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Abstract

Recent biochemical and behavioural evidence indicates that metabolic hormones not 

only regulate energy intake and nutrient content, but also modulate plasticity and 

cognition in the central nervous system. Disruptions in metabolic hormone signalling 

may provide a link between metabolic syndromes like obesity and diabetes, and 

cognitive impairment. For example, altered metabolic homeostasis in obesity is a 

strong determinant of the severity of age-related cognitive decline and 

neurodegenerative disease. Here we review the evidence that eating behaviours and 

metabolic hormones—particularly ghrelin, leptin, and insulin—are key players in the 

delicate regulation of neural plasticity and cognition. Caloric restriction and antidiabetic 

therapies, both of which affect metabolic hormone levels can restore metabolic 

homeostasis and enhance cognitive function. Thus, metabolic hormone pathways 

provide a promising target for the treatment of cognitive decline. 

Words: 127/150
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Introduction

The brain controls energy regulation and feeding behaviour by detecting the status of 

energy stores and matching energy intake with expenditure (Luquet et al., 2019). 

Although comprising only a small fraction of our total body mass (~2%), the brain has 

particularly high energy demands itself, using over 20% of the body’s glucose-derived 

energy (Howarth et al., 2012). Glucose metabolism is needed constantly for neuronal 

communication; energy from adenosine triphosphate (ATP) is needed to fire action 

potentials, restore post-synaptic potentials, and maintain ionic gradients, with neurons 

consuming 75%-80% of the energy in the brain (Harris et al., 2012; Howarth et al., 

2012; Hyder et al., 2013). The brain cannot generate or store glucose itself, so it is 

reliant on glucose generated in the body from the food we eat, which can then be 

stored in astrocytes as glycogen to power metabolic processes. To maintain optimal 

brain function, energy metabolism must therefore be tightly regulated. Indeed, 

perturbations to glucose metabolism in the brain have been observed in dementias 

and neurodegenerative conditions including Alzheimer’s (Gaitán et al., 2019; Mosconi 

et al., 2009, 2008; Paz-Filho, 2016) and Parkinson’s diseases (Dunn et al., 2014; 

Meles et al., 2020).

Eating behaviour can be separated into homeostatic feeding – eating driven by internal 

hunger signals generated by endocrine energy-signalling molecules – and hedonic 

feeding, feeding in the absence of hunger, driven by neurobiologically regulated 

reward and learning processes in response to food-associated cues (for review see 

Reichelt et al., 2015). Thus, eating behaviours are based not only on hunger, but also 

on learning to anticipate the taste and digestive consequences of food intake. Both 
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homeostatic and hedonic feeding are engaged by factors including food palatability 

and physiological states of starvation or satiation. Neuronal activity and connectivity 

adapt in response to energy intake and nutrient content, and activity in the neural 

circuits underlying eating behaviour and metabolism is influenced by neuroactive 

peptides, particularly circulating hormones (Rossi and Stuber, 2018). 

Beyond their role in the control of eating behaviour and metabolism, metabolic 

hormones can trigger the synthesis or modification of proteins involved in synaptic 

transmission and neuroplasticity within feeding, memory, and learning centers in the 

brain. In particular, the metabolic hormones ghrelin, leptin, and insulin show similar 

properties to internal brain messengers including neurotrophic factors. Specifically, 

these hormones can influence and control cell proliferation and differentiation and 

modulate plasticity mechanisms, including synaptogenesis, dendritic arborisation, and 

cell survival (Åberg et al., 2003; Diano et al., 2006; McGregor et al., 2018; McGregor 

and Harvey, 2018; Nieto-Estévez et al., 2016a; Rafalski and Brunet, 2011; Sato et al., 

2006; Zhao et al., 2019). Areas of the brain such as the hypothalamus and 

hippocampus are rich in metabolic hormone receptors including growth hormone 

secretagogue receptor subtype 1a (GHSR1a), and insulin-like growth factor 1 receptor 

(IGF1R) (Åberg et al., 2003; Hornsby et al., 2016). Moreover, these signalling 

pathways support both neuronal energy metabolism and the neuronal processes that 

subserve cognition.

A wide range of metabolic hormones have been discussed in the control of eating 

since the 1950s (Mayer, 1953). Of these hormones, ghrelin, leptin, and insulin are 

most intensively investigated for their crucial link to food intake and energy 
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expenditure/storage (Billes et al., 2012; Klok et al., 2007; Schwartz et al., 2000; Valassi 

et al., 2007), metabolic syndromes (Cai et al., 2021; Cui et al., 2017a; Gruzdeva et al., 

2019; Ikezaki et al., 2002; Macor et al., 1997; Murray et al., 2014; Wiedmer et al., 

2007), and more recently, their actions in the central nervous system (Paz-Filho, 2016; 

Spinelli et al., 2019; Stoyanova and Lutz, 2021). For this reason, in this review, we 

explore the role of eating behaviours and ghrelin, leptin, and insulin in the delicate 

regulation of neural plasticity and cognition. Additionally, we discuss how altered 

metabolic homeostasis as seen in obesity is a strong determinant of the severity of 

age-related cognitive decline and neurodegenerative disease.

1. Hormones involved in appetite control: A cast of characters 

The homeostatic control of eating is co‐ordinated by a network of appetite‐controlling 

and signalling peptides that link peripheral (gastrointestinal) and central (neural) 

control of behaviour. The appetite‐controlling system (Schwartz et al., 2000) includes 

peripherally secreted hormones such as pancreatic beta cell-secreted insulin – which 

is required for glucose uptake into cells – and satiety-signalling leptin secreted from 

adipose tissue, as well as the “hunger hormone” ghrelin produced in enteroendocrine 

cells of the stomach. Other central nervous system-released mediators include 

orexigenic peptides such as neuropeptide Y (NPY) and agouti-related protein (AgRP), 

as well as the anorexigenic peptides proopiomelanocortin (POMC), and cocaine- and 

amphetamine- regulated transcript (CART) (Lutter and Nestler, 2009; Schwartz et al., 

2000; Valassi et al., 2007; Zheng et al., 2009). These hormones are predominantly 

found in areas involved in the regulation of appetite, reward, and energy balance, 
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including the arcuate nucleus, the dorsal vagal complex, and the mesolimbic 

dopaminergic (DA) system (Davis et al., 2010; Naleid et al., 2005; Reichelt et al., 

2015).

Ghrelin, leptin, and insulin along with their supporting cast of peptide hormones 

interact with each other to control feeding behaviours based on energy demands and 

metabolic state. NPY/AgRP and POMC/CART are expressed in neuronal populations 

of the arcuate nucleus in the hypothalamus and respond to metabolic hormones from 

the periphery (Schwartz et al., 2000; Valassi et al., 2007) (Figure 1). The axons of 

these neurons project to the paraventricular nucleus and the lateral hypothalamic area 

where the anorexigenic peptides corticotropin-releasing hormone and oxytocin are 

secreted, and the orexigenic molecules orexin and melanin-concentrating hormone 

are produced (Valassi et al., 2007). Ghrelin activates NPY and AgRP neurons to 

increase food intake and elicit food taste aversion (Cabral et al., 2015). AgRP 

influences food intake mainly through the competitive antagonism of POMC 

melanocortin receptors (Figure 1). The opposite is seen with insulin and leptin, where 

they inhibit the synthesis and release of NPY, activate POMC neurons, and reduce 

food intake in response to stored calories (Davis et al., 2010). 

