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In this review, the current understanding of leptin’s role in energy balance, glycemic regulation, and cognitive function is examined, and its involvement in maintaining the homeostatic “harmony” of these physiologies is explored. The effects of exercise on circulating leptin levels are summarized, and the results of clinical application of leptin to metabolic disease and neurologic dysfunction are reviewed. Finally, pre-clinical evidence is presented which suggests that synthetic peptide leptin mimetics may be useful in resolving not only the leptin resistance associated with common obesity and other elements of metabolic syndrome, but also the peripheral insulin resistance characterizing type 2 diabetes mellitus, and the central insulin resistance associated with certain neurologic deficits in humans.
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INTRODUCTION

Since the cloning of the mouse and human leptin genes more than 25 years ago (Zhang et al., 1994), a significant body of research has been devoted to elucidating the biology and physiological role of leptin, the 16 kDa leptin gene product synthesized and secreted primarily by white adipose tissue (WAT). WAT, originally considered to be simply a fat storage depot, is now recognized as a highly-active endocrine organ which secretes a large group of hormones, collectively classified as adipokines or adipocytokines (Lehr et al., 2012). These hormones are pleiotropic in nature, and exert autocrine, paracrine, or endocrine influences on metabolic processes in the periphery and in the central nervous system (CNS) (Park and Ahima, 2015). Although leptin was originally considered an anti-obesity hormone because of its regulatory role in the maintenance of body weight (Friedman, 2016), there is growing evidence supporting the significant influence leptin exerts on both glycemic control (Lee et al., 2011; Morton and Schwartz, 2011) and cognitive function (Harvey, 2010; Yin et al., 2018; Forny-Germano et al., 2019) as well (Figure 1).
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FIGURE 1. Leptin: the biochemical link connecting obesity, diabetes, and cognitive decline. Leptin deficiency (hypoleptinemia) and leptin resistance (hyperleptinemia) are characterized by dysfunctional leptin signaling both centrally and in the periphery. In the brain, dysfunctional leptin signaling in the hypothalamus causes numerous systemic metabolic defects including, but not limited to obesity and diabetes (insulin resistance). Dysfunctional leptin signaling in the hippocampus and cerebral cortex results in the induction and progression of the beta amyloid (Aβ) and Tau pathology associated with Alzheimer’s Disease (AD) and other forms of dementia. Obesity and diabetes are considered significant risk factors for the onset and progression of AD and AD-like cognitive impairment.


Sadly, by 2030 the number of overweight and obese adults is projected to rise to 1.35 billion and 573 million, respectively (Kelly et al., 2008). Without a doubt, lifestyle choices, nutrition, and the lack of sufficient exercise to control body weight have made obesity a well-established global risk factor for a number of other chronic disorders, including type 2 diabetes, cardiovascular disease, arthritis, mild cognitive impairment (MCI), Alzheimer’s Disease (AD), and some forms of cancer (Elias et al., 2005; Pugazhenthi et al., 2017; Lengyel et al., 2018). Although leptin therapy has been shown to reverse metabolic and neuroendocrine dysfunctions in obese individuals with congenital leptin deficiency, most cases of common obesity are associated with resistance to elevated levels of endogenous leptin, and to exogenously delivered leptin as well (Bluher and Mantzoros, 2009). This disappointing caveat has been a catalyst for the development of novel leptin mimetics which will be discussed later in this review.

In this review, the current understanding of leptin’s role in energy balance, glycemic regulation, and cognitive function will be examined; the effects of exercise on circulating leptin levels will be described; the notion that leptin may well be responsible for the homeostatic “harmony” of these physiologies will be explored; and evidence that synthetic peptide leptin mimetics may reduce or resolve the leptin resistance associated with these metabolic and neurologic deficits will be presented.



LEPTIN AND OBESITY


Background

Congenital leptin deficiency is rare, and is expressed in a phenotype which includes obesity, insulin resistance, diabetes, dyslipidemia, and other abnormalities associated with metabolic syndrome. When these patients are treated with leptin replacement therapy, appetite is suppressed, energy expenditure is stimulated, weight loss occurs, and insulin resistance, blood glucose levels, and dyslipidemia are reduced (Farooqi et al., 1999, 2000; Licinio et al., 2004). Common non-genetically obese patients, however, are refractory to exogenous leptin therapy and remain obese (Considine et al., 1996). The inability of leptin to exert an anorexigenic effect in these individuals reflects a state of leptin resistance in which extra calories are consumed and sustained weight loss is prevented (Woods et al., 2000). Paradoxically, although these individuals exhibit high levels of leptin expression in WAT, the elevated levels of circulating leptin fail to reduce adiposity, improve energy homeostasis, or reduce insulin resistance (Bluher and Mantzoros, 2009).



Leptin Resistance

The mechanism(s) responsible for leptin resistance have been intensively investigated but are not yet completely understood. Over the years, a number of possible mechanisms have been suggested: downregulation of the leptin signal transduction pathway in hypothalamic and other CNS neurons known to regulate energy balance (Bjorbaek et al., 1998); impairment of leptin binding by elevated levels of C-reactive protein (Chen et al., 2006); decrease in histone deacetylase activity, an important regulator of food intake (Kabra et al., 2016); hypothalamic inflammation, endoplasmic reticulum stress, and autophagy (Mantzoros and Flier, 2000; Myers et al., 2012; Jung and Kim, 2013). There is no doubt that any or all of these abnormalities may contribute to the expression of leptin resistance and its associated dysfunctions.

Underlying all of these proposed mechanisms to explain the development of leptin resistance, however, are obesity-related defects in the saturable transport of leptin across the blood-brain barrier (BBB) into the CNS (Banks et al., 1999, 2004; El-Haschimi et al., 2000; Banks, 2015). In this regard, obesity and chronic consumption of high-fat diets are known to produce significant changes in the BBB (Kim et al., 2016), and also in brain regions containing neurons with high metabolic demands, such as those in the arcuate nucleus of the hypothalamus and the hippocampus (Moraes et al., 2009). Rodent studies have shown that maintenance on a high-fat diet not only compromises the integrity of the BBB due to the loss of leptin receptor-containing tanycytes, the specialized ependymal cells in the median eminence responsible for the active transport of leptin into the CNS (Balland et al., 2014; Kim et al., 2016), but also causes neuronal loss in the arcuate nucleus, the region of the hypothalamus containing first order neurons with the highest expression of leptin receptors (Moraes et al., 2009). Taken together, these observations suggest that reduced access of leptin into the CNS due to the depletion and/or desensitization of tanycytes (Banks et al., 2000), coupled with neuronal loss of leptin receptors may ultimately be responsible for the leptin resistance that characterizes common obesity.



Mechanism of Action

Once across the BBB, leptin exerts its metabolic effects through binding to leptin receptors highly expressed in the arcuate nucleus of the hypothalamus and in some other brain regions (Moraes et al., 2009). Receptor binding initiates several signal transduction pathways: Janus kinase 2—signal transducer and activator of transcription 3 (JAK2-STAT3); insulin receptor substrate-phosphatidylinositol 3-kinase (PI3K); SH2-containing protein tyrosine phosphatase 2 (SHP2)-mitogen-activated protein kinase (MAPK); and 5’adenosine monophosphate-activated protein kinase (AMPK)/acetyl-CoA carboxylase (ACC) (Park and Ahima, 2015). Leptin activation of JAK2-STAT3 signaling, however, is the primary metabolic pathway regulating energy balance (Bates et al., 2003; Dardeno et al., 2010).

In the arcuate nucleus of the hypothalamus, leptin binding initiates a complex neural pathway which controls appetite by activating anorexigenic neurons that synthesize pro-opiomelanocortin (POMC) and cocaine- and amphetamine-regulated transcript (CART), hormones that inhibit orexigenic neurons that synthesize agouti-related peptide (AgRP) and neuropeptide Y (NPY), neurotransmitters that stimulate appetite (Ahima et al., 1999; Cowley et al., 2001; Robertson et al., 2008). Feeding is also suppressed by leptin binding to neurons in the lateral hypothalamus which express melanin-concentrating hormone (MCH) and orexins (Robertson et al., 2008). Also in the lateral hypothalamus, a distinct population of leptin receptor-bearing neurons which innervate the ventral tegmental area and do not express MCH or orexins, has also been identified suggesting an additional role for leptin in feeding behavior mediated by the mesolimbic dopamine system (Lenninger et al., 2009).

The role of leptin in energy balance has been most clearly demonstrated in rodent models of leptin deficiency. The ob/ob mouse, with a single point mutation at codon 105 in the leptin gene (Zhang et al., 1994), is totally leptin deficient, and presents with a phenotype including severe hyperphasia, a low basal metabolic rate, and rapid onset obesity (Pelleymounter et al., 1995), now known to result from over-expression of hypothalamic NPY and MCH, and low expression of POMC (Ahima and Osy, 2004). In this animal model, leptin treatment reverses all of these dysfunctions and normalizes synaptic inputs to POMC and AgRP neurons to levels found in wild-type non-obese mice (Pinto et al., 2004). As noted earlier, however, the majority of obesity in humans is not the result of leptin deficiency, but rather of leptin resistance—a critical barrier to leptin therapy.




LEPTIN AND DIABETES


Background

The results of studies in genetically obese ob/ob mice (Koch et al., 2010), diet-induced obese (DIO) mice (Pocai et al., 2005), and insulin-deficient rats (Hidaka et al., 2002) indicate that intra-cerebroventricular (ICV) delivery of leptin, resulting only in insignificant changes in peripheral leptin levels, restores glycemic control and insulin sensitivity. These observations strongly support the notion that central leptin signaling alone is sufficient for the glucoregulatory actions of leptin, and that leptin affects peripheral insulin sensitivity via CNS mechanisms that are independent of its effects on food intake and body weight (Coppari and Bjorbaek, 2012).



Central Gluco-Regulatory Effects of Leptin

It has been shown that expression of the long isoform of the leptin receptor is higher in the CNS than it is in peripheral tissues (Leshan et al., 2006). This observation has prompted studies designed to identify the specific brain regions involved in leptin-mediated glycemic regulation. These protocols have utilized the injection of leptin into specific brain areas, as indicated earlier, and genetic deletion or restoration of leptin receptors in specific neuronal populations (Fujikawa et al., 2013; D’souza et al., 2017). Leptin receptors are expressed principally in GABAergic and glutamatergic neurons in several regions of the hypothalamus: the arcuate (ARC) nucleus, the ventromedial nucleus (VMH), the lateral hypothalamic area (LHA), and the dorsomedial hypothalamic (DMH) nucleus (Schwartz et al., 1996; Elmquist et al., 1997, 1998). The primary neuronal populations, however, that have been associated with leptin-mediated effects on glycemic control are in the ARC and VMH (Elmquist et al., 1998; Coppari et al., 2005; Moraes et al., 2009).

A number of rodent studies have shown that leptin suppresses hepatic glucose production via multiple mechanisms, including some involving POMC- and AgRP-expressing neurons in the ARC. In this regard, selective expression of leptin receptors in hypothalamic POMC neurons has been shown to prevent diabetes in leptin receptor-deficient db/db mice, independent of changes in food intake and body weight (Coppari et al., 2005; Huo et al., 2009; Fujikawa et al., 2010; Berglund et al., 2012). Another study showed that selective re-expression of leptin receptors in AgRP neurons also mediates leptin’s anti-diabetic actions in db/db mice by suppressing glucagon production (Gonçalves et al., 2014). Interestingly, the loss of leptin receptors in POMC neurons of hyperleptinemic ob/ob mice did not affect the glucose lowering actions of leptin (Gonçalves et al., 2014). In streptozotocin (STZ) -treated mice, however, loss of leptin receptors in POMC neurons only partially prevented leptin-mediated reversal of hyperglycemia (Fujikawa et al., 2013). Taken together, these observations suggest that leptin action exclusively on POMC neurons is sufficient, but more than likely, not solely involved in the central regulation of blood glucose levels.

The CNS utilizes sympathetic nervous system (SNS) and parasympathetic nervous system (PNS) pathways to modulate peripheral responses, and a number of rodent studies have demonstrated the involvement of these pathways in the glucoregulatory actions of leptin. In lean rodents: (1) ICV or intravenous (IV) delivery of leptin has been shown to increase sympathetic activity in muscle, brown adipose tissue (BAT), kidney, and adrenal glands (Dunbar et al., 1997; Haynes et al., 1997), and parasympathetic activity in the liver (Tanida et al., 2015); (2) hepatic vagotomy in insulin-resistant mice only modestly inhibits the ability of leptin to improve glucose tolerance (Li et al., 2011); and (3) glucose uptake into BAT following the microinjection of leptin into the VMH of lean rats is blocked by surgical sympathetic denervation (Haque et al., 1999; Minokishi et al., 1999). In STZ-treated mice, however, the glucose-lowering action of leptin was not affected by partial chemical sympathectomy, sub-diaphragmatic vagotomy, or by antagonizing or blocking β-adrenergic receptors (Denroche et al., 2016). Taken together, the results of these studies provide substantial evidence supporting the involvement of the SNS and PNS in leptin-mediated glucose homeostasis.



Peripheral Gluco-Regulatory Effects of Leptin

Insulin and glucagon, products of the β- and α-cells of the pancreas, respectively, are the principal regulators of glucose homeostasis. In addition to lowering blood glucose levels in hyperglycemic insulin-resistant ob/ob mice, leptin has been shown to reduce circulating insulin levels as well (Seufert et al., 1999). Leptin inhibits insulin gene expression and glucose-stimulated insulin secretion to adapt circulating glucose levels to body fat stores (Seufert et al., 1999; Cases et al., 2001), and insulin stimulates leptin synthesis and secretion establishing an adipoinsular axis (Seufert, 2004). This hormonal feedback loop, involving leptin from adipose tissue and insulin from β-cells, is vital to maintaining energy balance. Notably, the insulin reducing effects of leptin are not secondary to glucose lowering in ob/ob mice, however, since a reduction in circulating insulin was also observed in normal lean mice following leptin treatment (Seufert, 2004). Leptin has also been shown to protect β-cells from lipotoxicity in various animal models (Lee et al., 2007, 2011).

