memory, mood 

and olfaction [6]. Together with the results of study 2, this highlights the importance of 

studying central insulin action in both women and in men, in order to disentangle its role 

in metabolic, neurodegenerative and psychiatric disorders. 

Limitations 

Two different 3 Tesla fMRI scanners were used for data acquisition between 2013 and 

2019. We minimised the variability by applying a global CBF correction and with our within-

subject design, using the baseline-corrected difference between insulin and placebo CBF 

response.  

We could not analyse the impact of sex hormones, menstrual cycle or menopause on 

central insulin responsiveness, as no exploitable data were available. Moreover, no 

standardised cognitive assessments were performed, hence we could not investigate the 

impact of hippocampal insulin responsiveness on memory or in general cognitive 

performance. Finally, we could not include prefrontal or parietal ROIs in our analysis due 

to the restricted field of view during the MRI acquisition. 

Conclusion 

The results of study 2 provide further evidence that cerebral functions, metabolism, age 

and sex are closely interconnected. It is essential to study and understand the underlying 

mechanisms to unravel the influence of the brain in healthy and unhealthy ageing including 

its consequences on neurocognitive functions. The findings of study 2 demonstrate that 

brain insulin signalling is region-specific, both in its responsiveness to insulin and in its 

associations with age or peripheral insulin sensitivity. Different interventions like exercise 

[145], weight loss [158] or pharmacological interventions [159] have been shown to restore 

brain insulin sensitivity. Whether these interventions may be tailored to counteract age-

dependant alterations or improve peripheral metabolism needs to be investigated in 

further studies.  
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General discussion  

Summary 

In both previously discussed studies, we investigated central insulin action in participants 

of different weight status, age and biological sex. In study 1, a special focus was set on the 

central insulin-mediated influence of BMI, age and sex on perceived hunger, appetite and 

food-related reward regulation during a FCR task. Study 2 focused mainly on the influence 

of peripheral insulin sensitivity and age on central insulin action in the absence of a specific 

task. 

We were able to show that central insulin signalling is involved in several neural and 

behavioural tasks and is mediated by sex, age, weight status and peripheral insulin 

sensitivity. On a behavioural level, central insulin action reduced perceived hunger and 

mediated wanting for high- and low-caloric food. On a neural level, central insulin 

influenced BOLD activity in the insula, amygdala, cerebellum/lingual gyrus, precuneus and 

dorsolateral prefrontal cortex in response to visual food cues, depending on sex and weight 

status. Insulin action during resting-state (measured by changes in CBF) in the 

hippocampus, caudate nucleus, ventral striatum as well as in the insula and amygdala was 

associated with age and/or peripheral insulin sensitivity and depending on sex. 

 

Despite the methodological differences in the study designs and measurement 

techniques (resting-state CBF measurements vs. (FCR) task-related BOLD measurements), 

the insula and the amygdala, both part of the mesolimbic reward circuitry and involved in 

emotion processing and hedonic eating behaviour [146, 147], revealed central insulin 

specific activity in both studies. Central insulin signalling in the amygdala was increased in 

response to high-caloric food cues (study 1), whereas the insulin-induced CBF response in 

the amygdala, during resting-state, was associated with peripheral insulin sensitivity and 

age depending on sex (study 2).  

Insulin-mediated activity in the insula was, in both studies (i.e., in response to food 

cues and during resting-state), associated with peripheral insulin sensitivity. In study 2, this 

association was influenced by age. Moreover, in response to food cues, obesity and sex 

influenced central insulin signalling in the insula (study 1). Hence, insulin signalling in the 
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insula and amygdala appears to be closely linked to peripheral insulin sensitivity and 

related to homeostatic/physiological functions (i.e., during resting state/in absence of a 

specific task) and involved in the processing of visual food cues (including reward 

processing). Besides the activity in the insula and the amygdala, obesity/peripheral insulin 

sensitivity, age and sex have a strong impact on central insulin signalling.  

Influence of obesity on central insulin sensitivity 

Overweight and obesity are defined by an abnormal or excessive accumulation of body fat 

presenting a potential risk for health [25]. The most commonly used screening and 

classification tool for overweight and obesity is the BMI, a ratio between a person’s weight 

and height [22]. By its nature, the BMI does not take into account body composition (i.e., 

muscle or fat mass), nor metabolic parameters or anatomical/physiological sex differences. 