Sex hormones are involved in the metabolic regulation of eating behaviours, detailed 

recently in a review by Clark et al., (2022). In rodents, estradiol exerts a tonic inhibitory 

effect on meal size and daily food intake throughout the estrous cycle as well as a 

phasic or cyclic inhibitory effect during the peri-ovulatory phase (Eckel, 2004). 

Disruption of estradiol’s effects often leads to hyperphagia and obesity (Rivera and 

Stincic, 2018). A similar peri-ovulatory decrease in daily food intake occurs in women, 
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and there may be increases in eating after menopause that parallel the tonic effect of 

estradiol in animals (Brown and Clegg, 2010). Estradiol is postulated to inhibit the 

orexigenic action of ghrelin as well as an increase in leptin sensitivity and decrease in 

insulin sensitivity in female rats (Clegg et al., 2007, 2006). For example, hyperphagia 

in ovariectomized rats is lost following the genetic knockout of ghrelin receptors (Clegg 

et al., 2007). Similarly, increases in sensitivity to the anorexic effects of leptin are 

observed in ovariectomized rats and in male or female rats when estradiol is injected 

exogenously into the third cerebral ventricle (Clegg et al., 2006; Eckel, 2011). These 

observed sex-specific differences are attributed to changes in the actions of ghrelin, 

leptin, and insulin on their receptors. Because these receptors are expressed 

throughout the central nervous system and involved in various aspects of cognition, 

we cover sex differences where most relevant in the current review and highlight areas 

where further investigation is crucial (Paletta et al., 2018; Taxier et al., 2020). For 

further information on sex differences and metabolic hormones, we suggest Asarian 

and Geary, 2013; Mauvais-Jarvis, 2015; Shi et al., 2009; Shi and Clegg, 2009.

1.1 Appetite-controlling hormones regulate hypothalamic and mesolimbic 

dopaminergic systems in reward learning

Ghrelin, leptin, and insulin signalling are vital to NPY/AgRP and POMC/CART 

neuronal regulation of feeding behaviours. Their role in regulating appetite is 

particularly important to cognitive function, including attention, reward learning, 

anticipation of pleasure, and associative memory (Davis et al., 2010; Murray et al., 

2014; Zheng et al., 2009). Dopaminergic neurons found in the ventral tegmental area 

and nucleus accumbens - sites important for reward-related behaviours - are 75-90% 
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leptin- and ghrelin-responsive. When injected into the ventral tegmental area, leptin 

and ghrelin alter free-feeding behaviours (van der Plasse et al., 2015). Leptin 

hyperpolarizes putative dopaminergic neurons and decreases their neuronal firing 

frequency (Billes et al., 2012), whereas ghrelin can increase the firing rate of 

dopaminergic neurons (Abizaid et al., 2006). Additionally, third ventricular leptin 

injections can decrease performance on a progressive ratio task for food, indicating 

that the motivation for a food reward is decreased, consistent with leptin’s role in 

signalling satiation (Figlewicz et al., 2006). Similarly, intra-ventral tegmental area 

insulin microinfusions upregulates the expression and function of dopamine 

transporters to facilitate the re-uptake of dopamine and attenuate hedonic feeding in 

satiated animals (Mebel et al., 2012). Ghrelin administration into the ventral tegmental 

area or into the nucleus accumbens stimulates feeding in a dose-dependent manner 

(Naleid et al., 2005). Taken together, ghrelin, leptin, and insulin modulate 

hypothalamic and dopaminergic pathways through hunger or satiation to seek out a 

reward, particularly important to learning and reinforced behaviours.

Reward processing and feeding behaviours can be negatively impacted when ghrelin, 

leptin, and insulin pathways are disrupted, for example in mood disorders or by “junk” 

food heavy diets (Clark et al., 2022). Mood disorders are associated with elevated 

levels of ghrelin and decreased levels of leptin resulting in the overconsumption of 

palatable foods and activation of reward centres of the brain (de Lima et al., 2020; 

Lutter and Nestler, 2009; Zheng et al., 2009). In rodents, palatable high fat high sugar 

“junk” foods elicit dopamine release in the nucleus accumbens, consistent with a 

learned preference for hypercaloric and highly palatable foods (Geiger et al., 2009). 

Increased preference for hypercaloric and highly palatable foods is potentially a 
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consequence of overexpressed leptin and blunted leptin receptor signalling, 

particularly in the ventral tegmental area, which reduces satiety and normal reward 

responses. Prior chronic exposure to a palatable diet increases fat deposition and 

elevates leptin concentrations in both male and female rats (Ong et al., 2013). When 

the palatable diet is removed for a 72-hour period, the animals’ sensitivity to appetite 

stimulation via lowered leptin concentrations is reduced (Ong et al., 2013). Thus, the 

activity of dopaminergic reward pathways is modified by metabolic signalling in 

response to hunger and availability of palatable foods. Dysfunction of reward 

processing may in turn contribute to the pathogenesis of obesity and dysregulated 

metabolic signalling in the brain discussed later in this review. 

Metabolic responses to appetite and palatable diet on reward systems may be sexually 

dimorphic, yet most studies examine this relationship in male subjects only. Prior 

literature reports sex-specific differences in basal dopaminergic tone between males 

and female (Becker and Chartoff, 2018; Williams et al., 2021; Zachry et al., 2020), 

which may be implicated in the impact of metabolic and sex hormones on reward-

related behaviours. Dopaminergic tone in female rats is associated with a low 

stimulatory threshold and therefore an increased susceptibility to addiction following 

exposure to rewarding stimuli (Becker and Hu, 2008). Ong et al., (2013) found that 

after chronic exposure to a palatable junk food diet, mRNA expression of tyrosine 

hydroxylase – the rate limiting enzyme in dopamine’s synthetic pathway – increases 

in the nucleus accumbens of female but not male rats. Also, female rats exhibited 

decreased dopamine 1 receptor expression following to a hypercaloric diet (Ong et al., 

2013). This observed pattern of mRNA expression suggests that female rats may 

exhibit maintained periods of dopamine synthesis but lowered responsiveness to 
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dopamine stimulation after exposure to hypercaloric diets. In conjunction with the 

effects of ghrelin, leptin, and insulin on reward systems, female subjects may be more 

inclined to develop reinforced or learned behaviours facilitated by metabolic hormones 

and food rewards.

Evidently, ghrelin, leptin, and insulin are metabolic hormones with key roles beyond 

the control of hunger including hypothalamic function and reward processing of food-

associated stimuli. The influence of ghrelin, leptin, and insulin on molecular and 

cellular mechanisms central to brain plasticity is of particular interest for 

neuroendocrinology and neurodegenerative disease, as they may provide novel 

routes for pharmacological interventions for the treatment of obesity and cognitive 

impairment. In the next section, we describe the direct neuroactive properties of 

ghrelin, leptin, and insulin on neuronal signalling and later, their sensitivity to age- and 

lifestyle-related metabolic diseases. 