There is conflicting evidence as to whether or not leptin acts directly on β-cells to suppress insulin synthesis and secretion. Some studies utilizing pancreatic islets or perfused pancreas preparations have shown that leptin can inhibit insulin secretion (Emilsson et al., 1997; Fehmann et al., 1997; Ishida et al., 1997); others have shown just the opposite (Tanizawa et al., 1997; Leclercq-Meyer and Malaisse, 1998). Various leptin receptor knockout mouse lines, generated to investigate the role of leptin on β-cell function in vivo, have also produced conflicting results: LepR fl/flRIP-cre and LepRfl/fl Psdx1-cre mice are characterized by hyperinsulinemia (Covey et al., 2006; Morioka et al., 2007), whereas LepRflfl Ins1-cre mice do not exhibit hyperinsulinemia (Soedling et al., 2015). Adding to the confusion, neither RT-qPCR analysis (Soedling et al., 2015) nor single cell transcriptome analysis (Benner et al., 2014) of mouse and human islet cell populations has been able to detect leptin receptor on β-cells, in spite of published evidence of leptin binding, leptin receptor transcript expression, and functional leptin receptor signaling (Kiefer et al., 1996; Emilsson et al., 1997; Seufert et al., 1999; Benner et al., 2014).

In summary, although the evidence for direct effects of leptin on pancreatic β-cells is inconsistent, the indirect effects of leptin on insulin suppression are unambiguous. As reviewed earlier in this section, a number of observations support this assessment. The reports of reduced circulating insulin levels following ICV or systemic delivery of leptin in both genetic and non-genetic rodent models of diabetes, as well as those showing the induction of hyperinsulinemia in at least some strains of leptin receptor knock-out mice, strongly suggest that the regulation of insulin is mediated through the CNS.




LEPTIN AND COGNITIVE FUNCTION


Background

In addition to its role in the regulation of energy balance and glucose homeostasis, a growing body of evidence implicates leptin in the maintenance of cognition and memory as well. Because extensive data from epidemiological studies have consistently confirmed that obesity, diabetes, and metabolic syndrome increase the risk of developing cognitive impairment and dementia (Baker et al., 2011; McCrimmon et al., 2012; Lehtisalo et al., 2016; Espeland et al., 2017; Pal et al., 2018), it is not surprising that more than 10 years ago, leptin was proposed to be the biochemical “link” connecting all of these pathologies (Harvey, 2010). This notion has been extensively explored since then, and appears to have weathered the test of time (Hamilton and Harvey, 2021).



Neurotrophic Actions of Leptin

To understand the basis for the role of leptin in cognition, it is necessary to review the known effects of leptin on brain anatomy and function. Leptin receptors have been identified in both neuronal and non-neuronal cells not only in the hypothalamus, but also in the cerebral cortex, dentate gyrus, and in CA1 and CA3 areas of the hippocampus, brain regions known to be involved in cognition and memory (Schwartz et al., 1996; Pan et al., 2012; Kim et al., 2014). Several lines of evidence indicate a key role for leptin in neuro-developmental processes (Ahima et al., 1999). In this regard, leptin has been shown to regulate the morphology and synaptic function of hippocampal neurons (Irving and Harvey, 2014, 2021; McGregor and Harvey, 2019), and also to be essential for hippocampal spine formation (Dhar et al., 2014; McGregor and Harvey, 2019). In elderly humans, plasma concentrations of leptin are positively correlated with gray matter volume, and inversely correlated with age-related cognitive decline (Narita et al., 2009). Worthy of special note, humans with congenital leptin deficiency have been found to have structural brain abnormalities and neurocognitive deficits that can be attenuated by exogenous leptin (Matochik et al., 2005; Paz-Filho et al., 2008).

Communication between excitatory synapses can be modulated by changes in the level of neuronal excitation (Vitureira and Goda, 2013; McGregor and Harvey, 2019). Persistent increases, called long-term potentiation (LTP), or decreases, called long-term depression (LTD), in synaptic activity are proposed to be the principal cellular events involved in learning and memory (Bliss and Collingridge, 1993; Collingridge et al., 2010). The primary, but not sole, excitatory neurotransmitter in the mammalian brain is glutamate (Meldrum, 2000) which activates N-methyl-D-aspartate (NMDA) receptors, and leads to a postsynaptic rise in intracellular calcium that is critical for the induction of LTP and LTD at hippocampal CA1 synapses (Collingridge et al., 1983; Harvey, 2007). In this regard, leptin has been shown to modify excitatory synaptic transmission at hippocampal CA1 synapses by enhancing LTP and decreasing LTD, thereby increasing the efficiency of excitatory synaptic transmission, and improving hippocampal-dependent learning and memory (Shanley et al., 2001; Oomura et al., 2006; Moult and Harvey, 2011; Irving and Harvey, 2014, 2021). Interestingly, Durakoglugil et al. (2005) have reported that under conditions of enhanced excitably, however, leptin can also induce a form of NMDA receptor-dependent LTD. Taken together, these data provide strong evidence supporting the involvement of leptin in hippocampal function.



Neuroprotective Actions of Leptin

In addition to the neurotrophic actions of leptin, its neuroprotective actions have also been demonstrated both in vitro and in vivo. In cell models of glucose deprivation, and in animal models of transient cerebral ischemia, leptin treatment has been shown to protect neurons from ischemic damage (Zhang et al., 2007; Zhang and Chen, 2008). Also, excitotoxic lesions in mouse brains generated by the delivery of the glutamate analog ibotenate, were significantly reduced by co-administration with leptin (Dicou et al., 2001). In other studies, leptin has also been shown to exert a cryoprotective effect in two experimental models of Parkinson’s disease, one induced by 1-methyl-4 pyridinium, a mitochondrial neurotoxin, and the other by 6-hydroxydopamine (Lu et al., 2006; Weng et al., 2007).

Leptin has also been shown to have neuroprotective effects against the progression of Alzheimer’s Disease (AD) pathology. A number of studies have consistently indicated that leptin treatment can decrease beta amyloid (Aβ) levels by targeting Aβ production, clearance, degradation, and aggregation (Fewlass et al., 2004; Marwarha et al., 2010; Greco et al., 2011; Niedowicz et al., 2013; Marawarha et al., 2014; Yamamoto et al., 2014). In vitro, exogenous leptin has been shown to protect hippocampal and hypothalamic cell lines from the neurotoxic effects of oligomeric soluble Aβ by preventing superoxide production and mitochondrial dysfunction (Yamamoto et al., 2014), and by reversing Aβ-mediated decreases in insulin-like growth factor-1, a known neuroprotective and neurotropic cytokine (Marwarha et al., 2011). Leptin has also been reported to reduce tau phosphorylation in primary cultures of murine cortical neurons (Doherty et al., 2013), in cultured rat neurons, and in human cell lines (Greco et al., 2008, 2009).

In vivo studies in a number of animal models have provided data supporting the in vitro data. Chronic leptin treatment of transgenic mice overexpressing amyloid precursor protein (APP) was shown to decrease brain levels of Aβ and phosphorylated tau (Greco et al., 2010). In other studies, both exogenous leptin administration and leptin viral gene transfer resulted in an improvement in memory and behavior tasks in transgenic mouse models of AD (Greco et al., 2010; Perez-Gonzalez et al., 2014). In rats, chronic ICV delivery of leptin was shown to reduce Aβ1-42-mediated impairment in spatial memory and suppression of hippocampal LTP (Tong et al., 2015).



Role of Leptin in Alzheimer’s Disease

Recent epidemiological and human studies also indicate that leptin may play an important role in AD. It is well-documented that age is an important factor in the development of neurodegenerative disease. In this regard, low plasma leptin levels in late-life have been consistently associated with an increased risk for cognitive decline and the development of AD (Holden et al., 2009; Zeki Al Hazzouri et al., 2013; McGregor et al., 2014; Littlejohns et al., 2015; Yin et al., 2018; Lloret et al., 2019). In a number of studies, plasma leptin levels have also been reported to be lower in individuals with MCI (mild cognitive impairment) or AD compared to normal controls, and negatively correlating with the degree of cognitive impairment and dementia (Baranowska-Bik et al., 2015; Teunissen et al., 2015). Other studies have reported conflicting findings (Gustafson et al., 2012; Oania and McEvoy, 2015). It has been suggested, however, that the discrepancies in these studies may reflect the influence of confounding factors such as sample size, exercise, diet, sex, and even misclassification of AD as the diagnosis, that may not have been taken into consideration.

On the other hand, there is also a growing body of evidence from clinical studies implicating a significant role for inflammatory mechanisms in the pathophysiological processes leading to cognitive impairment and dementia (Kemka et al., 2014; Magalhães et al., 2018), and that cytokines participate in cognitive processes by influencing neuronal plasticity, neurogenesis, and neuromodulation (Marin and Kipnis, 2013; Donzis and Tronson, 2014). It is important to note here that leptin has a dual role: as a hormone, it influences multiple endocrine functions in addition to its key role in energy balance, and as a cytokine, it promotes inflammatory responses (La Cava, 2017). In this regard, leptin has been shown to enhance the expression and production of both TNF-α and IL-6 peripherally and in the brain (Magalhães et al., 2018; Feinkohl et al., 2020). TNF-α is known to modulate neuronal function by reducing hippocampal synaptic plasticity (DaRe et al., 2020). IL-6 has been associated with enhanced disease progression and severity of symptoms in AD (Donzis and Tronson, 2014). The pro-inflammatory actions of leptin have negatively impacted its clinical application to chronic human disease.

In suggesting that leptin may be the biochemical “link” connecting obesity, diabetes, and cognitive impairment, it seems necessary to comment on the seeming paradox regarding the observation that both mid-life obesity and late-life weight loss are considered risk factors for developing AD (Emmerzaal et al., 2015). In this regard, obesity (increased body fat mass) results in the production of pathologically high levels of circulating leptin and central leptin resistance, while being underweight (decreased body fat mass) results in the production of low levels of circulating leptin. The consequences of obesity or underweight are leptin resistance or leptin deficiency, respectively, which in both cases reduces leptin signaling in the brain. Because of leptin’s neurotrophic and neuroprotective actions discussed earlier, the deleterious effects of diminished leptin signaling on AD pathology and cognitive dysfunction are progressively enhanced.




LEPTIN AND EXERCISE


Background

Hyperleptinemia, the consequence of increased leptin secretion and reduced leptin clearance, is a characteristic of the obesity syndrome (Hulver and Houmard, 2003). Counter-intuitively, since it is well-established that leptin induces satiety, stimulates lipid metabolism, and enhances energy expenditure (Baile et al., 2000; Dalamaga et al., 2013; Moon et al., 2013), one would not expect hyperleptinemia to be part of the pathology of obesity, but rather a part of its resolution. For reasons previously discussed, however, we know that hyperleptinemia is responsible for the leptin resistance seen in common obesity, and for the failure of exogenous leptin to resolve this problem. Thus, dietary interventions and exercise protocols designed to reduce plasma leptin levels may improve not only metabolic disorders associated with hyperleptinemia, but cognitive function as well.

Plasma leptin concentrations are tightly coupled to white adipose tissue mass (Ronnemaa et al., 1997). Consequently, any reduction in adipose tissue mass that occurs during weight loss lowers plasma leptin concentrations (Eriksson et al., 1999). Plasma leptin levels are also modulated by energy balance: they are increased by feeding and decreased by fasting (Kolaczynski et al., 1996a,b), and exhibit a diurnal circadian rhythm with highest concentrations near midnight and lowest concentrations near mid-morning (Friedman and Halaas, 1998; Kanabrocki et al., 2001). The regulation of this rhythm is also complex in nature. It is hormonally influenced (Nishiyama et al., 2000), sex-dependent (Paolisso et al., 1998; Saad et al., 1998), and altered by meal timing (Schoeller et al., 1997) and dietary composition (Choa and Boozer, 2000; Herrmann et al., 2001).

Because of these confounding influences, the results from studies examining the effects of physical exercise on plasma leptin concentrations are difficult to evaluate. Nonetheless, because leptin responses and adaptations to exercise may have important health-related ramifications, it is imperative that they continue to be examined. In this regard, exercise is known to not only effectively reduce body fat mass (Eriksson et al., 1999), but also to influence reproductive function (Veniant and LeBel, 2003) and thyroid function (Papovic and Duntas, 2005), as well as concentrations of other hormones, including insulin (Pocai et al., 2005), cortisol (Pralong et al., 1998), catecholamines (Fritsche et al., 1998), and growth hormone (Carro et al., 1997). Several cytokines, such as tumor necrosis factor–α and interlekin-6, also alter leptin mRNA expression and circulating leptin levels (Janik et al., 1997; Mantzoros et al., 1997).



Effects of Exercise on Circulating Leptin

The effects of exercise on circulating leptin have been investigated under a number of different protocols: after single bouts of exercise at maximal and submaximal intensity, and for short and long durations; after short- and long-term exercise training; and after resistance (weight) training (Ryan et al., 2000; Hulver and Houmard, 2003). Cross-sectional data indicate that plasma leptin concentrations are associated with fitness level, and are not independent of body fat mass (Gippini et al., 1999). In order for exercise to alter serum leptin levels, a threshold of energy deficit must be achieved (Hulver and Houmard, 2003). When leptin levels are closely matched to adiposity at steady state, negative energy balance results in a reduction in leptin level that is more rapid than the change in adiposity (Morrison, 2008). In this regard, preventing this fall is sufficient to attenuate many of the physiological events associated with negative energy balance, such as a decline in metabolism, decreases in bone mass, reductions in thyroid hormones, reduction in testosterone levels, and inability to concentrate.