Nevertheless, the BMI is a non-invasive, inexpensive and universal index of overweight and 

obesity and is widely used in studies. Thus, the BMI was used in study 1, to separate our 

participants into groups in order to study differences between people with normal weight 

and people with overweight and obesity. In study 2, we used the Matsuda peripheral insulin 

sensitivity index, a whole-body insulin sensitivity index (composite estimate of hepatic and 

muscle insulin sensitivity) and estimated from a 5-point oral glucose tolerance test, as this 

is a stronger measure of metabolic health than BMI [160]. As peripheral insulin resistance 

is a hallmark of obesity, BMI and ISIMatsuda are in general highly correlated. Such a 

correlation can also be observed in our participants (study 2: r= -0.268, p= 0.005). The focus 

of study 2 was to investigate the link between peripheral insulin sensitivity and brain insulin 

action, as little is currently known about this relationship. It should be noted, that despite 

their correlation, BMI and ISIMatsuda were not interchangeable in study 2, and adjusting our 

statistical models for BMI had little or no effect on the results. 

As mentioned above, the BMI is calculated based on a person’s weight and height 

and does not take into account metabolic parameters. However, genetic factors (e.g., 

[161]), diet composition [162-164] and physical activity [165] have an impact on peripheral 

insulin sensitivity without necessarily influencing the BMI. Of note, up to 30% (depending 

on the classification criteria) of people with obesity (BMI > 30) are metabolically healthy 

with a higher prevalence in women [166].  These “metabolically healthy obese” were 

shown to have normal peripheral insulin sensitivity, greater cardiorespiratory fitness and a 
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characteristic body fat distribution, with a low amount of visceral and liver fat [167]. 

Consistently, recent findings showed that elevated visceral adipose tissue, rather than BMI 

is associated with changes in brain insulin responsiveness [149]. However, measures of 

visceral adipose tissue were not available in study 1 and 2. Still, this entails that a person 

with overweight (defined by BMI) adhering to an otherwise healthy lifestyle, including 

physical activity, may be metabolically healthy and even healthier than a sedentary person 

of normal weight. Depending on the study objectives, the criteria to measure and classify 

overweight and obesity should carefully be chosen and further parameters including 

metabolic measures should be considered in the analysis. 

Brain insulin signalling is thought to act as a physiological signal to regulate 

homeostasis as well as a rewarding signal [168]. In study 1, our visual food cues also address 

homeostatic vs. hedonic aspects of food and eating. We therefore evaluated not only 

physiological, homeostatic functions of brain insulin signalling in response to food cues, but 

also psychological, hedonic aspects related to food and eating behaviour. In general, 

people with overweight and obesity demonstrate stronger responses to food cues [54] and 

less food-related inhibitory control [169]. In study 1, we could establish an association 

between cognitive restraint linked to eating behaviour (highest in women with overweight 

in study 1) with insulin-induced brain signalling in response to high-caloric and palatable 

food cues. Food cues can elicit strong conditioned responses (e.g., craving), but these 

responses can be suppressed by control regions, including the prefrontal cortex (DLPFC) 

[170]. In study 1, the insulin-mediated DLPFC activity in response to highly palatable food 

cues correlated positively with cognitive restraint. People with the highest cognitive 

restraint (i.e., women with overweight) displayed the strongest DLPFC activity in response 

to intranasal insulin. Whether this insulin-induced DLPFC activity would translate into 

changes in eating behaviour needs to be investigated into further studies.  

Moreover, social stigmatisation of people with a high BMI, especially women with 

overweight and obesity might influence their eating behaviour, or the hedonic and 

psychological valuation of food cues. However, this needs to be evaluated in further 

studies. Nonetheless, our results confirm the role of central insulin signalling in the 

interaction between metabolic, reward and cognitive processes in appetite control [97, 

170]. 
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Influence of biological sex on central insulin sensitivity 

Previous studies with intranasal insulin have yielded indicators of sex-specific differences 

[6]. These sex-specific effects of brain insulin action were found particularly in behaviour 

related measures, including food intake and appetite regulation, but also on olfaction, 

memory, mood and sleep [6]. First evidence suggests an influence of the nutritional state 

(fasted vs. satiated) on brain insulin signalling in men and women: reduced food intake was 

observed in fasted young men after intranasal insulin administration, whereas intranasal 

insulin reduced the postprandial consumption of cookies in women [67, 85]. To our 

knowledge, no neuroimaging studies have yielded indicators of brain insulin-induced sex-

specific differences so far. However, most studies have been and are being conducted in 

either women or men, and/or with relatively small sample sizes. 

In study 1 and 2, we revealed sex-specific differences in brain insulin signalling. 

These differences were mostly found in brain areas associated with reward or cognitive 

valuation of food. It could be speculated that differences in insulin signalling between 

women and men become apparent when cognitive valuation is involved or the rewarding 

aspects of food are addressed [100]. Moreover, most of the sex-specific effects were 

interrelated to obesity or peripheral insulin sensitivity and ageing. It remains to be 

investigated, whether there are sex-specific differences in healthy physiological brain 

insulin signalling, in the absence of a specific task, or whether such differences emerge 

when the optimal physiological state is disrupted, as in obesity or with increasing age 

(including menopausal changes in women).  However, these speculations, need to be 

confirmed in further studies and the underlying mechanisms need to be elucidated. 