2. The effects of ghrelin, leptin, and insulin on neuroplasticity

2.1 Ghrelin increases plasticity in the hypothalamus and hippocampus via GHSR1a 

signalling and AMPA-R trafficking

Two subpopulations of cells produce and release ghrelin into the blood stream in 

response to energy availability, namely P/D1 cells within the upper stomach and 

epsilon cells within the pancreas, which transiently differentiate from a common 

progenitor to insulin-producing cells (Prado et al., 2004). Ghrelin increases food intake 

and appetite during in the absence of food. Acylation by ghrelin-O-acyltransferase 
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(GOAT) on ghrelin’s third serine residue is necessary to bind and activate its receptor, 

GHSR1a, especially in the pituitary gland, hypothalamus, and hippocampus (Andrews, 

2011a; Cabral et al., 2015). Since only the nonacylated form of ghrelin can cross the 

blood brain barrier (BBB), the presence of GOAT is critical for acylating ghrelin locally 

within the central nervous system (Isokawa, 2022). Upon activation of GHSR1a, 

ghrelin stimulates the release of growth hormone, which induces gene expression, 

neuronal excitability, and trafficking of AMPA-type glutamate receptors (AMPAR) 

(Ribeiro et al., 2021, 2014), which are important cellular energy sensors involved in 

long-term potentiation (LTP). LTP is a process that generates persistent potentiation 

in synaptic strength following synaptic stimulation and is thought to be a key 

mechanism underlying memory encoding (Ribeiro et al., 2021, 2014). 

Ghrelin promotes the synaptic accumulation of glutamate receptors of the AMPA 

subtype through activation of the phosphatidylinositol 3-kinase (PI3K) (Ribeiro et al., 

2014). Notably, GHSR1 signalling can sustain tonic control of synaptic plasticity via 

trafficking of AMPAR to the synapse (Ribeiro et al., 2021). AMPARs are important for 

fast synaptic transmission, and the insertion of AMPARs into the synapse correlates 

positively with LTP. The recruitment of AMPARs to the synapse following GHSR1 

signalling is indicative of increased NMDA receptor activity, a main component of 

plasticity that underlies synaptic strength (Ribeiro et al., 2014). Trafficking AMPAR to 

the synapse is a necessary mediator and downstream signalling product for 

postsynaptic excitatory transmission in the hypothalamus (Liu et al., 2017). Like 

ghrelin, AMPARs incorporated into the nucleus accumbens influence reward 

signalling, including the hedonic appraisal and incentive value of foods (Carr, 2020). 

For example, mice with a deletion of AMPARs showed impaired hedonic responses to 
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food, while satiety responses remained intact i.e., food was more palatable but without 

greater craving (Austen et al., 2017).   

More recently, ghrelin has been recognized to exert effects on brain regions other than 

the hypothalamus and to exhibit neuroprotective and neuromodulatory properties. 

Ghrelin can stimulate cell proliferation in the hypothalamus, hippocampus, and spinal 

cord of the developing fetus via ERK/PI3K and mTOR signalling pathways that 

promote the transition of neuronal stem cells into the proliferative state (S phase) (Sato 

et al., 2006; Stoyanova and Lutz, 2021). Chronic ghrelin injections increase 

expression of the immediate early gene c-Fos in the same hypothalamic areas that 

are activated by caloric restriction, thereby indicating increased neuronal activity 

(Cabral et al., 2015). Likewise, this increased c-Fos expression extends into the 

olfactory bulb where the activity of new adult born neurons is increased following 

caloric restriction (CR) (Ratcliff et al., 2019). Adult-born neurons in the hippocampus 

and hypothalamus are important for metabolism, spatial memory, and cognitive 

flexibility (Clelland et al., 2009; Lee and Blackshaw, 2012; Oomen et al., 2014). A 

diminished number of adult-born neurons is observed in dementias, lending further 

support to the hypothesis that adult-born neurons are critical for normal cognitive 

function (Tobin et al., 2019). CR loses its effect on the activity of new adult born 

neurons in the olfactory bulb in the absence of ghrelin, indicating that ghrelin needs to 

be present for CR to support the function of new neurons (Ratcliff et al., 2019).

In a mouse model of chronic unpredictable mild stress, exogenous ghrelin restored 

hippocampal neurogenesis and spine density, which was accompanied by reduced 

depressive-like behaviours (H. J. Huang et al., 2019). In vitro and in vivo analyses 
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attributed increased dendritic spine density and changes in morphology following 

ghrelin treatment to observed increases in the expression of brain derived 

neurotrophic factor (BDNF)-mRNA (Hornsby et al., 2020; Perea Vega et al., 2021). 

This discovery is particularly important because BDNF transcripts accumulate in distal 

regions of the dendrite to promote more motile and unstable synapses that can 

remodel more easily (Cohen-Cory et al., 2010). Several studies have shown that 

targeted disruption of the gene that encodes ghrelin decreased the number of spine 

synapses in the hippocampus and impaired spatial memory in rats and mice (Diano et 

al., 2006; Kent et al., 2015; Perea Vega et al., 2021), both of which were rapidly 

reversed by ghrelin administration. This may be attributed to the fact that ghrelin can 

enhance and restore the neurogenic capacity of the hippocampus via actions on 

GHSR1a, which was evidenced by similar observations with a GHSR agonist (Santos 

et al., 2017). The maintenance of hippocampal neuroplasticity processes requires 

GHSR1a signalling (Huang et al., 2019; Sato et al., 2006). A key function of GHSR1 

signalling in the hippocampus is in the process of LTP where synaptic connectivity is 

strengthened and new synapses are formed (Ribeiro et al., 2021) (Figure 2). 

Together, ghrelin supports gene expression and neuronal excitability through the 

trafficking of AMPARs to the synapse and the activation of P13K and GHSR1 

signalling. In turn, ghrelin can promote synaptic strength, increase neurogenesis, 

elevate the expression of BDNF mRNA transcript and improve spine density much like 

the neuroprotective effects of caloric restriction. Additionally, ghrelin’s impact on 

neuroplasticity is associated with the hedonic appraisal of food and increased LTP. 



15

2.2 Leptin drives neural plasticity in the hypothalamus and hippocampus through 

NMDAR activity

Leptin, an adipocyte-derived hormone, acts as a metabolic switch that regulates body 

weight and metabolism through its receptor, Ob-R. Derived from the ob (obese) gene, 

leptin levels positively correlate with body fat content (McGregor and Harvey, 2018). 

Additionally, leptin is a proinflammatory cytokine, belonging to the family of long-chain 

helical cytokines and structurally similar to interleukin-6 (Gruzdeva et al., 2019). Leptin 

signalling in the hypothalamus results in a decrease in appetite and increase in energy 

expenditure. Disruptions in leptin signalling can lead to an overconsumption of 

nutrient-dense foods (Xu et al., 2017). The ventral tegmental area, important for 

hedonic feeding and pleasure-seeking, contains neurons dense in leptin receptors (Xu 

et al., 2017). Consequently, leptin simulates the release of dopamine from the ventral 

tegmental area to mediate increases in binge-like and hedonic eating (Xu et al., 2017).

Leptin receptors are widely expressed throughout the hippocampus and have been 

shown to mediate synaptic plasticity and promote hippocampal learning and memory. 

Indeed, leptin treatment promotes synaptic transmission, LTP, and the trafficking of 

glutamatergic receptors in the hippocampus (Luo et al., 2015; Moult and Harvey, 

2009).  In adulthood, leptin facilitates NMDA-dependent LTP at synapses (Figure 2). 