Single Bouts of Exercise and Leptin Levels

Studies examining the effects of a single bout of exercise of short and long duration, and at varying intensity levels, on circulating leptin levels in humans have reported conflicting results. With regard to short-term (<60 min) studies, Elias et al. (2000) observed a decline in plasma leptin in males after graded treadmill exercise to exhaustion, and suggested that this may be associated with an elevated production in non-esterified fatty acids during exercise, which has been shown to be inversely correlated with leptin levels (Duclos et al., 1999). Weltman et al. (2000) reported that 30 min of exercise at, above, and below lactate threshold, an index of accelerated metabolism and exercise intensity, did not alter serum leptin concentrations in young males either during exercise or recovery. Perusse et al. (1997) reported no change in leptin levels in 51 untrained men and 46 untrained women following a 10- to12-min maximal exercise test on a cycle ergometer. Fisher et al. (2001), however, observed increases in circulating leptin during 41 min of cycling at 50% of cycling intensity, followed by a reduction to control values during a 2-h recovery period. Kraemer et al. (1999) also reported significant increases in leptin responses in a graded exercise test to exhaustion in young adolescent runners, males and females, over the course of a short track season. Taken together, however, more studies suggest that plasma leptin concentrations in healthy males and females increase or remain unchanged by short-duration exercise, regardless of exercise intensity.

Similar to what has been reported for most short-duration exercise studies, the results of long-duration (>60 min) exercise studies have also shown either no change or a decline in circulating leptin following exercise. Torjman et al. (1999) measured leptin concentrations following 60 min of treadmill exercise at 50% of VO2max in six healthy males. After correcting for hemoconcentration, no effect on serum leptin during a 4-h recovery period was found. Landt et al. (1997) reported an insignificant 8% reduction in fasting serum leptin concentrations in 12 men after 2 h of cycling exercise. Leal-Cerro et al. (1998), in a study controlled for circadian variations, reported only a small reduction in serum leptin levels in males following a 26-mile marathon. Karamouzis et al. (2002) evaluated leptin responses in men following a 25 km ocean swim and reported reduced serum leptin concentrations. Zaccaria et al. (2002) reported the effects on serum leptin concentrations of three competitive endurance races in 45 males who participated in either a half-marathon run, a ski-alpinism race, or an ultramarathon race. Only the two prolonged endurance exercises involving high energy expenditure, the ski-alpinism race and the ultramarathon race, induced a marked reduction in circulating leptin.



Training and Leptin Levels

There have also been a number of studies reporting the effects of short- and long-term training, on leptin concentrations. In summary, short-term (<12 weeks) training has been consistently reported to have no influence on leptin concentrations in males or females unless the training was associated with fat loss (Halle et al., 1999; Houmard et al., 2000; Fatouros et al., 2005; Unal et al., 2005a,b; Kraemer et al., 2011).

There are disparate findings with respect to long-term (more than 12 weeks) training studies, however, with some studies reporting no effect of long-term training on leptin concentrations other than that induced by fat loss (Perusse et al., 1997; Fedewa et al., 2018), and others reporting a further reduction in plasma leptin after accounting for fat loss (Pasman et al., 1999; Thong et al., 2000; Roseland et al., 2001). Some of these contributing factors are suggested to involve alterations in energy balance, and improvements in insulin sensitivity (Flores et al., 2006) and lipid metabolism (Goldberg and Elliot, 1987).



Resistance Training and Leptin Levels

Other studies examined the effects of resistance exercise (weight training) on plasma leptin concentrations. In one of these, Kanaley et al. (2001) observed a reduction in plasma leptin in T2DM patients 24 h following upper and lower body resistance exercise, whereas non-diabetic individuals of the same age and sex did not show any decline. In another study, Nindl et al. (2002) measured leptin levels overnight at 3-h intervals following 50 total sets of squats, bench presses, leg presses, and pull-down exercise, and found a 3-h delay before any observable reduction in plasma leptin was evident. Ryan et al. (2000) examined the effects of resistance training in obese postmenopausal females, with and without weight loss. Fat-free mass and resting metabolic rate were increased in both groups, but plasma leptin was reduced by 36% only in the group that lost weight. In a recent meta-analysis (Rostas et al., 2017) examining 3481 medical records, training intervention was found to decrease plasma leptin in middle-aged or elderly (45 years and older), overweight or obese (BMI over 25) males and females, even without weight loss. Taken together, these results suggest that resistance training successfully reduces hyperleptinemia, even in the absence of dieting or major weight loss.





SMALL MOLECULE SYNTHETIC PEPTIDE LEPTIN MIMETICS


Background

With the cloning of the mouse and human leptin genes (Zhang et al., 1994), as well as ongoing discoveries of the pleiotropic nature of leptin’s actions, it is not surprising that expectations for the therapeutic and/or prophylactic application of leptin to a number of metabolic and neurologic pathologies in the clinic were high. As discussed earlier, although leptin showed excellent results in reversing many metabolic (Friedman, 2016) and cognitive (Harvey, 2010) dysfunctions in rodent models, and in leptin deficient humans (Farooqi et al., 1999), clinical trials with recombinant leptin in subjects with common obesity consistently reported disappointing outcomes (Heymsfield et al., 1999; Chan et al., 2005; Lo et al., 2005; Zelissen et al., 2005). These results reflected the consequences of absolute or relative resistance to exogenous leptin caused by decreased efficiency, or failure, of leptin transport across the BBB into the CNS (Banks et al., 1999, 2000; Banks, 2015). Because of the potential adverse effects leptin, including its tendency to stimulate angiogenesis (Skrypnik et al., 2021) and carcinogenesis (Lin and Hsiao, 2021), and to aggravate autoimmune disease (Procaccini et al., 2015), the application of leptin to chronic disease has been severely limited. FDA approval has been given, however, to metreleptin, an analog of leptin, for treating lipodystrophy (Araujo-Vilar and Santini, 2019) because of its proven efficacy in treating leptin deficiency disease compared to its lack of efficacy in treating common obesity with hyperleptinemia.

Over the course of time, the limited clinical success of recombinant leptin has generated a great deal of interest, and effort, in developing leptin-related synthetic peptide drug candidates with the ability to cross the BBB, and mimick the central and peripheral activities of leptin. These candidates are small molecules corresponding to discrete domains within the leptin molecule—the domain(s) of interest being the active epitope(s) within the intact molecule. These efforts utilize the methodologies of solid phase peptide synthesis to construct the peptides, and rodent models in which the bioactivity of the peptides is assessed.



Translational Pathway of a Small Molecule Synthetic Peptide Leptin Mimetic


Searching for the Active Epitope(s) of Leptin

Successful cloning of the mouse and human leptin genes led to the identification of a single point mutation at codon 105 which changes the coding sequence for the amino acid arginine at this position to a premature stop codon (Zhang et al., 1994). The consequences of the truncated mRNA transcribed by this mutation were reflected in a leptin deficiency syndrome that included obesity, increased body fat disposition, hyperglycemia, hyperinsulinemia, hypothermia, reduced bone mass, and impaired reproductive and thyroid function in both male and female ob/ob mice (Wauters et al., 2000). With this landmark discovery, peptide chemists now had some direction regarding where to start their search for active epitopes within the leptin molecule: in domains in the C-terminus distal to amino acid residue 105.

For two years, our laboratory used this information to initially epitope map the region between amino acids 106 and 167 (Grasso et al., 1997), and then the entire sequence of secreted mouse leptin (Grasso et al., 1999). Synthetic peptides, each 15 amino acids long and overlapping at the C-terminus by five amino acids, were delivered by intraperitoneal injection to leptin-deficient female ob/ob mice. In both of these studies, leptin-like activity was localized to a domain between amino acid residues 106 and 140 (85 and 119 in secreted mouse leptin after cleavage of the 21 amino acid signal peptide). Of the three peptides comprising this region that reduced body weight gain and food intake, the most active of these peptides encompassed amino acids 116–130 (85–109), and was chosen for further development. Confirming our choice, leptin-like activity of 116–130 on reproductive (Gonzalez et al., 1999; Tena-Sempere et al., 2000) adrenal (Malendowicz et al., 2000a,b), and cognitive (Malekizadeh et al., 2017) function was also reported.



Optimizing the Size of the Mimetic

Since then, a number of analogs of 116–130 have been developed in our laboratory, and their pre-clinical applications have expanded to include not only obesity, but also exploration of their efficacy in treating diabetes, osteoporosis, dyslipidemia, and cognitive dysfunction. Initially, C-terminal truncation of 116–130 indicated that of the 15 amino acids in this peptide, only the first seven (116–122) were essential for its activity (Rozhavskaya-Arena et al., 2000). This analog was called “OB3.” To improve the potency of OB3, and to increase resistance to proteolysis, the L-Leucine residue at position four (identified by alanine substitution as critical for its activity) in OB3 was replaced by its d-isomer (Rozhavskaya-Arena et al., 2000). This analog, called “[D-Leu-4]-OB3,” was significantly more potent than OB3 improved glycemic control as well as body weight gain (Grasso et al., 2001), and was the first analog to retain full activity after being delivered by intranasal instillation (Novakovic et al., 2009) or by oral gavage (Lee et al., 2010; Novakovic et al., 2010) in Intravail® (Aegis Therapeutics, San Diego, CA), a patented transmucosal absorption enhancing agent.

In addition to its activity as stand-alone therapy, oral delivery of [D-Leu-4]-OB3 in Intravail®, in combination with exenatide or pramlintide acetate, augmented their effects on body weight gain and glucose homeostasis in an insulin-resistant mouse model (Leinung and Grasso, 2012). In insulin-deficient mice, [D-Leu-4]-OB3 was as effective as metformin in preventing the body weight gain associated with insulin therapy, and on a molar basis, was as good or surpassed metformin as an insulin sensitizer (Novakovic et al., 2013).



Defining the Signal Transduction Pathway of the Mimetic

Having confirmed the efficacy of our synthetic peptide leptin mimetics in a number of mouse models of obesity and diabetes, we turned our attention to exploring the molecular basis of this activity. We focused our efforts on the signal transduction pathways known to be involved in leptin signaling. In a specific and concentration-dependent manner, [D-Leu-4]-OB3 was found to induce phosphorylation of ERK1/2, STAT3 Ser-727, STAT3 Tyr-705, and PI-3K p85 (Lin et al., 2014). These results indicate that, in signaling pathways similar to those identified for leptin activation of STAT3, our biologically active leptin-related synthetic peptide analogs also activate STAT3 through phosphorylation of serine and tyrosine residues by multiple signal transduction pathways.



Improving the Pharmacokinetics and Efficacy of the Mimetic

With the possibility of future drug development for human disease, the pharmacokinetic (PK) profiles of [D-Leu-4]-OB3, following intraperitoneal (ip), subcutaneous (sc), and intramuscular (im) injection in PBS, and intranasal and oral delivery in Intravail® were examined (Lee et al., 2010). The results of this study indicated that oral delivery of [D-Leu-4]-OB3 in Intravail® was capable of achieving relatively high serum levels of bioactive peptide compared to commonly used injection methods. These profiles also suggested that the observed efficacy of [D-Leu-4]-OB3 on energy balance, glycemic control, and bone turnover in mouse models of obesity and/or diabetes might be improved by enhancing its bioavailability: i.e., increasing its uptake, extending its half-life, and reducing plasma clearance.

In an effort to address these issues, myristic (tetradecanoic) acid, known to increase membrane solubility, was conjugated to the N-terminal of [D-Leu-4]-OB3 (Novakovic et al., 2014). Myristoylation is the approach that was used to develop detemir insulin (Levemir®, Novo Nordisk), an analog of human insulin with a half-life of 7–8 h, which is commonly used in the management of T2DM in the clinic. This new analog was named “MA-[D-Leu-4]-OB3.” The PK profiles of MA-[D-Leu-4]-OB3 following ip, sc, and im injection in PBS, and intranasal and oral delivery in Intravail® were compared to those of [D-Leu-4]-OB3. At a dose 10-fold lower than that used for [D-Leu-4]-OB3, the uptake and half-life of MA-[D-Leu-4]-OB3 were significantly elevated, and its plasma clearance was significantly reduced. Worthy of special note, compared to oral delivery of [D-Leu-4]-OB3 in Intravail®, uptake of MA-[D-Leu-4]-OB3 following oral delivery in Intravail® was approximately twofold higher, half-life increased from 20 min to 29 h, and plasma clearance was reduced fivefold.



Visualizing the Uptake of the Mimetic in the Brain

The notion that leptin exerts its effects on energy balance and glycemic control via signals from the CNS was initially raised by Camfield et al. (1995). This hypothesis was subsequently confirmed, and a central mechanism of action regulating leptin’s effects on feeding behavior is now generally accepted. In this regard, studies utilizing both autoradiographic and in situ hybridization techniques have localized leptin receptors in the leptomeninges and choroid plexus of the third ventricle in ob/ob, db/db, and normal C57BL/6J mice (Lynn et al., 1996), and in the arcuate, ventromedial, paraventricular, and ventral premammillary nuclei of the hypothalamus (Mercer et al., 1996). Because of the uniquely high concentration of leptin receptors identified in the arcuate nucleus, this area of the brain is now recognized as the central leptin signaling center (Ha et al., 2013).

Based on physiological and signaling data, and the small size of our bioactive peptides, we hypothesized that they may be able to circumvent the transport defects associated with the leptin resistance seen in common obesity, and in a manner similar to leptin, achieve their effects on energy balance and glucose homeostasis through the activation of central leptin receptors known to be concentrated in specific nuclei in the hypothalamus. Because “seeing is believing,” free-floating coronal brain sections were processed and imaged by immunofluorescence microscopy following oral delivery of [D-Leu-4]-OB3 or MA-[D-Leu-4]-OB3 in Intravail® to normal Swiss Webster and C57BL/6J mice, and to leptin-deficient ob/ob and leptin-resistant diet-induced obese (DIO) mice. In all four strains of mice, immuno-reactivity was concentrated in the median eminence, at the base and along the inner wall of the third ventricle, and in the brain parenchyma at the level of the arcuate nucleus (Anderson et al., 2017). These results provided visual evidence that [D-Leu-4]-OB3 and MA-[D-Leu-4]-OB3 cross the BBB, further supporting a central mechanism of action for these peptides. Most noteworthy in this study, however, was the localization of immuno-reactivity in the hypothalamus of DIO mice, via a conduit that is closed to leptin in this rodent model, and in most cases of human obesity.