Nevertheless, it is known that body composition, peripheral glucose homeostasis 

and metabolic functions differ between women and men, and that women generally 

appear to have better peripheral insulin sensitivity [171]. Consistently, epidemiological 

evidence shows a higher prevalence of T2D in men than in women [171]. Moreover, 

hormonal fluctuations during the menstrual cycle in women have an impact on both 

peripheral and also central insulin sensitivity [127, 128]. 

Previous studies [6] and study 1 and 2 clearly support a sex dependency in brain 

insulin signalling. Further systematic investigations in larger study populations are required 

to identify relevant sex differences in brain insulin signalling regarding physiological 
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differences (including influences of the nutritional state or menstrual cycle) and task-

specific differences in the normal, physiological and pathological states. 

Influence of age on central insulin sensitivity 

Peripheral insulin sensitivity slightly decreases with increasing age [31, 32]. In a longitudinal 

study, Thambisetty and colleagues [172] were able to show that an impaired peripheral 

glucose tolerance in midlife was associated with changes in brain CBF in later life. Not only 

the periphery, but also brain insulin signalling is influenced by ageing, as ageing was 

associated with a decrease in brain insulin concentration and a decrease in brain insulin 

receptor density and binding [173]. Moreover, ageing seems to impact the transport of 

insulin across the BBB, as CSF insulin concentrations were reduced in comparison to serum 

insulin levels in elderly participants [39]. Rebelos and colleagues [44]  further showed that 

the insulin-stimulated brain metabolism, measured by [18F]-FDG-PET scans during a 

hyperinsulinemic-euglycemic clamp decreased with advancing age, particularly in limbic 

areas. Taken together, there seems to be a causal interaction between ageing, peripheral 

and central insulin sensitivity and signalling [31, 174-176]. Moreover, brain insulin 

resistance might constitute a pathological trait in cognitive impairments described in 

relation to obesity, T2D and AD [5, 36, 63, 64]. 

In a FCR task with visual food cues, Cheah and colleagues [102] demonstrated that 

ageing was associated with decreased brain activity, especially in the DLPFC and precuneus, 

and increased activation in the ventrolateral prefrontal cortex (VLPFC) and temporal lobe 

in the fasted state.  In study 1, we did not find an influence of age on brain insulin action 

on perceived hunger or in response to visual food cues. Either ageing does not have a 

strong impact on insulin action in brain areas related to visual food cue processing. Or, our 

“elderly” group (57 ± 7.8 (SD) years) was too young or “too healthy” to see insulin-mediated 

age-specific effects.   

In study 2, which included more participants, brain insulin action was associated 

with age, especially in several limbic brain regions including the hippocampus and the 

striatum. Increasing age was associated with a decrease in insulin-mediated CBF in these 

regions. Besides the direct associations with age, brain insulin action in the insula and the 

ventral striatum (in men) showed an association with age depending on peripheral insulin 

sensitivity. In young participants, those with the highest peripheral insulin sensitivity 
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showed the most pronounced insulin-mediated response whereas this relationship was 

reversed with increasing age. The results of study 2 suggest that age has a region-specific 

impact on brain insulin sensitivity. It also confirms an interaction between age, peripheral 

and central insulin sensitivity, as previously described in the literature. 

Conclusion 

Insulin acts in the CNS to modulate eating behaviour and energy homeostasis as well as 

cognition and memory functions. Study 1 and 2 highlight the broad influence and 

importance of brain insulin signalling in appetite and reward regulation. Moreover, our 

results corroborate that brain insulin acts as a physiological satiety signal and as a reward 

signal. The results of both studies further indicate that brain insulin action is task-specific 

and region-specific and that several factors such as body weight, peripheral insulin 

sensitivity and age significantly influence brain insulin signalling. Furthermore, our results 

add to the existing literature on sex-specificity in brain insulin signalling. In study 1 and 2, 

most of the sex-specific differences were observed in interaction with either BMI, 

peripheral insulin sensitivity or age. Depending on the investigated brain region, the health 

status or sex, insulin may have different effects on the brain [35]. Whether these effects 

can be explained by different insulin-sensitivity levels or insulin receptor densities in the 

concerned brain regions needs to be investigated and clarified in further studies.  

Brain insulin resistance was proposed as a joint pathological characteristic of 

neurodegenerative and metabolic disorders. Further research with large participant 

samples and taking into account different participants’ characteristics (e.g., weight status, 

age and sex) is needed to better understand the interactions and consequences of brain 

insulin signalling and resistance. As previously shown, brain insulin sensitivity can 

potentially be restored though exercise [145], weight loss [158] or pharmacological [159] 

interventions. Whether these interventions show BMI or sex-specific differences in their 

effectiveness needs to be further investigated. Overall, these interventions seem to 

improve age-dependent alterations or peripheral metabolism, potentially by targeting 

region-specific brain insulin action. 
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