Leptin receptor signalling activates NMDA receptors via calcium- and kinase-

dependent pathways (Li et al., 2002; Oomura et al., 2006). The result is synaptic 

modulation that is age-dependent, including transient depression versus persistence 

of excitatory synaptic transmission in the juvenile and adult hippocampus, respectively 

(Moult and Harvey, 2011). Synaptic excitatory strength following leptin treatment in 
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hippocampal slices of juvenile and adult mice ex vivo were lost when NMDA receptors 

were blocked (Moult and Harvey, 2011). Age-dependent differences in depression and 

excitation were attributed to the variation in subunit composition of NMDA receptors 

during development (Moult and Harvey, 2011). Additionally, leptin-induced synaptic 

depression in juvenile mice was due to a greater prevalence of GluN2B subunits 

versus GluN2A subunits, which are predominantly seen in adult mice (Moult and 

Harvey, 2011). The blockade of NMDA receptors was associated with anhedonia and 

impaired leptin receptor-induced hippocampal long-term depression (LTD), a form of 

persistent synaptic plasticity characterized by a long-lasting decrease in synaptic 

strength (Guo et al., 2012) (Figure 2). Leptin carries an important regulatory role by 

activating NMDA subunits and PI3K in hippocampal CA1 synapses (Luo et al., 2015; 

McGregor et al., 2018). A low systemic dose of leptin is associated with improved LTP, 

increased pre-synaptic transmitter release, and calcium activity which drives neuronal 

activity and plasticity (Oomura et al., 2006). Functionally, leptin can enhance 

behavioural performance in passive avoidance and Morris water-maze tasks (Oomura 

et al., 2006).

In summary, leptin receptors are widely expressed within the hippocampus and 

modulates neuroplasticity and memory. In contrast to ghrelin, leptin treatment primarily 

promotes LTD and age-dependent modifications to synaptic transmission via NDMA 

receptor activity rather than AMPAR. Leptin’s signalling in the hypothalamus and 

hippocampus reduces food consumption and enhances behavioural performance in 

learning-based tasks, respectively.

2.3 Insulin signalling leads to improved synaptic plasticity and memory
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Insulin resistance is a key component of metabolic syndromes, including Type-2 

diabetes (T2D), and plays a central role in dementia risk by promoting 

neurodegenerative mechanisms in the central nervous system (Cheke et al., 2017; 

Gupta S et al., 2018; Park CR, 2001). Insulin is primarily a hormonal regulator of 

appetite and glucose in the periphery. Impaired peripheral insulin signalling can 

contribute to the development of metabolic syndromes such as obesity and diabetes 

mellitus. Meal-induced increases in insulin levels vary with visceral adiposity (Macor 

et al., 1997). In the brain, it acts as an essential neuropeptide-like factor that regulates 

feeding, motivation, cell growth, energy utilization, mitochondrial function, and 

oxidative stress management (Figlewicz et al., 2006; Kleinridders et al., 2014; Zhao et 

al., 2019). 

Insulin receptors along with the IGFR1 are widely distributed in the brain with highest 

concentrations found in the olfactory bulb and arcuate nucleus of the hypothalamus 

(Kleinridders et al., 2014; Schulingkamp et al., 2000). The binding of insulin to IGF1R 

or insulin receptors stimulate tyrosine-kinase activity leading to a phosphorylation 

cascade that affects multiple intracellular substrates associated with nutritional status 

and cell differentiation and growth (Schulingkamp et al., 2000). Neurons rely on IGF1R 

signalling for anti-apoptotic control in the absence of glucose and to protect against 

cellular stress (Russo et al., 2004; Wei et al., 2002). Russo et al., (2004) show that the 

IGF1R activates extracellular signal-regulated kinase (ERK) and protein kinase B, 

regulators of cell differentiation and cell growth, and blocks c-Jun N-terminal kinase 

(JNK), an initiator of apoptosis machinery, in a PI3K-dependent manner (Russo et al., 

2004). 
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Levels of insulin, insulin receptors, and insulin-regulated pathways in the brain 

facilitate glutamate- and GABA-mediated synaptic plasticity and gene expression 

required for long-term memory consolidation (Kleinridders et al., 2014; Schulingkamp 

et al., 2000; Zhao et al., 2019). The disruption of insulin action in the brain leads to 

impairment of neuronal function and synaptogenesis (Gupta et al., 2018; Zhao et al., 

2019); however, the molecular mechanism linking insulin resistance with cognitive 

impairments is currently unclear. We know that insulin action can prevent neuronal 

death from stressors via P13K activation downstream from the insulin receptor. Thus, 

this prevention of neuronal death can protect against age-related decline in brain 

health. The P13K cascade increases protein synthesis important for synaptic plasticity 

and regulates autophagy of misfolded proteins and damaged neurons (Kleinridders et 

al., 2014). It also inhibits glycogen synthase kinase 3 beta (GSK-3), which is a key 

player in phosphorylating tau protein, a process involved in Alzheimer’s Disease (AD) 

pathology (Schulingkamp et al., 2000). Insulin’s direct role in preventing neuronal 

death and inhibiting GSK-3 may preserve hippocampal neurogenesis throughout 

aging and in disease, but this is unclear (Lange et al., 2011; Llorens-Martín et al., 

2014; Ronaghi et al., 2019). One study found that deep brain stimulation in the 

entorhinal cortex promoted adult hippocampal neurogenesis in part due to insulin 

receptor signalling (Ronaghi et al., 2019) and its inhibition of GSK-3. Several reviews 

discuss extensively how the activation of the insulin/IGF1R pathway promotes neural 

stem cell proliferation, differentiation, and survival (Åberg et al., 2003; Nieto-Estévez 

et al., 2016b; Spinelli et al., 2019). Thus, insulin signalling may produce trophic effects 

on the neural stem cell niche.
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It has been demonstrated that brain insulin receptor and IGF1R activity promotes 

AMPA/NMDA receptor recruitment to the synapse and LTP from development into 

adulthood where it is an integral part of healthy brain function (Schulingkamp et al., 

2000; Soto et al., 2019). Another possible mechanism for the role of insulin receptros 

in glutamatergic neurotransmission is that impaired insulin signaling in astrocytes, 

which promotes the storage of central glucose as glycogen for neuronal metabolism, 

disrupts learning and memory (Bak and Walls, 2018; García-Cá et al., 2016).  

Astrocytic metabolism of glycogen into lactate sustains high neuronal energy demands 

to support glutamatergic neurotransmission and long-term memory formation (Bak 

and Walls, 2018; Suzuki et al., 2011). Disrupting astrocytic glycogen metabolism can 

over activate GSK-3, which has been linked to AD pathology, deficiencies in 

associative learning, and noradrenergic dysfunction (Gibbs, 2016; Hertz, 1989; Marien 

et al., 2004).

Insulin prevents cortical thinning and lowered capacity of plasticity and maintenance 

of myelination in the cerebral cortex, which are associated with increased adiposity 

and insulin resistance (Shin et al., 2020). Decreased expression of insulin receptors 

underlies impaired cognitive function and amyloid plaque aggregation in a rat model 

of sporadic AD via intracranial streptozotocin injections (Gupta et al., 2018). Moreover, 

compromised insulin signalling is also associated with decreased dendritic spine 

density and axonal thinning in the CA1 region of hippocampus (Gupta et al., 2018). 

When exogenously applied to hippocampal CA1 neurons in vitro, insulin inhibited 

basal excitatory synaptic transmission but promoted LTP through enhanced 

postsynaptic NMDAR activity (Zhao et al., 2019). 
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Overall, insulin signalling in areas such as the hippocampus has effects beyond 

glucose uptake and is integral to neuronal plasticity in the central nervous system. 

Downstream action through insulin receptors including IGFR1 induce more 

widespread neuroprotective effects than ghrelin and leptin. Previously described 

findings show that insulin signalling increases glutamate-, GABA-, and NMDAR-

mediated plasticity, improves neurogenesis, and protects against cellular stress via 

P13K. Moreover, disruptions in insulin signalling are more closely tied to impairments 

in associative learning, LTP, and AD pathogenesis.