Assessing the Effects of Leptin Mimetics on Cognitive Function

Because the links between obesity, diabetes, and cognitive impairment are strong, and the regulatory effects of our synthetic peptide leptin mimetics on energy balance and glucose homeostasis have been established in a number of mouse models of obesity and diabetes, it was of interest to examine whether their influence on cognitive function also mimicked that of leptin. In STZ-treated Swiss Webster mice, a model of insulin deficiency (Anderson et al., 2019), and in DIO mice, a model of insulin resistance (Hirschstein et al., 2019), oral delivery of MA-[D-Leu-4]-OB3 in Intravail® not only reduced body weight gain and restored glycemic control, but also improved episodic memory.

A recently-published follow-up study indicated that the mechanism of action by which MA-[D-Leu-4]-OB3 improves cognitive function in these mouse models appears to be related to its ability to enhance insulin sensitivity peripherally and in the brain, and to reduce TNF-α-induced neurodegeneration (Hirschstein et al., 2020). Most recently, the prophylactic capacity of MA-[D-Leu-4]-OB3 to prevent or slow the progression of obesity, insulin resistance, and cognitive impairment in a mouse model of T2DM has been reported (Chua et al., 2021). The ability of MA-[D-Leu-4]-OB3 to improve serum lipid profiles in mouse models of T1DM and T2DM (Hirschstein et al., 2021), suggests an additional application targeted toward reducing the risk of adverse cardiovascular events in humans that are associated with both T1DM and T2DM.




CONCLUDING REMARKS

There is no doubt that obesity, diabetes, Alzheimer’s Disease (AD), and AD-like cognitive impairments are modern-day pandemics that are predicted to become even more wide-spread as world populations age. That these pathologies are linked to each other is obvious in that dysregulation of one becomes a risk factor for the development, or progression, of pathology in the others. In this review, we have examined the current understanding of the role of leptin, an adipocytokine hormone, in each of these pathologies, and discussed the reasons behind the disappointing outcome of its application in the clinic. We have reviewed the effects of exercise on circulating leptin levels, and have presented an over-view of research in the development of leptin mimetics, small molecule synthetic peptides containing the active epitope of leptin. These peptides have been found to safely mimick the activity of leptin in mouse models of genetic and non-genetic obesity, diabetes, and cognitive impairment, thus overcoming the central and peripheral leptin resistance responsible for leptin’s failure in the clinic. These studies provide convincing evidence supporting the notion that leptin mimetics may have the ability to “harness” the power of leptin, and may be useful in preventing or slowing the progression of leptin-regulated dysfunctions in human disease without the undesirable, and potentially lethal, side effects of leptin.



AUTHOR CONTRIBUTIONS

PG wrote the manuscript and approved it for publication.



FUNDING

Development of the leptin mimetics was supported by a grant from the Willard B. Warring Memorial Fund, Albany Medical College, Albany, NY, United States (to PG). Aegis Therapeutics (San Diego, CA, United States) graciously provided the Intravail® reagent used in some of these studies.



REFERENCES

Ahima, R. S., and Osy, S. Y. (2004). Leptin signaling. Physiol. Behav. 81, 223–241. doi: 10.1016/j.physbeh.2004.02.014

Ahima, R. S., Kelly, J., Elmquist, J.l., and Flier, J. S. (1999). Distinct physiologic and neuronal responses to decreased leptin and mild hyperleptinemia. Endocrinology 140, 4982–4987. doi: 10.1210/endo.140.11

Anderson, B. M., Hirschstein, Z., Novakovic, Z. M., and Grasso, P. (2019). MA-[D-Leu-4]-OB3, a small molecule synthetic peptide leptin mimetic, mirrors the cognitive enhancing actions of leptin in a mouse model of type 1 diabetes mellitus and Alzheimer’s Disease-like cognitive impairment. Int. J. Pept. Res. Ther. 26, 1243–1249. doi: 10.1007/s10989-019-09929

Anderson, B. M., Jacobson, L., Novakovic, Z. M., and Grasso, P. (2017). Oral delivery of [D-Leu-4]-OB3 and MA-[DLeu-4]-OB3, synthetic peptide leptin mimetics: immunofluorescent localization in the mouse hypothalamus. Brain Res. 1664, 1–8. doi: 10.10/j.brainres.2017.03.020

Araujo-Vilar, D., and Santini, F. (2019). Diagnosis and treatment of lipodystrophy: a step-by- step approach. J. Endocrinol. Invest. 42, 61–73. doi: 10.1007/s40618-018-0887-z

Baile, C. A., Della-Fera, M. A., and Martin, R. J. (2000). Regulation of metabolism and body fat mass by leptin. Annu. Rev. Nutr. 20, 105–127. doi: 10.1146/annurev.nutr.20.1.105

Baker, L. D., Cross, D. J., Minoshima, S., Belongia, D., and Watson, G. S. (2011). Insulin resistance and Alzheimer-like reductions in regional cerebral glucose metabolism for cognitively normal adults with prediabetes or early type 2 diabetes. Arch. Neurol. 68, 51–57. doi: 10.1001/arcjneuropt

Balland, E., Dam, J., Langlet, F., Caron, E., Steculorum, S., Messina, A., et al. (2014). Hypothalamic tanycytes are an erk-gated conduit for leptin into the brain. Cell Metab. 19, 293–301. doi: 10.1016/j.cmet.2013.12.015

Banks, W. A. (2015). Peptides and the blood-brain barrier. Peptides 72, 6–19. doi: 10.1016/j.peptides.2015.03.010

Banks, W. A., Clever, C. M., and Farrell, C. L. (2000). Partial saturation and regional variation in the blood-to-brain transport of leptin in normal weight mice. Am. J. Physiol. Endocrinol. Metab. 278, E1158–E1165. doi: 10.1152/ajpendo.2000.278.6.E1158

Banks, W. A., Coon, A. B., Robinson, S. M., Moinuddin, A., Shultz, J. M., Nakaoke, R., et al. (2004). Triglycerides induce leptin resistance at the blood-brain barrier. Diabetes 53, 1253–1260. doi: 10.2337/diabetes.53.5.1253

Banks, W. A., DiPalma, C. R., and Farrell, C. L. (1999). Impaired transport of leptin across the blood-brain barrier in obesity. Peptides 20, 1341–1345. doi: 10.1016/s0196-9781(99)00139-4

Baranowska-Bik, W., Stycvznska, M., Chodakowska-Zebrowska, M., Barcikowska, M., Wolinska-Witort, E., Kalisz, M., et al. (2015). Plasma leptin levels and free leptin index in women with Alzheimer’s Disease. Neuropeptides 52, 73–78. doi: 10.1016/j.npep.2015.05.006

Bates, S. H., Stearns, W. H., Dundon, T. A., Schubert, M., Tso, A. W. K., Wang, V., et al. (2003). Stat3 signaling is required for leptin regulation of energy balance but not reproduction. Nature 421, 856–858. doi: 10.1038/nature01388

Benner, C., van der Meulen, T., Caceras, E., Tigyl, K., Donaldson, C. J., and Huising, M. D. (2014). The transcriptional landscape of mouse beta cells compared to human beta cells reveals notable species differences in long non-coding RNA and protein-coding gene expression. BMC Genomics 15:620. doi: 10.1186/1471-2164-15-620

Berglund, E. D., Vianna, C. R., Donato, J. Jr., Kim, M. H., Chuang, J. C., Lee, C. E., et al. (2012). Direct leptin action on POMC neurons regulates glucose homeostasis and hepatic insulin sensitivity in mice. J. Clin. Invest. 122, 1000–1009. doi: 10.1172/JC159816

Bjorbaek, C., Elmquist, J. K., Frantz, J. D., Shoelson, S. E., and Flier, J. S. (1998). Identification of SOCs-3 as a potential mediator of central leptin resistance. Mol. Cell 1, 619–625. doi: 10.1016/s1097-2765(00)80062-3

Bliss, T. V., and Collingridge, G. L. (1993). A synaptic model of memory: long-term potentiation in the hippocampus. Nature 361, 31–39. doi: 10.1038/361031a0

Bluher, S., and Mantzoros, C. S. (2009). Leptin in humans: lessons from translational research. Am. J. Clin. Nutr. 89, 911S–997S. doi: 10.3945/ajcn.2008.26788E

Camfield, L. A., Smith, F. J., Guisez, Y., Devos, R., and Burn, P. (1995). Recombinant mouse 0B protein: evidence for a peripheral signal linking adiposity and central neural networks. Science 269, 546–549. doi: 10.1126/science.7624778

Carro, E., Senaris, R., Considine, V. E., Casanueva, F. F., and Dieguez, C. (1997). Regulation of in vivo growth hormone secretion by leptin. Endocrinology 138, 2203–2206. doi: 10.1210/endo.138.5.5238

Cases, J. A., Gabriely, L., Ma, X. H., Yang, X. M., Michaeli, T., Fleische, N., et al. (2001). Physiological increase in plasma leptin markedly inhibits insulin secretion in vivo. Diabetes 50, 348–352. doi: 10.2337/diabetes.50.2.348

Chan, J. L., Bullen, J., Stoyneva, C., Depaoli, A. M., Addy, C., and Mantzoros, C. S. (2005). Recombinant methionyl human leptin administration to achieve high physiological or pharmacologic leptin levels does not alter circulating inflammatory marker levels in humans with leptin sufficiency or excess. J. Clin. Endocrinol. Metab. 90, 1618–1624. doi: 10.1210/jc.2004-1124

Chen, K., Li, F., Cai, H., Strom, S., Bisello, A., Kelly, D. E., et al. (2006). Induction of leptin resistance through direct interaction of C-protein with leptin. Nat. Med. 12, 425–432. doi: 10.1038/nm1372

Choa, C. J., and Boozer, C. N. (2000). High-fat diet feeding reduces the diurnal variation of plasma leptin concentrations in rats. Metabolism 49, 503–507. doi: 10.1016/s0026-0495(00)80016-5

Chua, F. Y., Novakovic, Z. M., and Grasso, P. (2021). Prophylactic application of MA-[D-Leu-4}-OB3, a small molecule synthetic peptide leptin mimetic, prevents or slows the progression of obesity, insulin resistance, and cognitive impairment in a mouse model of type 2 diabetes mellitus. Int. J. Pept. Res. 27:4. doi: 10.1007/s10989-021-10248-2

Collingridge, G. L., Kehl, S., and McLennan, H. (1983). The antagonism of amino acid-induced excitations of rat hippocampal CAI neurons in vitro. J. Physiol. 34, 19–31. doi: 10.1113/jphysiol.1983.sp014477

Collingridge, G. L., Peineau, S., Howland, J. C., and Wang, Y. T. (2010). Long-term depression in the CNS. Nat. Rev. Neurosci. 11, 459–473. doi: 10.1038/nrn2867

Considine, R. V., Sinha, M. K., Heiman, M. L., Kriauciunas, A., Stephens, T. W., et al. (1996). Serum immunoreactive-leptin concentrations in normal weight and obese humans. N. Eng. J. Med. 334, 292–295. doi: 10.1056/NEJM199602013340503

Coppari, R., and Bjorbaek, C. (2012). Leptin revisited: its mechanism of action and potential for treating diabetes. Nat. Rev. Drug Discov. 11, 692–708. doi: 10.1038/nrd3757

Coppari, R., Ichinose, M., Lee, C. E., Pullen, A. E., Kenny, C. D., McGovern, R. A., et al. (2005). The hypothalamic arcuate nucleus: a key site for mediating leptin’s effect on glucose homeostasis and locomotor activity. Cell Metab. 1, 63–67. doi: 10.1016/j.cmet.2004.12.004

Covey, S. D., Wideman, R. D., McDonald, C., Unniappan, S., Huynh, F., Asadi, A., et al. (2006). The pancreatic beta cell is a key site for mediating the effects of leptin on glucose homeostasis. Cell Metab. 4, 291–302. doi: 10.1016/j.cmet.2006.09.005

Cowley, M. A., Smart, J. L., Rubinstein, M., Cerdian, M. G., Diano, S., Horvath, T. L., et al. (2001). Leptin activates anorexigenic POMC neurons through a neural network in the arcuate nucleus. Nature 411, 480–484. doi: 10.1038/35078085

Dalamaga, M., Chou, S. H., Shields, K., Papageorgiou, P., Polyzos, S. A., and Mantzoros, C. S. (2013). Leptin at the intersection of neuroendocrinology and metabolism: current evidence and therapeutic perspectives. Cell Metab. 18, 29–42. doi: 10.1016/j.cmet.2013.05.010

Dardeno, T. A., Chou, S.-H., Moon, H. S., Chamberland, J. P., Fiorenza, C. G., and Mantzoros, C. S. (2010). Leptin in human physiology and therapeutics. Front. Neuroendocrinol. 31, 377–393. doi: 10.1016/j.yfrne.2010.06.002

DaRe, C., Souza, J. M., Froes, F., Taday, J., Dos Santos, J. P., Rodrigues, L., et al. (2021). Neuroinflammation induced by lipopolysaccharide leads to memory impairment and alterations in hippocampal leptin signaling. Behav. Brain Res. 379:112360. doi: 10.1016/j.bbr.2019.112360

Denroche, H. C., Kwon, M. M., Glvas, M. M., Tuduri, E., Philippe, M., Quong, W. L., et al. (2016). The role of autonomic afferent and uncoupling protein 1 in the glucose-lowering effect of leptin therapy. Mol. Metab. 5, 716–724. doi: 10.1016/j.molmet.2016.06.009

Dhar, M., Wayman, G. A., Zhu, M., Lambert, T. J., Davare, M. A., and Appleyard, S. (2014). Leptin-induced spine formation requires TrpC channels and the CaM kinase cascade in the hippocampus. J. Neurosci. 34, 10022–10033. doi: 10.1523/JNEUROSCl.2868-13.2014

Dicou, E., Attoub, S., and Gressens, P. (2001). Neuroprotective effects of leptin in vivo and in vitro. Neurosport 21, 3947–3951. doi: 10.1097/00001756-200112210-00019