3. Obesity, metabolic hormones, and cognitive impairment

Obesity and/or the overconsumption of foods replete in saturated fat and refined sugar 

can cause profound changes to neurons within the hypothalamus that results in central 

leptin and insulin resistance (Fittipaldi et al., 2020). Obesity results in alterations to 

normal serum levels of metabolic hormones and low-grade inflammation in the 

hypothalamus contributing to leptin and insulin resistance (Benbaibeche H et al., 2021; 

Gruzdeva et al., 2019; Klok et al., 2007). It remains unclear whether dysregulated 

metabolic hormone signalling contributes first to obesity, which then results in 

cognitive decline, or whether obesity disrupts metabolic hormone activity, which then 

exacerbates cognitive decline. 

Ghrelin, leptin, and insulin resistance can result in mitochondrial dysfunction and 

endoplasmic reticulum stress in neurons within the hypothalamus and hippocampus 

and may be a strong determinant of age-related cognitive decline and 

neurodegeneration (Mosconi et al., 2008). Neuronal leptin and insulin resistance are 
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triggered by the accumulation and expansion of adipocytes, impaired BBB transport, 

and damaged receptor function and signalling (Banks et al., 2008, 2004; di Spiezio et 

al., 2018; Uriarte et al., 2018). Obesity in tandem with insulin resistance has been 

correlated with impairments in recollection and spatial memory, and functional activity 

within the hippocampus and prefrontal cortex (Schulingkamp et al., 2000). These 

consequences of resistance to, or deficiency of, metabolic hormones on learning and 

memory are accompanied by changes to basic homeostatic functions, such as feeding 

and circadian regulation (Narayanan et al., 2010). Palatable foods high in sugar and 

fats can activate reward centers often leading to uncontrolled hedonic feeding, which 

further exacerbates deficits in learning and memory via the consumption of excess 

energy (Benbaibeche H et al., 2021). 

Current knowledge on how obesity impacts ghrelin resistance is either limited or 

mixed.  Ghrelin prevents starvation through signals from the stomach and is less 

responsive to adiposity changes (Naznin et al., 2015). The positive energy balance in 

obesity induces ghrelin resistance and is associated with low circulating ghrelin levels 

(Cui et al., 2017a; Tschöp et al., 2001). Ghrelin signals integrated in the hypothalamus 

are postulated to be at the level of leptin-sensitive neurons and regulated by the 

NPY/AGRP pathway (Cui et al., 2017a; Tschöp et al., 2001). Therefore, with increased 

adiposity and consequently, increased leptin levels, the NPY/AGRP pathway is 

negatively regulated inducing ghrelin resistance and sustained lower ghrelin levels 

even after a meal (Cui et al., 2017a; English et al., 2002; Perreault et al., 2004). Obese 

children and adolescents exhibit downregulated ghrelin secretion, which is linked to 

higher insulin resistance and not elevated leptin expression (Ikezaki et al., 2002). 

Moreover, this downregulation of ghrelin was also associated with increased visceral 
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fat accumulation, but than total adiposity (Ikezaki et al., 2002). Thus, there may be 

potential age-related differences in ghrelin resistance and its relationship with other 

metabolic hormones in obesity. Interestingly, other studies suggest that leptin 

signaling is not an important determinant of human ghrelin levels. Hyperghrelinemia 

(along with hyperphagia and prolonged mealtime) presents in the most common form 

of human syndromic obesity known as Prader-Willi syndrome (Cummings et al., 2002). 

Because obese subjects homozygous for an inactivating leptin receptor mutation have 

low circulating ghrelin, hyperghrelinemia is unlikely to arise from leptin signalling 

(Weigle et al., 1997). But the Snord116 deletion murine model of Prader-Willi 

syndrome still exhibit deficits in novel object recognition, location memory, and tone 

cue fear conditioning (Adhikari et al., 2019). Thus, extremely high or low circulating 

levels of ghrelin negatively impact feeding control and cognition. It is also plausible 

that the reductions in ghrelin may be an adaptive physiological response to maximize 

energy reserves at a higher body weight and may have significant implications in 

cognitive decline.

Leptin signals via the JAK-STAT pathway, an important pathway for regulating food 

intake within the body (Ladyman and Grattan, 2013). Activation of the leptin receptor 

results in the phosphorylation of STAT3 by Janus kinase 2 (JAK2), which acts in the 

nucleus to regulate transcription. In the hypothalamus, diet-induced obesity led to 

failed STAT3 activation by both impaired diffusion of leptin across the BBB and lack 

of response in neurons containing leptin receptors, which contributed to leptin 

resistance (Ladyman and Grattan DR, 2013). While the JAK-STAT pathway may act 

to transmit the anorectic signal of leptin, this intracellular signaling pathway may also 

become dysregulated when normal regulation of energy balance is disrupted, such as 
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the excessive adiposity seen in obesity (Ladyman and Grattan, 2013). It is of note that 

leptin signalling via the JAK-STAT pathway may differ by sex as estradiol upregulates 

leptin expression in adipocytes through direct effects on fat mass (Brown and Clegg, 

2010; Côté et al., 2018). Estrogen receptors are also located in hypothalamic nuclei 

which upon activation, can alter hypothalamic sensitivity to signals mediated by 

ghrelin, leptin, and insulin (Côté et al., 2018), thus influencing metabolism, food intake, 

and the secretion of leptin.

Similarly, disrupted insulin signaling is a strong determinant of disrupted metabolic 

homeostasis and cognitive decline.  Normally, insulin receptors dimerize to primarily 

stimulate the production and translocation of specialized glucose transporter proteins, 

but insulin receptors also mediate neuromodulation (i.e., reuptake/synthesis of 

serotonin and norepinephrine in the hypothalamus), synaptogenesis, and neurite 

outgrowth (Schulingkamp et al., 2000). In mice, neuron-specific knockout of the insulin 

receptor gene resulted in diet-sensitive obesity with increases in food intake, body fat 

and plasma leptin levels, and mild insulin resistance (Bruning et al., 2000). 

3.1 Blood brain barrier integrity in obesity and dementia

The blood brain barrier (BBB) is a physical barrier contributing to CNS protection and 

maintaining the brain homeostasis. The BBB consists of fenestrated capillaries that 

penetrate the intracellular space and gate the transport of metabolic hormones into 

the parenchyma. Transport of metabolic hormones across the BBB can be saturable, 

receptor-mediated, or via non-specific binding of charged peptides across endothelial 

cell membranes that span the BBB (Kastin and Pan, 2008). Ghrelin bidirectionally 
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crosses the BBB by saturable transport that is sometimes dependent on its primary 

amino acid structure (Banks et al., 2008; Uriarte et al., 2018). Leptin relies on saturable 

and receptor-mediated transport across the BBB into the parenchyma and into areas 

of reward circuits, where leptin receptors are most highly expressed (Butiaeva et al., 

2021; Harrison et al., 2018). 

Interestingly, pericytes of blood vessels that enwrap the hypothalamus express leptin 

receptors (Butiaeva et al., 2021). In the presence of leptin, these vessels contract and 

constrict to facilitate localized, BBB leaks that enable hypothalamic neurons access to 

circulating leptin (Butiaeva et al., 2021). Mice deficient in leptin receptors on the BBB 

developed a stronger preference for a rewarding stimulus such as high fat diet, yet 

this receptor deficiency did not impact homeostatic feeding (di Spiezio et al., 2018). 

Thus, receptor expression on the BBB is implicated in hedonic feeding and the 

potential onset of binge-eating behaviours of palatable foods and subsequently, 

obesity. In contrast to leptin and ghrelin, peripheral insulin crosses into the brain 

through circumventricular regions that lack the BBB and through receptor-mediated 

BBB transcytosis (Rhea et al., 2018). Transport across the BBB is needed for ghrelin, 

leptin, and insulin to act on several target regions within the central nervous system 

that are crucial for both feeding behaviours and cognition.

Impaired BBB transport can lead to ghrelin, leptin, or insulin resistance. Damage to 

the BBB develops in tandem with obesity and this hinders metabolic hormone 

transport and signalling, further exacerbating, or accelerating the onset of cognitive 

decline. This idea is supported by the observation of impaired ghrelin transport into 

the CNS in obese rodents (Banks et al., 2008) and increases in cerebrospinal fluid 
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and serum levels of leptin and insulin in obese rodents and humans (Cui et al., 2017; 

Klok et al., 2007). Obesity triggers changes to the BBB exacerbated by the presence 

of elevated peripheral triglycerides and adiposity. In fact, elevated triglycerides and 

adiposity are directly associated with ghrelin and leptin resistance whereby ghrelin and 

leptin permeability is hindered in the presence of significant weight gain (Banks et al., 

2004; Banks et al., 2008). Chronic systemic inflammation is a common consequence 

of obesity, which can perturb BBB integrity through the release of inflammatory 

chemokines and cytokines, along with increased MMP-9 secreted by activated 

microglia. Inflammation breaks down the BBB and allows for the invasion and diffusion 

of solutes, leukocytes, cytokines, pathogens, and toxins, and hinders transport 

systems of metabolic hormones (Dyken and Lacoste, 2018). It may not be significant 

weight gain but neuroinflammation, which often begins in the hypothalamus, that is 

the main contributor to leptin and insulin resistance (Banks et al., 2008, 2004; Banks 

and Farrell, 2003; Uriarte et al., 2018). Inflammation in the hypothalamus can hinder 

neuronal signalling of satiety and blood sugar regulation (Banks and Farrell, 2003). 

Additionally, regions dense in leptin and insulin receptors lose access to hormonal 

signals that facilitate improvements in cognition under conditions of BBB inflammation 

(Banks and Farrell, 2003). Interestingly, reduced integrity and leptin transport rates of 

the BBB are reversible with fasting and modest weight reduction in obese mice (Banks 

and Farrell, 2003). 

4. Interventions for obesity and Type 2 Diabetes are promising enhancers of 

cognition and treatments for dementia
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Preserving and enhancing cognitive function in neurodegenerative disease may be 

mediated by the actions of, or sensitivity to, metabolic hormones. Disturbances in 

ghrelin, leptin, and insulin levels and signalling correlate with both the severity of 

cognitive decline in rodent models of neurodegenerative disease. For example, a 

knockout of ghrelin expression exacerbates impairments in object recognition memory 

in a mouse model of AD in which human amyloid β peptide was injected into the lateral 

ventricles (Santos et al., 2017). Leptin and insulin resistance accelerate tau 

phosphorylation and the occurrence of neurofibrillary tangles in neurons within the 

mouse hippocampus (Platt et al., 2016).  Conversely, using these metabolic hormones 

as therapies in preclinical models of AD has proven to be effective in attenuating 

plaque deposition and cognitive decline, and enhancing synaptic plasticity. In the 

3xTgAD mouse model fed a high fat diet, intranasal administration of insulin 

ameliorated degeneration of the granule cell layer in dentate gyrus and restored 

performance in a Y-maze explorative behaviour task in conjunction with reductions in 

metabolic dysregulation (Sanguinetti et al., 2019). Chronic ghrelin treatment improved 

passive avoidance learning and restored memory retention by decreasing 

impairments in synaptic plasticity of rats with significant plaque deposition (Eslami et 

al., 2018). In rat and mouse models of AD, ghrelin administration was shown to restore 

LTP, spatial learning, memory retrieval, and consolidation by enhancing the frequency 

of field excitatory postsynaptic potentials (Eslami et al., 2018; Santos et al., 2017). 

Directly targeting metabolic hormones and/or their signalling pathways can offer 

potential therapies for cognitive decline seen in obesity, diabetes, and 

neurodegenerative disease. Sustained high levels of glucose, the main metabolic 

factor controlled by interventions for obesity and Type 2 diabetes (Kleinridders et al., 
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2014), can be catastrophic for many organ systems including the central nervous 

system. For example, restoration of insulin signaling and sensitivity in the brain is 

described as a potential therapeutic target in treating AD, including intranasal insulin 

treatment and anti-diabetic therapies. In the next section, we discuss how 

interventions affect metabolic hormones and metabolic homeostasis to improve 

cognition,

4.1 Caloric restriction improves brain plasticity and cognitive function

Plasticity in the brain is often lost when metabolic signalling hormones and/or their 

receptors are blocked or dysfunctional because of disrupted metabolic homeostasis 

(Hornsby et al., 2016). To rescue impaired neural processes and restore brain function 

observed in obesity, diabetes and hyperphagia, the control of metabolic risk factors 

can be a potential solution. When triggered by moderate restriction in caloric intake, 

hunger provides beneficial effects for health and longevity, as shown in multiple 

species (Arslan-Ergul et al., 2013; Fontán-Lozano et al., 2008; Sohal and Weindruch, 

1996). One of the earliest clues that an important relationship exists between 

metabolic homeostasis and cognitive functioning came from studies involving caloric 

restriction (CR), a reduction of daily food energy intake by approximately 25% 

(reviewed by Fontán-Lozano et al., 2008; Gillette-Guyonnet and Vellas, 2008). 

The mechanisms underlying CR-induced neuroplasticity depend on changes to 

metabolic hormone levels in the central nervous system (Jacqueline A. Bayliss et al., 

2016; Benbaibeche H et al., 2021; Lin et al., 2014; Ratcliff et al., 2019; Sohal and 

Weindruch, 1996; Yamamoto et al., 2009). An early demonstration that CR exerts 
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beneficial effects on the brain was by Joseph and colleagues (Joseph et al., 1983), 

who showed that CR in rats attenuated age-related striatal dopamine receptor loss 

and motor-behavioural deficits. Subsequent studies demonstrated that CR promotes 

the metabolism of fats and ketones, activates cellular repair mechanisms, and 

optimizes energy utilization in the body (Francesco et al., 2018). These findings later 

spurred investigations into other effects of CR on cognition, for example on increasing 

hyperphagia, improving reward learning (Cameron et al., 2008; Moyse et al., 2012; 

Witte et al., 2009), and attenuating the pathology of age-related disease like dementias 

(Cardoso et al., 2016; Lin et al., 2014; Maswood et al., 2004; Wang et al., 2005; Witte 

et al., 2009). 

CR affects plasticity and cognition. For example, CR augments the motivational 

salience and perceived reinforcing value of food rewards in both rodents and humans 

(Epstein et al., 2003; Lappalainen and Epstein, 1990). CR diets can increase the 

‘liking’ of food by ~10% in humans, independent of weight loss (Cameron et al., 2008). 