Doherty, G. H., Beccano-Kelly, D., Yan, S. D., Zhu, X., Smith, M. A., Ashford, J. W., et al. (2013). Leptin prevents hippocampal synaptic disruption and neuronal cell death induced by amyloid β. Neurobiol. Aging 34:226. doi: 10.1016/j.neurobiolaging.2012.08.003

Donzis, E. J., and Tronson, N. C. (2014). Modulation of learning and memory by cytokines: signaling mechanisms and long term consequences. Neurobiol. Learn. Mem. 115, 68–77. doi: 10.1016/j.nlm.2014.08.008

D’souza, A. M., Neumann, U. H., Glavas, M. M., and Kieffer, T. J. (2017). The glucoregulatory actions of leptin. Mol. Metab. 6, 1052–1058. doi: 10.1016/j.molmet.2017.04.011

Duclos, M., Corcuff, J. B., Ruggie, A., Roger, P., and Manier, G. (1999). Rapid leptin decrease in immediate post exercise recovery. Clin. Endocrinol. 50, 337–342. doi: 10.1046/j.1365-2265.1999.00653.x

Dunbar, J. C., Hu, Y., and Lu, H. (1997). Intracerebroventricular leptin increases lumbar and renal sympathetic nerve activity and blood pressure in normal rats. Diabetes 46, 2040–2043. doi: 10.2337/diab.46.12.2040

Durakoglugil, M., Irving, A. J., and Harvey, J. (2005). Leptin induces a novel form of NMDA receptor-dependent long-term depression. J. Neurochem. 95, 396–405. doi: 10.1111/j.1471-4159.2005.03375.x

El-Haschimi, K., Pierroz, D. D., Hileman, S. M., Bjorbaek, C., and Flier, J. S. (2000). Two defects contribute to hypothalamic leptin resistance in mice with diet-induced obesity. J. Clin. Invest. 105, 1827–1832. doi: 10.1172/jci19842

Elias, A. N., Pandian, M. R., Wang, L., Suarez, E., James, N., et al. (2000). Leptin and IGF-I levels in unconditioned male volunteers after short-term exercise. Psychoneuroendocrinology 25, 453–461. doi: 10.1016/s0306-4530(99)00070-0

Elias, M. F., Elias, P. K., Sullivan, L. M., Wolf, P. A., and D’Agostino, R. B. (2005). Obesity, diabetes, and cognitive deficit: the Framingham Heart Study. Neurobiol. Aging 26, 11–16. doi: 10.1016/j.neurobiolaging.2005.08.019

Elmquist, J. K., Ahima, R. S., Elias, C. F., Flier, J. S., and Saper, G. A. (1998). Leptin activates distinct projections from the dorsomedial and ventromedial hypothalamic nuclei. Proc. Natl. Acad. Sci. U. S. A. 95, 741–746. doi: 10.1073/pnas.95.2.741

Elmquist, J. K., Ahima, R. S., Maratos-Flier, E., Flier, J. S., and Saper, C. B. (1997). Leptin activates neurons in ventrobasal hypothalamus and brainstem. Endocrinology 138, 839–842. doi: 10.1210/endo.138.2.5033

Emilsson, V., Liu, Y. L., Cawthome, M. A., Morton, N. M., and Davenport, M. (1997). Expression of the functional leptin receptor mRNA in pancreatic islets and direct inhibitory action of leptin on insulin secretion. Diabetes 46, 313–316. doi: 10.2337/diab.46.2.313

Emmerzaal, T. L., Koiliaan, A. J., and Gustafson, D. R. (2015). 2003-2013: a decade of body mass index, Alzheimer’s Disease, and dementia. J. Alzheimer Dis. 43, 739–755. doi: 10.3233/JAD-141086

Eriksson, J., Valle, T., Lindstrom, J., Haffner, S., Louheranta, A., Uusitupa, M., et al. (1999). Leptin concentrations and their relation to body fat distribution and weight loss: a prospective study in individuals with impaired glucose tolerance. DPS-study group. Horm. Metab. Res. 31, 616–619. doi: 10.1055/6-2007-978807

Espeland, M. A., Luchsingert, J. A., Baker, L. D., Neiberg, R., Kahn, S. E., Arnold, S. E., et al. (2017). Effect of long-term intensive lifestyle intervention on prevalence of cognitive impairment. Neurology 88, 2026–2035. doi: 10.1212/WNL.0000000000003955

Farooqi, I. S., Jebb, S. A., Landmack, G., Lawrence, E., Cheetham, C. H., Prentice, A. M., et al. (1999). Effects of recombinant leptin therapy in a child with congenital leptin deficiency. N. Eng. J. Med. 341, 879–884. doi: 10.1056/NEJM199909163411204

Farooqi, I. S., Matarese, G., Lord, G. M., Keogh, J. M., Lawrence, E., Agwu, C., et al. (2000). Beneficial effects of leptin on obesity, T cell hyporesponsiveness, and neuroendocrine/metabolic dysfunction of human congenital leptin deficiency. J. Clin. Invest. 110, 1093–1103. doi: 10.1172/JC115693

Fatouros, I. G., Tournis, S., Leontsini, D., Jamurtas, A. Z. X., Sxina, M., Thomakos, P., et al. (2005). Leptin and adiponectin responses in overweight inactive elderly following resistance training and detraining are intensely related. J. Clin. Endocrinol. Metab. 90, 5970–5977. doi: 10.1210/jc.2005-0261

Fedewa, M. V., Hathaway, E. D., Ward-Ritacco, C. L., Williams, T. D., and Dobbs, W. C. (2018). The effect of chronic exercise training on leptin: a systematic review and meta-analysis of randomized controlled trials. Sports Med. 48, 1437–1450. doi: 10.1007/s40279-018-0897-1

Fehmann, H. C., Peiser, C., Bode, H. P., Stamm, M., Staats, P., Hedetoft, C., et al. (1997). Leptin: a potent inhibitor of insulin secretion. Peptides 18, 1267–1273. doi: 10.1016/s0196-9781(97)00135-6

Feinkohl, I., Janke, J., Slooter, A. J. C., Winterer, G., Spies, C., and Pischon, T. (2020). Plasma leptin, but not adiponectin, is associated with cognitive impairment in older adults. Psychoneuroendocrinology 120:104783. doi: 10.1016/j.psychoneuen.2020.104783

Fewlass, D. C., Nobo, K., Pi-Sumyer, F. X., Johnston, J. M., Yan, S. D., and Tezapsidis, N. (2004). Obesity-related leptin regulates Alzheimer’s Aβ. FASAB J. 18, 1870–1878. doi: 10.1096/fj.04-2572com

Fisher, J. S., Van Pelt, R. E. W., Zinder, O., Landt, M., and Kohrt, W. M. (2001). Acute exercise effect on postabsorptive serum leptin. J. Appl. Physiol. 91, 680–686. doi: 10.1152/jappl.2001.91.2.680

Flores, M. B., Fernandes, N. F., Ropelle, E. R., Faria, M. C., Ueno, M., Velloso, L. A., et al. (2006). Exercise improves insulin and leptin sensitivity in hypothalamus of Wistar rats. Diabetes 55, 2554–2561. doi: 10.2337/db05-1622

Forny-Germano, L., De Felice, F., Vieira, N., and Vieira, M. N. (2019). The role of leptin and adiponectin in obesity associated cognitive decline and Alzheimer’s Disease. Front. Neurosci. 12:1027. doi: 10.3389/fnins.2018.01027

Friedman, J. M. (2016). The long road to leptin. J. Clin. Invest. 126, 4727–4734. doi: 10.1172/JC191578

Friedman, J. M., and Halaas, J. L. (1998). Leptin and the regulation of body weight in mammals. Nature 395, 763–770. doi: 10.1038/27376

Fritsche, A., Wahl, H. G., Metzinger, E., Renn, W., Kellerer, M., Haring, H., et al. (1998). Evidence for inhibition of leptin secretion by catecholamines in man. Exp. Clin. Endocinol. Diabetes 106, 415–418. doi: 10.1055/s-0029-1212008

Fujikawa, T., Berglund, E. D., Patel, V. R., Ramadori, G., Vianna, C. R., Vong, L., et al. (2013). Leptin engages a hypothalamic neurocircuitry to permit survival in the absence of insulin. Cell Metab. 18, 431–444. doi: 10.1016/j.cmet.2013.08.004

Fujikawa, T., Chuang, J. C., Sakata, L., Ramadori, G., and Coppari, R. (2010). Leptin therapy improves insulin-deficient type 1 diabetes by CNS-dependent mechanisms in mice. Proc. Natl. Acad. Sci. U. S. A. 107, 17391–17396. doi: 10.1073/pnas.1008025107

Gippini, A., Mato, A., Peino, R., Lage, M., Dieguez, C., and Casaneueva, F. F. (1999). Effect of resistance exercise (body building) training on serum leptin levels in young men: implications for relationship between body mass index and serum leptin. J. Endorinol. Invest. 22, 824–828. doi: 10.1007/BF03343653

Goldberg, L., and Elliot, D. L. (1987). The effect of exercise on lipid metabolism in men and women. Sports Med. 4, 307–321. doi: 10.2165/00007256-198704050-00001

Gonçalves, G. H., Li, W., Garcia, A. V., Figueiredo, M. S., and Bjørbæk, C. (2014). Hypothalamic agouti-related peptide neurons and the central melanocortin system are crucial mediators of leptin’s antidiabetic actions. Cell Rep. 7, 1093–1103. doi: 10.1016/j.celrep.2014.04.010

Gonzalez, L. C., Pinilla, L., Tena-Sempere, M., and Aguilar, E. (1999). Leptin116-130 stimulates prolactin and luteinizing hormone secretion in fasted adult male rats. Neuroendocrinology 70, 21–220. doi: 10.1159/000054479

Grasso, P., Leinung, M. C., and Lee, D. W. (1999). Epitope mapping of secreted mouse leptin utilizing peripherally administered synthetic peptides. Regul. Pept. 85, 93–100. doi: 10.1016/s0167(99)00082-8

Grasso, P., Leinung, M. C., Ingher, S. P., and Lee, D. W. (1997). In vivo effects of leptin-related synthetic peptides on body weight and food intake in female ob/ob mice: localization of leptin activity in domains between amino acid residues 106-140. Endocrinology 138, 1413–1418. doi: 10.1210/endo.138.4.5087

Grasso, P., Rozhavskaya-Arena, M., Leinung, M. C., and Lee, D. W. (2001). [D-Leu-4]-OB3, a synthetic peptide leptin agonist, improves hyperglycemic control in C57BL/6J ob/ob mice. Regul. Pept. 101, 123–129. doi: 10.1016/s1067-0115(01)00274-9

Greco, S. J., Bryan, K. J., Sakar, S., Zhu, X., Smith, M. A., Ashford, J. W., et al. (2010). Leptin reduces pathology and improves memory in a transgenic mouse model of Alzheimer’s disease. J. Alzheimers Dis. 19, 1155–1167. doi: 10.3233/JAD-2010-1308

Greco, S. J., Hamzelou, A., Johnston, J. M., Smith, M. A., Ashford, J. W., and Tezapsidis, N. (2011). Leptin boosts cellular metabolism by activating AMPK and the sirtuins to reduce tau phosphorylation and ß-amyloid in neurons. Biochem. Biophys. Res. Commun. 414, 170–174. doi: 10.1016/j.bbrc.2011.09.050

Greco, S. J., Sakar, S., Johnston, J. M., and Tezapsidis, N. (2009). Leptin regulates tau phosphorylation and amyloid through AMPK in neuronal cells. Biochem. Biophys. Res. Commun. 380, 98–104. doi: 10.1016/j.bbrc.M703753200

Greco, S. J., Sarkar, S., Johnston, J. M., Zhu, X., Su, B., Casadesus, G., et al. (2008). Leptin reduces Alzheimer’s disease-related tau phosphorylation in neuronal cells. Biochem. Biophys. Res. Commun. 376, 536–541. doi: 10.1016/j.bbrc.2008.09.026

Gustafson, D. R., Backman, K., Lissner, L., Carlsson, L., Waern, M., Ostling, S., et al. (2012). Leptin and dementia over 32 years. The Prospective Population Study of Women. Alzheimers Dement. 8, 272–277. doi: 10.1016/j.jalz.2011.05.2411

Ha, S., Baver, S., Huo, L., Gata, A., Hairtston, J., Huntoon, N., et al. (2013). Somato-dendritic localization and signaling by leptin receptors in hypothalamic POMC and AgRP neurons. PLoS One 8:e77622. doi: 10.1371/journal.pone.0077622

Halle, M., Berg, A., Garwers, U., Grathwohl, D., Knisel, W., and Kuel, J. (1999). Concurrent reductions in serum leptin and lipids during weight loss in obese males with type Il diabetes. Am. J. Physiol. Metab. 277, E277–E282. doi: 10.1152/ajpendo.1999.277.2.E277

Hamilton, K., and Harvey, J. (2021). The neuronal actions of leptin and the implications for treating Alzhemer’s Disease. Pharmaceuticals 14:52. doi: 10.3390/ph14010052

Haque, M. S., Minokoshi, Y., Hamai, M., Iwai, M., Horiuchi, M., and Shimazu, T. (1999). Role of the sympathetic nervous system and insulin in enhancing glucose uptake in peripheral tissues after intrahypothalamic injection of leptin in rats. Diabetes 48, 1706–1712. doi: 10.2337/diabetes.48.9.1706

Harvey, J. (2007). Leptin regulation of neuronal excitability and cognitive function. Curr. Opin. Pharcacol. 7, 643–647. doi: 10.1016/j.coph.2007.10.006

Harvey, J. (2010). Leptin: the missing link in Alzheimer disease? Clin. Chem. 56, 696–697. doi: 10.1373/clinchem.2010.144006

Haynes, W. G., Morgan, D. A., Walsh, S. A., Mark, A. L., and Sivitz, W. I. (1997). Receptor-mediated regional sympathetic nerve activation by leptin. J. Clin. Invest. 100, 270–278. doi: 10.1172/JC1119532