In appetitive conditioning paradigms in laboratory rodents, CR can enhance the 

learning of associations between novel environments, cues, and responses that lead 

to a food reward, for example in spatial learning tasks like those in operant conditioning 

chambers (Fulton et al., 2004, Ingram et al., 1987; Lee et al., 2002a, 2002b). CR or 

intermittent fasting  –  limiting food intake during certain times of the day, week, or 

month (Baik et al., 2020; Singh et al., 2011) – induces a mild adaptive cellular stress 

response, which promotes neuronal resilience to injury and pathology in rodents 

(Bruce-Keller et al., 1999; Duan et al., 2001; Maswood et al., 2004; Stranahan and 

Mattson, 2012; Wang et al., 2005; Youssef et al., 2008; Zhu et al., 1999) and improves 

memory in humans (Witte et al., 2009). As a result, restricted food intake may be 
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beneficial in promoting resistance to ageing-associated cognitive decline (Arslan-Ergul 

et al., 2013; Lin et al., 2014; Witte et al., 2009). The development of neuropathological 

hallmarks of AD such as amyloid β-peptide (Aβ) plaque deposition and neurofibrillary 

tangles are reduced following CR in rodents (Halagappa et al., 2007; Wang et al., 

2005). Similarly, CR prevented the loss of dopaminergic neurons in a primate model 

of Parkinson’s disease (PD) (Maswood et al., 2004). These improvements in AD and 

PD pathology are also accompanied with higher levels of exploratory and locomotor 

behavior in an open field and Morris water maze (Dal-Pan et al., 2011; Halagappa et 

al., 2007; Maswood et al., 2004). Additionally, CR impedes the age-related decline of 

neuronal mitochondrial respiratory function and ATP production seen in aged rats (Lin 

et al., 2014). In non-human primates as well as rodents, CR can enhance cognitive 

performance and motor responses to sensory stimuli, which were associated with 

increased synaptic plasticity and neurogenesis (Dal-Pan et al., 2011; Ingram et al., 

1987; Singh et al., 2011; Sohal and Weindruch, 1996). CR can also significantly delay 

age-related impairments in neurotransmission rates and neuronal energy production 

(Lin et al., 2014). 

The mechanisms underlying CR-induced neuroplasticity depend on changes to 

metabolic hormone levels in the central nervous system (Jacqueline A. Bayliss et al., 

2016; Benbaibeche H et al., 2021; Lin et al., 2014; Ratcliff et al., 2019; Sohal and 

Weindruch, 1996; Yamamoto et al., 2009). One possible neurobiological mechanism 

is an increase in BDNF (Lee et al., 2002). The mild metabolic stress associated with 

CR acts to upregulate the expression of BDNF and its main associated receptor, TrkB 

(Kishi et al., 2015; Lee et al., 2000a). TrkB is important in the regulation of synaptic 

plasticity (Yamamoto et al., 2009) as well as the generation and survival of new 



30

neurons in the dentate gyrus of the hippocampus (Lee et al., 2000b). The upregulation 

of BDNF in the hypothalamus and hippocampus by CR may contribute to metabolic 

control by appetite suppression. BDNF acts on neurons in the hypothalamus to 

stimulate hepatic insulin production (Kuroda et al., 2003; Unger et al., 2007). Indeed, 

peripheral insulin sensitivity is enhanced within minutes of BDNF infusion into the brain 

via a mechanism independent of a change in food intake (Kuroda et al., 2003). 

Normally, BDNF acts as an anorexigenic mediator in the rodent brain; however, this 

is often disrupted with age (Moyse et al., 2012). With CR, the brain is more resistant 

to age-related decreases in BDNF concentration and better maintains feeding control 

and body weight (Moyse et al., 2012). Crosstalk between leptin receptor and TrkB 

pathways exists where BDNF acts downstream of leptin and mediates leptin action 

(Duan et al., 2003; Moyse et al., 2012). Increased BDNF levels in the hypothalamus 

can stimulate synaptic plasticity in the cortex, which can lead to increased sensitivity 

to the satiety-signalling hormone leptin through TrkB signalling (Liao et al., 2019). 

Indeed, when TrkB signalling is blocked, the anorexic effects of leptin signaling are 

lost (Spaeth et al., 2012) and when BDNF is blocked, the observed benefits of CR on 

resisting excitotoxic injury of hippocampal neurons are lost (Bruce-Keller et al., 1999). 

This further supports the idea that BDNF is part of the mechanism of enhanced neural 

plasticity following CR which can improve overall appetite control. CR can also 

contribute to the reduction of risk factors for metabolic syndrome, type-2 diabetes and 

obesity, such as elevated glucose levels and visceral fat (Duan et al., 2003). 

Controlling these factors is important in preventing systemic inflammation, 

dysregulated metabolic signalling, neurotoxicity, and the production of reactive oxygen 

species, which all negatively impact neuroplasticity.
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Interestingly, CR exhibits selective serotonin reuptake inhibitor (SSRI)-like effects on 

neural plasticity – including accelerating adaptive fear learning and diminishing 

anxiety-related behaviour (Riddle et al., 2013; Yamamoto et al., 2009). In the visual 

system, CR enhances neural plasticity in a manner similar to the SSRI fluoxetine, 

whereby both CR and fluoxetine restored binocular vision in adult mice following 

early-life monocular deprivation after closure of the visual plasticity window (Maya 

Vetencourt et al., 2008; Spolidoro et al., 2011). Dysregulated fear learning and 

elevated anxiety caused by knocking out the serotonin receptor are rescued by CR 

in a manner dependent on serotonin transporter activity (Riddle et al., 2013). 

Enhancements in fear extinction learning are observed following CR only in the 

presence of serotonin receptors (Riddle et al., 2013). An essential determinant of 

SSRI efficacy in anti-depressant-like responses is an increase in BDNF within the 

forebrain, particularly the hippocampus (Martinowich and Lu, 2008). Because CR 

exerts similar increases in BDNF expression to SSRIs, BDNF-mediated cortical 

plasticity likely underpins the ability of neuronal networks to adapt to different 

environmental challenges, cues, and/or learning demands. 

4.2 Metabolic-controlling drugs improve brain plasticity and cognitive function

A frontline anti-diabetic therapy, metformin, has anti-inflammatory, neuromodulatory, 

and antioxidative properties (Potts and Lim, 2012). Usually, metformin is used to lower 

blood glucose levels in individuals with Type 2 Diabetes or prediabetes, particularly 

those who are overweight or obese (Yerevanian and Soukas, 2019). It acts by 

reducing hepatic glucose production and improving peripheral insulin sensitivity. 
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Metformin treatment also often results in weight loss (Paolisso G et al., 1998; 

Yerevanian and Soukas, 2019). For instance, the effect of metformin on food intake 

and overall weight loss in diabetic patients was shown to be dose dependent (Paolisso 

G et al., 1998). Within hepatic cells, metformin stimulates AMP-activated protein 

kinase (AMPK) activity – a cellular sensor that controls metabolism (Amato and Man, 

2011). The activation of AMPK restores energy balance by stimulating glucose uptake 

and lipid oxidation to produce energy while attenuating energy-consuming processes 

like glucose and lipid production, resulting in reduced blood glucose (Amato and Man, 

2011; Potts and Lim, 2012; Wang et al., 2012). 

Metformin can also exert effects within the brain, where it activates AMPK in neurons, 

including neuronal precursor cells (Figure 3). Wang et al. (2010) first identified that a 

downstream product of AMPK activation is the phosphorylation of CREB-binding 

protein. Phosphorylation of CREB-binding protein promotes the differentiation of 

neural precursor cells and the generation of new neurons from these precursors in 

adulthood within the hippocampus and subventricular zone (Fatt et al., 2015; Wang et 

al., 2012). Adult born neurons are particularly important for spatial memory, 

specifically pattern separation – the process of storing similar events as distinct 

memory representations (Bekinschtein et al., 2014; Clelland et al., 2009; Kumar et al., 

2020; Oomen et al., 2014). Accordingly, metformin was shown to improve spatial 

memory , with this improvement positively correlating with increased numbers of 

neural precursor cells in the dentate gyrus (Wang et al., 2012). Tanokashira et al., 

(2018) showed that improved hippocampal-dependent spatial memory following 

metformin treatment was dependent on insulin signalling via the phosphorylation of 

insulin receptor substrate 1 in the hippocampus (Tanokashira et al., 2018). Moreover, 
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metformin’s actions through AMPK parallel that of ghrelin and leptin, supporting the 

importance of metabolic hormone regulation in enhancing cognition (Jacqueline A. 

Bayliss et al., 2016; Jacqueline A Bayliss et al., 2016; Greco et al., 2011, 2009). 

Ghrelin acts upstream of AMPK whereby it increases AMPK activity in the 

hypothalamus to promote food intake (Verhagen et al., 2011; Wang and Cheng, 2018). 

This indirect activation of AMPK extends to the hippocampus where ghrelin can 

suppress increased β-amyloid deposition and promote the phosphorylation of AMPK 

to improve metabolism (Andrews, 2011b; J. Huang et al., 2019; Kang et al., 2015). 

Finally, leptin improves neuronal metabolism and inhibits amyloid-β plaque and tau 

phosphorylation through AMPK activation (Greco et al., 2011, 2009).

Metformin is reported to functionally improve cognition and reduce dementia risk in 

diabetic patients (Orkaby et al., 2017; Samaras et al., 2020; Wu et al., 2020). Chronic 

metformin treatment was also observed to restore memory performance in a pre-

diabetic mouse model of Type 2 Diabetes, independent of changes in glycemic levels 

(Tanokashira et al., 2018). Moreover, metformin effectively ameliorated the 

progression of AD pathology by promoting glial phagocytosis of amyloid beta plaques 

and reducing chronic inflammation in APP/PS1 mice (Ou et al., 2018). Gupta et al. 

(2011) found that in vitro neuronal insulin resistance after prolonged hyperinsulinemia 

was associated with the development of hyperphosphorylation of tau and increased 

secreted levels of amyloid beta peptide. Treatment with metformin re-sensitized 

impaired insulin actions and ameliorated the elevated levels of elevated tau, tau 

kinases, and amyloid-β-induced oxidative stress. 
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Sex is an important factor to consider with the use of metformin in treating diabetes 

and AD. Several studies have highlighted the differential effects of metformin in 

improving cognition in male versus female rodents (Ou et al., 2018; Ruddy et al., 

2019). In male mice, metformin can exacerbate memory dysfunction or have no effect 

at all. It has been proposed that testosterone can inhibit metformin’s efficacy in 

improving cognition in male mice (Ruddy et al., 2019). Conversely, metformin is 

effective at improving cognitive recovery following stroke injury in female juvenile and 

adult mice. Higher levels of estradiol versus testosterone following metformin 

treatment were associated with increases in neurogenesis and the neural precursor 

cell niche in the subventricular zone and hippocampus (Ou et al., 2018; Ruddy et al., 

2019). Sex steroid receptors are expressed in the neurogenic niches of the brain and 

can modulate neurogenesis through their effects on cell proliferation, survival, 

maturation, and structural plasticity (reviewed in (Atwi et al., 2016; Hajszan et al., 

2007; Larson, 2018; Naegelin et al., 2018; Sheppard et al., 2019). Estradiol is 

postulated to expand the neural stem cell pool by inducing growth factors such as 

BDNF and increasing androgen receptor expression in these cells (Barker and Galea, 

2008; Bramble et al., 2019; Bustamante-Barrientos et al., 2021; Moghadami et al., 

2016). Additionally, estradiol can act as a transcription factor to activate kinase 

pathways that support cell proliferation and differentiation (Lee et al., 2021). Estrogen 

receptors are also expressed in neural stem cells isolated from the lateral ventricles 

of adult Wistar rats (Brännvall et al., 2002). When considering the translation of 

metformin into humans, a comprehensive understanding of sex hormone regulation in 

neuroplasticity and neurodegeneration will be critical to ensure benefit. 
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A recent review by Yerevanian et al., (2019) describes putative mechanisms 

underlying the anti-obesity effects of metformin, including its actions on regulating 

certain peptide hormones and targeting specific areas of the central nervous system 

such as the hypothalamus (Yerevanian and Soukas, 2019). Metformin was shown to 

exert tissue-specific effects; for example, its known function is to activate AMPK in 

hepatic tissue, yet metformin downregulates AMPK in the hypothalamus to elicit its 

anorexigenic effects (Chau-Van et al., 2007). Additionally, metformin decreases NPY, 

increases anorectic hormones like glucagon-like peptide 1, and upregulates 

expression of leptin receptors. Metformin may also affect food-related cognitive 

associations. For example, functional magnetic resonance imaging found that 

metformin decreased metabolism in brain areas associated with semantic memory 

and reward (Duan et al., 2013; Huang et al., 2014). Taken together, metformin seems 

to primarily promote endogenous repair mechanisms in the brain while also reducing 

inflammation and metabolic dysregulation in peripheral systems and the central 

nervous system. There is considerable preclinical support for the therapeutic role of 

metformin in cognitive recovery, cell growth, and neuroprotection in the aged and 

injured brain. 

Conclusions

It is well documented that the metabolic hormones ghrelin, leptin, and insulin share 

properties analogous to those of neuroactive peptides and internal messengers in 

the brain. These hormones are vital in regulating feeding behaviours and reward 

circuits while also contributing to the maintenance and adaptability of neuronal 

activity and connectivity in the central nervous system. Metabolic hormones may be 

particularly involved in key processes affecting neuroplasticity including LTP, BDNF 
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expression, neurogenesis, synaptogenesis, and AMPAR/NMDAR activity. Future 

studies are needed to determine the mechanisms underlying the effects of these 

hormones on cognition and neural activity. 

Metabolic hormone expression and signalling are altered positively and negatively by 

caloric restriction and obesity, respectively, resulting in changes to neuroplasticity 

and cognition. A growing body of preclinical work suggests that anti-diabetic drugs 

such as metformin can affect glucose levels, weight gain, and inflammation, and can 

be advantageous for re-sensitizing metabolic hormones and their signalling, 

promoting endogenous repair mechanisms in the brain, and reducing the risk of 

neurodegenerative disease. Metabolic hormones and their associated pathways 

have tremendous potential as targets in the quest to counteract age-related cognitive 

decline.
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Figure Legends

Figure 1. Metabolic hormone activity in the central nervous system to regulate 

feeding behaviours. ARC = arcuate nucleus; PVN = paraventricular nucleus; LHA = 

lateral hypothalamic area; OXY = oxytocin; CRH = corticotropin-releasing hormone; 

MCH = melanin-concentrating hormone; POMC = Pro-opiomelanocortin; CART = 

cocaine- and amphetamine-regulated transcript; NPY = Neuropeptide Y; AGRP = 

Agouti-related protein. Created with BioRender.com. 

Figure 2. AMPAR and NMDAR trafficking and activation by ghrelin and leptin. 

Created with BioRender.com.

Figure 3. Proposed mechanism of action of metformin in neural precursor cells. 

Created with BioRender.com.
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