Herrmann, T. S., Bean, M. L., Black, T. M., Wing, P., and Coleman, R. A. (2001). High glycemic index carbohydrate diet alters the diurnal rhythm of leptin but not insulin concentrations. Exp. Biol. Med. 226, 1037–1044. doi: 10.1177/15357020122601111

Heymsfield, S. B., Greenburg, A. S., Fujioka, K., Dixon, R. M., Kushner, R., Hunt, T., et al. (1999). Recombinant leptin for weight loss in obese and lean adults: a randomized, controlled, dose- escalation trial. J. Am. Med. Assoc. 282, 1565–1575. doi: 10.1001/jama.282.16.1568

Hidaka, S., Yoshimatsu, H., Kondou, S., Tsuruta, Y., Oka, K., Noguchi, H., et al. (2002). Chronic central leptin infusion restores hyperglycemia independent of food intake and insulin level in streptozotocin-induced diabetic rats. FASEB J. 16, 509–518. doi: 10.1096/fj.01-0164com

Hirschstein, Z., Novakovic, Z. M., and Grasso, P. (2019). MA-[D-Leu-4]-OB3, a small molecule synthetic peptide leptin mimetic, normalizes glucose tolerance and episodic memory in a mouse model of type 2 diabetes mellitus and Alzheimer’s Disease-like cognitive impairment. Int. J. Pept. Res. Ther. 26, 1981–1990. doi: 10.1007/s10989-019-09995-0

Hirschstein, Z., Vango, G. R., Wang, G., Novakovic, Z. M., and Grasso, P. (2020). MA-[D-Leu-4]-OB3, a small molecule synthetic peptide leptin mimetic, improves episodic memory, and reduces serum levels of tumor necrosis factor-alpha and neurodegeneration in mouse models of type 1 and type 2 diabetes mellitus. Biochem. Biophy. Acta Gen. Sub. 1864:129697. doi: 10.1016/j.bbagen.2020.129697

Hirschstein, Z., Wang, A., Anderson, B. M., Novakovic, Z. M., and Grasso, P. (2021). MA-[D-Leu-4]-OB3, a small molecule synthetic peptide leptin mimetic, improves serum lipid profiles in mouse models of type 1 and type 2 diabetes mellitus. Int. J. Pept. Res. Ther. 27, 1–8. doi: 10.1007/s10989-020-10155-y

Holden, K. F., Lindquist, K., Tylasky, F. A., Rosano, C., Harris, T. B., and Yaffe, K. (2009). Serum leptin levels in the elderly: findings from the Health ABC Study. Neurobiol. Aging 30, 1483–1489. doi: 10.1016/j.neurobiolaging.2007.11.024

Houmard, J. A., Cox, J. H., MacLean, P. S., and Barakat, H. A. (2000). Effect of short-term exercise training on leptin and insulin action. Metabolism 49, 858–861. doi: 10.1053/meta.2000.6751

Hulver, M. W., and Houmard, J. A. (2003). Plasma leptin and exercise: recent findings. Sports Med. 3, 4783–4482. doi: 10.2165/00007256-200333070-00001

Huo, L., Gamber, K., Greeley, S., Silva, J., Huntoon, N., Leng, X. H., et al. (2009). Leptin-dependent control of glucose balance and locomotor activity by POMC neurons. Cell Metab. 9, 537–547. doi: 10.1016/j.cmet.2009.05.003

Irving, A. J., and Harvey, J. (2014). Leptin regulation of hippocampal synaptic function in health and disease. Philos. Trans. R. Soc. Lond. B Biol. Sci. 369:20130155. doi: 10.1098/rstb.2013.1055

Irving, A., and Harvey, J. (2021). Regulation of hippocampal synaptic function by the metabolic hormone leptin: implications for health and disease. Prog. Lipid Res. 82:101098. doi: 10.1016/j.plipres2021.101098

Ishida, K., Murakami, T., Mizuno, A., Lida, M., Kuwajima, M., and Shima, K. (1997). Leptin suppresses basal insulin secretion from rat pancreatic islets. Peptides 70, 179–182. doi: 10.1016/s0167-01115(97)01002-1

Janik, J. E., Curti, B. D., Considine, R. V., Rager, H. C., Powers, G. C., Alvord, W. G., et al. (1997). Interleukin 1 alpha increases serum leptin concentrations in humans. J. Clin. Endocrinol. Metab. 82, 3084–3086. doi: 10.1210/jcem.82.9.4214

Jung, C. H., and Kim, M. S. (2013). Molecular mechanisms of central leptin resistance in obesity. Arch. Pharm. Res. 36, 201–207. doi: 10.1007/s12272-013-0020-y

Kabra, D. G., Pfuhlmann, K., Garcia-Caceres, C., Schriever, S. C., Casquero Garcia, V., Kebede, A. F., et al. (2016). Hypothalamic leptin action is mediated by histone deacetylase 5. Nat. Commun. 7:10782. doi: 10.1038/ncomms10782

Kanabrocki, E. L., Hermida, R. C., Wright, M., Young, R. M., Third, F. W., Ryan, J. L., et al. (2001). Circadian variation of serum leptin in healthy and diabetic men. Chronobiol. Int. 18, 273–283. doi: 10.1081/cbi-100103191

Kanaley, J. A., Fenicchia, L. M., Miller, C. S., Ploutz-Synder, L. L., Weinstock, R. S., Carhart, R., et al. (2001). Resting leptin responses to acute and chronic resistance training in type 2 diabetic men and women. Int. J. Obes. Relat. Metab. Disord. 25, 1473–1480. doi: 10.1038/sj.ijo.0801797

Karamouzis, I., Karamouzis, M., Vrabas, I. S., Christoulas, K., Kyriazis, N., Giannoulis, E., et al. (2002). Effects of marathon swimming on serum leptin and plasma neuropeptide Y levels. Clin. Chem. Lab. Med. 41, 122–136. doi: 10.1515/CCLM.2002.023

Kelly, T., Yang, W., Chen, C. S., Reynolds, K., and He, J. (2008). Global burden of obesity in 2005 and 2030. Int. J. Obes. 32, 1431–1437. doi: 10.1038/ijo.2008.102

Kemka, V. K., Ganguly, A., Bagchji, D., Ghosh, A., Bir, A., Biswas, A., et al. (2014). Raised serum proinflammatory cytokines in Alzheimer’s disease with depression. Aging Dis. 5:1. doi: 10.14336/AD.2014.0500170

Kiefer, T. J., Heller, R. S., and Habener, J. F. (1996). Leptin receptors expressed on pancreatic beta cells. Biochem. Biophys. Res. Commun. 224, 522–527. doi: 10.1006/bbrc.1996.1059

Kim, D. W., Glendining, K. A., Grattan, D. R., and Jasoni, C. L. (2016). Maternal obesity in the mouse compromises the blood-brain barrier in the arcuate nucleus of offspring. Endocrinology 157, 2229–2242. doi: 10.1210/en.2016-1014

Kim, J. G., Suyama, S., Koch, M., Jin, S., Argente-Arizon, P., Argente, J., et al. (2014). Leptin signaling in astrocytes regulates hypothalamic neuronal circuits and feeding. Nat. Neurosci. 17, 908–910. doi: 10.1038/nn.3725

Koch, C., Augustine, R. A., Steger, J., Ganjam, G. K., Benzler, J., Pracht, C., et al. (2010). Leptin rapidly improves glucose homeostasis in obese mice by increasing hypothalamic insulin sensitivity. J. Neurosci. 30, 16180–16187. doi: 10.1523/JNEUROSCl.3202-10.2010

Kolaczynski, J. W., Considine, R. V., Ohannesian, J. P., Marco, C., Opentanova, L., Nye, M. R., et al. (1996a). Response of leptin in short-term fasting and refeeding in humans: a link with ketogenesis but not ketones themselves. Diabetes 45, 1511–1515. doi: 10.2337/diab.45.11,1511

Kolaczynski, J. W., Ohannesian, J. P., Considine, R. W., Marco, C. C., and Caro, J. F. (1996b). Response of leptin to short term and prolonged overfeeding in humans. J. Clin. Endocrinol. Metab. 81, 4162–4165. doi: 10.1210/jcem.81.11.8923877

Kraemer, R. R., Acevedo, E. O., Synovitz, L. B., Herbert, P., Gimpel, T., and Castracane, V. D. (2011). Leptin and steroid hormone responses to exercise in adolescent female runners over a 7-week season. Eur. J. Appl. Physiol. 86, 85–91. doi: 10.1007/5004210100500

Kraemer, R. R., Kraemer, G. R., Hebert, E. P., Temple, E., Bates, M., Etie, A., et al. (1999). Effects of aerobic exercise on serum leptin in obese women. Eur. J. Appl. Physiol. 80, 154–158. doi: 10.1007/6004210050572

La Cava, A. (2017). Leptin in inflammation and autoimmunity. Cytokine 101, 51–58. doi: 10.1016/j.cyto.2016.10.011

Landt, M., Lawson, G. M., Helgeson, J. M., Davila-Roman, V. G., Ladenson, J. H., Jaffe, A. S., et al. (1997). Prolonged exercise decreases serum leptin concentrations. Metabolism 46, 1109–1112. doi: 10.1016/s0026-0495(97)90200-6

Leal-Cerro, A., Garcia-Luna, P. P., Astorga, R., Parejo, J., Peino, R., Dieguez, C., et al. (1998). Serum leptin levels in male marathon athletes before and after the marathon run. J. Clin. Endocrinol. Metab. 83, 2376–2379. doi: 10.1210/jcem.83.7.4959

Leclercq-Meyer, V., and Malaisse, W. J. (1998). Failure of human and mouse leptin to affect insulin, glucagon and somatostatin secretion by the perfused rat pancreas at physiological glucose concentration. Mol. Cell. Endocrinol. 141, 111–118. doi: 10.1016/s0303-7207(98)00087-2

Lee, D. W., Leinung, M. C., and Grasso, P. (2010). Oral delivery of mouse [D-Leu-4]-OB3, a synthetic peptide amide with leptin-like activity, in male Swiss Webster mice: a study comparing the pharmacokinetics of oral delivery to intraperitoneal, subcutaneous, intramuscular, and intranasal administration. Regul. Pept. 160, 129–132. doi: 10.1016/j.regpep.2009.12.008

Lee, Y. H., Magkos, F., Mantzoros, C. S., and Kang, E. S. (2011). Effects of leptin and adiponectin on pancreatic β-cell function. Metab. Clin. Exp. 60, 1644–1672. doi: 10.1016/j.metabol.2011.04.008

Lee, Y., Ravazzola, M., Park, B. H., Bashmakov, Y. K., Orci, L., and Unger, R. H. (2007). Metabolic mechanisms of failure of intraportally transplanted pancreatic beta-cells in rats: role of lipotoxicity and prevention by Leptin. Diabetes 56, 2295–2301. doi: 10.2337/db07-0460

Lehr, S., Hartwig, S., Lamers, D., Famulla, S., Muller, S., Hanisch, F. G., et al. (2012). Identification and validation of novel adipokines released from primary human adipocytes. Mol. Cell. Proteomics 11:M111.010504. doi: 10.1074/mcp.M111.010504

Lehtisalo, J., Lindstrom, J., Ngandum, T., Kivipelto, M., Ahtiluoto, S., llannew-Patikkas, P., et al. (2016). Association of long-term dietary fat intake, exercise and weight with later cognitive function in the Finnish Diabetes Prevention Study. J. Nutr. Health Aging 20, 146–154. doi: 10.1007/s126034-015-0565-1

Leinung, M. C., and Grasso, P. (2012). [D-Leu-4)-OB3, a synthetic peptide amide with leptin-like activity, augments the effects of orally delivered exenatide and pramlintide acetate on energy balance and glycemic control in insulin-resistant male C57BLK/6-m db/db mice. Regul. Pept. 179, 33–38. doi: 10.1016/j.regpep.2012.08.006

Lengyel, E., Makowski, L., DiGiovanni, J., and Kolonin, M. G. (2018). Cancer as a matter of fat: the crosstalk between adipose tissue and tumors. Trends Cancer 4, 374–384. doi: 10.1016/j.trecan.2018.03.004

Lenninger, G. M., Jo, Y. H., Leshan, R. L., Louis, G. W., Yang, H., Barrera, J. G., et al. (2009). Leptin acts via leptin receptor-expressing lateral hypothalamic neurons to modulate the mesolimbic dopamine system and suppress feeding. Cell Metab. 10, 89–98. doi: 10.1016/j.cmet.2009.06.011

Leshan, R. L., Bjornholm, J. F., Munzberg, H., and Myers, M. G. Jr. (2006). Leptin receptor signaling and action in the central nervous system. Obesity 14, 208S–212S. doi: 10.1038/0by.2006.310

Li, X., Wu, X., Camacho, R., Schwartz, G. J., and LeRoth, D. (2011). Intracerebroventricular leptin infusion improves glucose homeostasis in lean type 2 diabetic MKR mice via hepatic vagal and non-vagal mechanisms. PLoS One 6:e17058. doi: 10.1371/journal.pone.0017058

Licinio, J., Caglayan, S., Ozata, M., Yildiz, B. O., deMiranda, P. B., O’Kirwan, F., et al. (2004). Phenotypic effects of leptin replacement on morbid obesity, diabetes mellitus, hypogonadism, and behavior in leptin-deficient adults. Proc. Natl. Acad. Sci. U. S. A. 101, 4531–4536. doi: 10.1073/pnas.0308767101

Lin, H.-Y., Yang, S. H., Tang, H.-Y., Cheng, G.-Y., Davis, P. J., and Grasso, P. (2014). Biologically active leptin-related synthetic peptide activate STAT3 via phosphorylation of ERK1/2 and PI-3K. Peptides 57, 95–100. doi: 10.1016/j.peptides.20145.04.007

Lin, T.-C., and Hsiao, M. (2021). Leptin and cancer: updated functional roles in carcinogeneisi, therapeutic niches, and developments. Int. J. Mol. Sci. 22:2870. doi: 10.3080/ijms22062870

Littlejohns, T. J., Kos, K., Henley, W. E., Cherubin, I. A., Ferrucci, L., Lang, I. A., et al. (2015). Serum leptin and risk of cognitive decline in elderly Italians. J. Alzheimers Dis. 44, 1231–1239. doi: 10.3233/JAD-141836

Lloret, A., Monlior, P., Esteve, D., and Cervera-Ferri, and Lloret, M. A. (2019). Obesity as a risk factor for Alzheimer’s Disease: implication of leptin and glutamate. Front. Neurosci. 13:508. doi: 10.3389/fnins.2019.00508

Lo, K. M., Zhang, J., Sun, Y., Morelli, B., Yan, Y., Lauder, S., et al. (2005). Engineering a pharmacologically superior form of leptin for the treatment of obesity. Protein Eng. Des. Sel. 18, 1–10. doi: 10.1093/protein/gzh102

Lu, J., Park, C.-S., Lee, S.-K., Shin, D. W., and Kang, J. H. (2006). Leptin inhibits 1-methyl-4-phenylpyridinium-induced cell death in SH–SY5Y cells. Neurosci. Lett. 407, 240–243. doi: 10.1016/j.neulet.2006.08.053

Lynn, R. B., Cao, G. Y., Considine, R. V., Hyde, T. M., and Caro, J. F. (1996). Autoradiographic localization of leptin binding in the choroid plexus of ob/ob and db/db mice. Biochem. Biophys. Res. Commun. 219, 884–889. doi: 10.1006/bbrc.1996.0328

Magalhães, C. A., Ferreria, C. N., Loures, C. M. G., Fraga, V. G., Chaves, A. C., Oliveira, A. C. R., et al. (2018). Leptin, hsCRP, TNF-α and IL-6 levels from normal aging to dementia: relationship with cognitive and function status. J. Clin. Neurosci. 56, 150–155. doi: 10.1016/j.jocn.2018.08.027

Malekizadeh, Y., Holiday, A., Redfern, A., Ainge, J. A., Doherty, G., and Harvey, J. (2017). A leptin fragment mirrors the cognitive enhancing and neuroprotective actions of leptin. Cereb. Cortex 27, 4769–4782. doi: 10.10934/cercor/bhw272

Malendowicz, L. K., Neri, G., Jedrzejczak, N., Hochol, A., and Nussdorfer, G. G. (2000a). Effects of recombinant murine leptin (1-147) and leptin fragment 116-130 on steroid secretion and proliferative activity of the regenerating rat adrenal cortex. Endocr. Res. 26, 109–118. doi: 10.1080/07435800009040150

Malendowicz, L. K., Tortorella, C., Nowal, K. W., Nussdorfer, G. G., Hochol, A., and Majchrzak, M. (2000b). Leptin prolonged administration inhibits the growth and glucocorticoid secretion of rat adrenal cortex. Endocr. Res. 26, 141–152. doi: 10.3109/07435800009066158

Mantzoros, C. S., and Flier, J. S. (2000). Editorial: leptin as a therapeutic agent — trials and tribulations. J. Clin. Endocrinol. Metab. 85, 4000–4002. doi: 10.1210/jcem.85.11.7062

Mantzoros, C. S., Moschos, S., Avramopoulos, L., Kallamani, V., Liolios, A., Douglerakis, D. E., et al. (1997). Leptin concentrations in relation to body mass index and the tumor necrosis factor-alpha system in humans. J. Clin. Endorinol. Metab. 82, 3408–3413. doi: 10.1210/jcem.82.10.4323

Marawarha, G., Raza, S., Meiers, C., and Ghribi, O. (2014). Leptin attenuates BACE1 expression and amyloid-β genesis via the activation of SIRT 1 signaling pathway. Biochim. Biophys. Acta 1842, 1587–1595. doi: 10.1016/j.bbadis.2014.05.015

Marin, I., and Kipnis, J. (2013). Learning and memory and the immune system. Learn. Mem. 20, 601–606. doi: 10.1101/lm.028357.112

Marwarha, G., Dasari, B., Prasanthí, J. R., Schommer, J., and Ghribi, O. (2010). Leptin reduces the accumulation of Aβ and phosphorylated tau induced by 27-hydrolycholesterol in rabbit organotypic slices. J. Alzheimer Dis. 19, 1007–1019. doi: 10.3233/JAD-2010-1298

Marwarha, G., Prasanthi, J. R., Schommer, J., Dasari, B., and Ghribi, O. (2011). Molecular interplay between leptin, insulin-like growth factor-1, and β-amyloid in organotypic slices from rabbit hippocampus. Mol. Neurodegener. 6:41. doi: 10.1186/1750-1326-6-41

Matochik, J. A., London, E. D., Yidiz, B. O., Ozata, M., Caglayan, S., DePaoli, A. M., et al. (2005). Effect of leptin replacement on brain structure in genetically leptin-deficient adults. J. Clin. Endocrinol. Metab. 90, 2851–2954. doi: 10.1210/jc.2004-1979

McCrimmon, R. J., Ryan, C. M., and Frier, B. M. (2012). Diabetes and cognitive dysfunction. Lancet 379, 2291–2299. doi: 10.1016/s0140-6736(12)60360-2

McGregor, G., and Harvey, J. (2019). Leptin regulation of synaptic function at hippocampal TA-CAI and SC-CAI synapses: implications for health and disease. Neurochem. Res. 44, 650–660. doi: 10.1007/s11064-017-3263-1

McGregor, G., Malekizadeh, Y., and Harvey, J. (2014). Minireview: food for thought: regulation of synaptic function by metabolic hormones. Mol. Endocrinol. 29, 33–13. doi: 10.1210/me.2014-1328

Meldrum, B. S. (2000). Glutamate as a neurotransmitter in the brain: review of physiology and pathology. J. Nutr. 130, 1007s–1015s. doi: 10.1093/jn/130.4.1007s

Mercer, J. G., Hoggard, N., Williams, L. M., Lawrence, C. B., Hannah, L. T., and Trayhum, P. (1996). Localization of leptin receptor mRNA and the long form splice variant (Ob-Rb) in mouse hypothalamus and adjacent brain regions by in situ hybridization. FEBS Lett. 387, 113–116. 116 doi: 10.1016/0014-5793(96)00473-5

Minokishi, Y., Haque, M. S., and Shimazu, T. (1999). Microinjection of leptin into the ventromedial hypothalamus increases glucose uptake in peripheral issues in rats. Diabetes 48, 287–291. doi: 10.2337/diabetes.48.2

Moon, H. S., Dalamaga, M., Kim, S. Y., Polyzos, S. A., Hamnvik, O.-P., Magkos, F., et al. (2013). Leptin’s role in lipodystrophic and nonlipodysdrophic insulin-resistant and diabetic individuals. Endocr. Rev. 34, 377–412. doi: 10.1210/er.2012-1053

Moraes, J. C., Coopo, A., Morari, J., Cintra, D. E., Roman, E. A., Pauli, J. R., et al. (2009). High-fat diet induces apoptosis of hypothalamic neurons. PLoS One 4:e5045. doi: 10.1371/journal.pone.0005045

Morioka, T., Asilmaz, E., Hu, J., Dishinger, J. F., Kurpad, A. J., Elias, C. F., et al. (2007). Disruption of leptin receptor expression in the pancreas directly affects beta cell growth and function in mice. J. Clin. Invest. 117, 2860–2868. doi: 10.1172/JC130910

Morrison, C. D. (2008). Leptin resistance and the response to positive energy balance. Physiol. Behav. 94, 660–663. doi: 10.1016/j.physbeh.2008.04.009

Morton, G. J., and Schwartz, M. W. (2011). Leptin and the central nervous system control of glucose metabolism. Physiol. Rev. 91, 389–411. doi: 10.1152/physrev.00007.2010

Moult, P. R., and Harvey, J. (2011). NMDA receptor subunit composition determines the polarity of leptin induced synaptic plasticity. Neuropharmacology 61, 924–936. doi: 10.1016/j.neuropharm.2011.06.021

Myers, M. G. Jr., Heymsfield, S. B., Haft, C., Kahn, B. B., Laughlin, M., Leibel, R. L., et al. (2012). Challenges and opportunities of defining clinical leptin resistance. Cell Metab. 3, 150–156. doi: 10.1016/j.cmet.2012.01.002

Narita, K., Kosaka, H., Okazawa, H., Murata, T., and Wada, Y. (2009). Relationship between plasma leptin level and brain structure in elderly: a voxel-based morphometric study. Biol. Psychiatry 65, 992–994. doi: 10.1016/j.biopsych.2008.10.006

Niedowicz, D. M., Studzinski, C. M., Weidner, A., Platt, T. L., Kingry, K. N., Beckett, T. L., et al. (2013). Leptin regulates amyloid β production via the Y secretase complex. Biochim. Biophys. Acta 1832, 439–444. doi: 10.1016/j.bbadis.2012.12.009

Nindl, B. C., Kraemer, W. J., Aciero, P. J., Samatalee, N., Leone, C. D., Mayo, H., et al. (2002). Leptin concentrations experience a delayed reduction after resistance exercise in males. Med. Sci. Sports Exerc. 34, 608–613. doi: 10.1097/00005768-200204000-00008

Nishiyama, M., Makino, S., Suemaru, S., Nanamiya, W., Asaba, K., Kaneda, T., et al. (2000). Glucocorticoid effects on the diurnal rhythm of circulating leptin levels. Horm. Res. 54, 69–73. doi: 10.1159/000053234

Novakovic, Z. M., Anderson, B. M., and Grasso, P. (2014). Myristic acid conjugation of [D-Leu-4]-OB3, a biologically active leptin-related synthetic peptide amide, significantly improves its pharmacokinetic profile. Peptides 62, 176–182. doi: 10.1016/j.peptides.2014.04.007

Novakovic, Z. M., Leining, M. C., Lee, D. W., and Grasso, P. (2010). Oral delivery of mouse [D-Leu-4]-OB3, a synthetic peptide amide with leptin-like activity in male C57BL/6J wild-type and ob/ob mice: effects on energy balance, glycemic control and serum osteocalcin level. Diabetes Obes. Metab. 12, 532–539. doi: 10.1111/j.1463-1326.2009.01189.x

Novakovic, Z. M., Leinung, M. C., and Grasso, P. (2013). [D-Leu-4]-OB3, an orally bioavailable leptin-related synthetic peptide insulin sensitizer: a study comparing the efficacies of [D-Leu-4]-OB3 and metformin on energy balance and glycemic regulation in insulin-deficient male Swiss Webster mice. Peptides 43, 167–173. doi: 10.1016/j.peptide.2013.02.023

Novakovic, Z. M., Leinung, M. C., Lee, D. W., and Grasso, P. (2009). Intranasal administration of mouse {D-Leu-4]-OB3, a synthetic peptide amide with leptin-like activity, enhances total uptake and bioavailability in Swiss Webster mice when compared to intraperitoneal, subcutaneous, and intramuscular delivery systems. Regul. Pept. 154, 107–111. doi: 10.1016/j.regpep.2009.01.002

Oania, R., and McEvoy, L. K. (2015). Plasma leptin levels are not predictive of dementia in patients with mild cognitive impairment. Age Aging 44, 53–58. doi: 10.1093/ageing/afu160

Oomura, Y., Hori, N., Shiraishi, T., Fukunaga, K., Takeda, H., Tsuji, M., et al. (2006). Leptin facilitates learning and memory performances and enhances hippocampal CAI long-term potentiation and CaMK phosphorylation in rats. Peptides 272, 738–2749. doi: 10.1016/j.peptides.2006.07.001

Pal, K., Mukadam, N., Petersen, L., and Cooper, C. (2018). Mild cognitive impairment and progression to dementia in people with diabetes, pre-diabetes, and metabolic syndrome: a systematic review and meta-analysis. Psychiatry Psychiatr. Epidemiol. 53, 1149–1160. doi: 10.1007/s00127-048-1581-3

Pan, W., Hsuechou, H., Jayaram, B., Khan, R. S., Huang, E. Y., Wu, X., et al. (2012). Leptin action on neuronal cells in the CNS: potential clinical applications. Ann. N. Y. Acad. Sci. 1264, 64–71. doi: 10.1111/j.1749-6632.2012.0472x

Paolisso, G., Rizzo, M. R., Mone, C. M., Tagliamnte, M. R., Giambardella, A., Riondino, M., et al. (1998). Plasma sex hormones are significantly associated with plasma leptin concentration in healthy subjects. Clin. Endocrinol. 48, 291–297. doi: 10.1046/j.1365-2265.1998.00383.x

Papovic, V., and Duntas, I.-H. (2005). Leptin, TRH. and ghrelin: influence on energy homeostasis at rest and during exercise. Horm. Metab. Res. 37, 333–537. doi: 10.1055/s-2005-870418

Park, H.-K., and Ahima, R. S. (2015). Physiology of leptin: energy homeostasis, neuroendocrine function and metabolism. Metabolism 64, 24–34. doi: 10.1016/j.metabol.2014.08.004

Pasman, W. J., Saris, W. H., Muls, E., Vansant, G., and Westerterp-Plantenga, M. S. (1999). Effect of exercise training on long-term weight maintenance in weight-reduced men. Metabolism 48, 15–21. doi: 10.1016/s0026-0495(99)90004-5

Paz-Filho, G., Mastronardi, C. A., and Licinio, J. (2008). Leptin treatment: facts and expectations. Metab. Clin. Exp. 64, 146–156. doi: 10.1016/j.metabol.2014.07.014

Pelleymounter, M. A., Cullen, M. J., Baker, M. B., Hecht, R., Boone, T., and Collins, F. (1995). Effects of the obese gene product on body weight regulation in ob/ob mice. Science 269, 540–543. doi: 10.1126/science.7624776

Perez-Gonzalez, R., Alvira-Botero, M. X., Robayo, O., Antequera, D., Garzón, M., Martín-Moreno, A. M., et al. (2014). Leptin gene therapy attenuates neuronal damages evoked by amyloid-ß and rescues memory deficits in APP/PSI mice. Gene Ther. 21, 298–302. doi: 10.1038/gt.2013.85

Perusse, L., Collier, G., Gagnon, J., Leon, A. S., Rao, D. C., Skinner, J. S., et al. (1997). Acute and chronic effects of exercise on leptin levels in humans. J. Appl. Physiol. 83, 5–10. doi: 10.1152/jappl.1997.83.1.5

Pinto, S., Roseberry, A. G., Liu, H., Diano, S., Shanabrough, M., Cai, X., et al. (2004). Rapid rewiring of arcuate nucleus feeding circuits by leptin. Science 304, 110–115. doi: 10.1126/science.11089459

Pocai, A., Morgan, K., Beuttner, C., Gutierrewz-Juarerz, R., Obici, S., and Rosetti, L. (2005). Central leptin acutely reverses diet-induced hepatic insulin resistance. Diabetes 5, 3182–3189. doi: 10.2337/diabetes.54.11.3182

Pralong, F. P., Roduit, R., Waeber, G., Castillo, E., Mosimann, F., Thorens, B., et al. (1998). Leptin inhibits directly glucocorticoid secretion by normal human and rat adrenal gland. Endocrinology 139, 4264–4268. doi: 10.1210/endo.139.10.6254

Procaccini, C., Pucino, B., Mantzoros, C. S., and Matarese, G. (2015). Leptin in autoimmune diseases. Metabolism 64, 92–104. doi: 10.1016/j.metabool.2014.10.014

Pugazhenthi, S., Qin, L., and Hemachandra Reddy, P. (2017). Common neurodegenerative pathways in obesity, diabetes, and Alzheimer’s Disease. Biochim. Biophys. Acta 1863, 1037–1045. doi: 10.1016/j.bbadis.2016.04.017

Robertson, S. A., Leinninger, G. M., and Myers, M. G. Jr. (2008). Molecular and neural mediators of leptin action. Physiol. Behav. 94, 637–642. doi: 10.1016/j.physbeh.2008.04.005

Ronnemaa, T., Karonen, S. L., Rissanen, A., Koskenvuo, M., and Koivisto, V. A. (1997). Relations between plasma leptin levels and measures of body fat in identical twins discordant for obesity. Ann. Intern. Med. 26, 26–31. doi: 10.7326/0003-4819-126-1-199701010-00004

Roseland, J. E., Anderssen, S. A., Solvolt, K., Hjermann, L., Urdal, P., Holme, L., et al. (2001). Effect of long-term changes and exercise on plasma leptin concentrations. Am. J. Clin. Nutr. 73, 240–245. doi: 10.1093/ajcn/73.2.240

Rostas, L., Poto, L., Matral, P., Hegy, P., Tenk, J., Garaml, A., et al. (2017). In middle-aged and old obese patients, training intervention reduces leptin level: a meta-analysis. PLoS One 12:e0182801. doi: 10.1371/journal.pone.0182801

Rozhavskaya-Arena, M., Lee, D. W., and Grasso, P. (2000). Design of a synthetic leptin agonist: effects on energy balance, glucose homeostasis, and thermoregulation. Endocrinology 141, 2501–2507. doi: 10.1210/endo.141.7.7556

Ryan, A. S., Pratley, R. E., Elahi, D., and Goldberg, A. P. (2000). Changes in plasma leptin and insulin action with resistive training in postmenopausal women. Int. J. Obes. Metab. Disord. 24, 27–32. doi: 10.1038/sj.ij0.0801080

Saad, M. F., Riad-Gabrie, M. G., Khan, A., Sharma, A., Michael, R., Jimagouda, S. D., et al. (1998). Diurnal and ultradian rhythmicity of plasma leptin: effects of gender and adiposity. J. Clin. Endocrinol. Metab. 83, 453–459. doi: 10.1210/jcem.83.2.4532

Schoeller, D. A., Cella, L. K., Sinha, M. K., and Caro, J. F. (1997). Entrainment of the diurnal rhythm of plasma leptin to meal timing. J. Clin. Invest. 100, 1882–1887. doi: 10.1172/JC1119717

Schwartz, M. W., Seeley, R. J., Campfield, L. A., Burn, P., and Baskin, D. G. (1996). Identification of targets of leptin action in rat hypothalamus. J. Clin. Invest. 98, 1101–1106. doi: 10.1172/JCI118891

Seufert, J. (2004). Leptin effects on pancreatic beta-cell gene-expression and function. Diabetes 3, S152–S158. doi: 10.2337/diabetes.53.200.s15

Seufert, J., Kieffer, T. J., and Habener, J. F. (1999). Leptin inhibits insulin gene transcription and reverses hyperinsulinemia in leptin-deficient ob/ob mice. Proc. Natl. Acad. Sci. U. S. A. 96, 674–679. doi: 10.1073/pnas.96.2.674

Shanley, U., Irving, A. J., and Harvey, J. (2001). Leptin enhances NMDA receptor function and modulates hippocampal synaptic plasticity. J. Neurosci. 21:RC186. doi: 10.1523/JNEUROSCl.21-24-j0001.200

Skrypnik, D., Skrypnik, K., Pelczynska, M., Sobieska, M., Tinkov, A. A., Sulibuska, J., et al. (2021). The effect of Plantago major supplementation on leptin and VEGF-A serum levels, endothelial dysfunction and angiogenesis in obese women – a randomized trial. Food Funct. 12, 1708–1718. doi: 10.1039/d0fo01878c

Soedling, H., Hodson, D. J., Adrianssens, A. E., Gribble, F. M., Reimann, F., Trapp, S., et al. (2015). Limited impact on glucose homeostasis of leptin receptor deletion from insulin- or proglucagon-expressing cells. Mol. Metab. 4, 619–630. doi: 10.1016/j.molmet.2015.06.007

Tanida, M., Yamamoto, N., Morgan, D. A., Kurata, Y., Shibamoto, T., and Rahmouni, K. (2015). Leptin receptor signaling in the hypothalamus regulates hepatic autonomic nerve activity via phosphatidylinositol 3-kinase and AMP-activated protein kinase. J. Neurosci. 35, 474–484. doi: 10.1523/JNEUROSCl.1828-14.2015

Tanizawa, Y., Okuy, S., Ishihara, H., Asano, T., Yada, T., and Oka, Y. (1997). Direct stimulation of basal insulin secretion by physiological concentrations of leptin in pancreatic beta cells. Endocrinology 138, 4513–4516. doi: 10.1210/endo.138.10.5576

Tena-Sempere, M., Pinilla, L. C., Gonzalez, L. K. C., Navarro, J., Dieguez, C., Casanueva, F. F., et al. (2000). In vitro pituitary and testicular effects of the leptin-related synthetic peptide leptin (116-130) amide involve actions both similar to and distinct from those of the native leptin molecule in the adult rat. Eur. J. Endocrinol. 142, 406–410. doi: 10.1530/eje.0.1420406

Teunissen, C. E., van der Flier, W. M., Scheltens, P. P., Duits, A., Wijnstok, N., Nijpels, G., et al. (2015). Serum leptin is not altered nor related to cognitive decline in Alzheimer’s disease. J. Alzheimer Dis. 44, 809–813. doi: 10.3233/JAD-141503

Thong, F. S., Hudson, R., Ross, R., Janssen, L., and Graham, T. E. (2000). Plasma leptin in moderately obese males: independent effects of weight loss and aerobic exercise. Am. J. Physiol. Endocrinol. Metab. 279, E307–E313. doi: 10.1152/ajpendo.2000.279.2.E307

Tong, J.-Q., Zhang, J., Hao, M., Yang, J., Han, Y. F., Liu, X. J., et al. (2015). Leptin attenuates the detrimental effects of β-amyloid on spatial memory and hippocampal later-phase long term potentiation in rats. Horm. Behav. 73, 125–130. doi: 10.1016/j.yhbeh,2015.06.013

Torjman, M. C., Zafeiridis, A., Paolone, A. M., Wilkerson, C., and Considine, R. V. (1999). Serum leptin during recovery following maximal incremental and prolonged exercise. Int. J. Sports Med. 20, 444–450. doi: 10.1055/s1999-8830

Unal, M., Unal, D. O., Baltaci, A. K., and Mogulkoc, R. (2005a). Investigations of serum leptin levels and V02 max value in trained young male athletes and healthy males. Acta Physiol. Hung. 92, 173–179. doi: 10.1556/APhysiol.92.2005.2.8

Unal, M., Unal, D. O., Baltaci, A. K., Mogulkoc, R., and Kayserilioglu, A. (2005b). Investigation of serum leptin levels in professional male football players and healthy sedentary males. Neuro Endocrinol. Lett. 26, 148–151.

Veniant, M. M., and LeBel, C. P. (2003). Leptin: from animals to humans. Cur. Pharm. Des. 9, 811–181. doi: 10.2174/1381612033455369

Vitureira, N., and Goda, Y. (2013). Cell biology in neuroscience: the interplay between Hebbian and homeostatic synaptic plasticity. J. Cell Biol. 203, 175–186. doi: 10.1083/jcb.201306030

Wauters, M., Considine, R. V., and Van Gaal, L. F. (2000). Human leptin: from an adipocyte hormone to an endocrine mediator. Eur. J. Endocrinol. 143, 293–311. doi: 10.1530/eje.0.1430293

Weltman, A., Pritzlaff, C. J., Wideman, L., Considine, R. V., Fryburg, D. A., Gutgesell, M. E., et al. (2000). Intensity of acute exercise does not affect serum leptin concentrations in young men. Med. Sci. Sports Exerc. 32, 1556–1561. doi: 10.1097/00005768-200009000-00005

Weng, Z., Signore, A. P., Gao, Y., Wang, S., Zhang, F., Hastings, T., et al. (2007). Leptin protects against 6-hydroxydopamine-induced dopaminergic cell death via mitogen-activated protein kinase signaling. J. Biol. Chem. 282, 34479–34491. doi: 10.1074/jbc.M705426200

Woods, S. C., Schwartz, M. W., Baskin, D. F. C., and Seeley, R. J. (2000). Food intake and the regulation of body weight. Ann. Rev. Psychol. 51, 255–277. doi: 10.1146/annurev.psych.51.1.255

Yamamoto, N., Tanida, M., Kasahara, R., Sobue, K., and Suzuki, K. (2014). Leptin inhibits amyloid β-protein fibrillation by decreasing GMI gangliosides on the neuronal cell surface through P13K/Akt/mTOR pathway. J. Neurochem. 131, 323–332. doi: 10.1111/jnc.12828

Yin, H., Tian, S., Huang, R., Cai, R., Guo, D., Lin, H., et al. (2018). Low plasma leptin and high soluble leptin receptor levels are associated with mild cognitive impairment and type 2 diabetic patients. Front. Aging Neurosci. 10:132. doi: 10.3389/fnagi.2018.00132

Zaccaria, M., Ermolao, A., Roi, G. S., Englaro, P., Tegon, G., and Varnier, M. (2002). Leptin production after endurance races differing in duration and energy expenditure. Eur. J. Appl. Physiol. 876, 108–111. doi: 10.1007/00421-002-06064

Zeki Al Hazzouri, A., Stone, K. L., Haan, M. N., and Yaffe, K. (2013). Leptin, mild cognitive impairment, and dementia among elderly women. J. Gerontol. Biol. Sci. Med. Sci. 68, 175–180. doi: 10.1093/gerona.gls155

Zelissen, P. M., Steniof, K., Lean, M. E., Fogeloo, J., Keulen, E. T., Wilding, J., et al. (2005). Effect of three treatment schedules of recombinant methionyl human leptin on body weight in obese adults: a randomized, placebo-controlled trial. Diabetes Obes. Metab. 7, 755–761. doi: 10.1111/j.1463.1326.2005.00469.x

Zhang, F., and Chen, J. (2008). Leptin protects hippocampal CAI neurons against ischemic injury. J. Neurochem. 107, 578–587. doi: 10.1111/j.1471-4159-2008.05645.x

Zhang, F., Wang, S., Signore, A. P., and Chen, J. (2007). Neuroprotective effects of leptin against ischemic injury induced by oxygen-glucose deprivation and transient cerebral ischemia. Stroke 38, 2329–2336. doi: 10.1161/STROKEAHA.107.482786

Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, J. M. (1994). Positional cloning of the mouse obese gene and its human homologue. Nature 372, 425–432. doi: 10.1038/372425a0


Conflict of Interest: PG was an unpaid scientific advisor to DIODEM Therapeutics, Inc., Albany, NY, United States

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Grasso. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Harnessing the Power of Leptin: The Biochemical Link Connecting Obesity, Diabetes, and Cognitive Decline



		INTRODUCTION



		LEPTIN AND OBESITY



		Background



		Leptin Resistance



		Mechanism of Action







		LEPTIN AND DIABETES



		Background



		Central Gluco-Regulatory Effects of Leptin



		Peripheral Gluco-Regulatory Effects of Leptin







		LEPTIN AND COGNITIVE FUNCTION



		Background



		Neurotrophic Actions of Leptin



		Neuroprotective Actions of Leptin



		Role of Leptin in Alzheimer’s Disease







		LEPTIN AND EXERCISE



		Background



		Effects of Exercise on Circulating Leptin



		Single Bouts of Exercise and Leptin Levels



		Training and Leptin Levels



		Resistance Training and Leptin Levels











		SMALL MOLECULE SYNTHETIC PEPTIDE LEPTIN MIMETICS



		Background



		Translational Pathway of a Small Molecule Synthetic Peptide Leptin Mimetic



		Searching for the Active Epitope(s) of Leptin



		Optimizing the Size of the Mimetic



		Defining the Signal Transduction Pathway of the Mimetic



		Improving the Pharmacokinetics and Efficacy of the Mimetic



		Visualizing the Uptake of the Mimetic in the Brain







		Assessing the Effects of Leptin Mimetics on Cognitive Function







		CONCLUDING REMARKS



		AUTHOR CONTRIBUTIONS



		FUNDING



		REFERENCES

















OPS/images/cover.jpg
& frontiers | Frontiers in Aging Neuroscience

Harnessing the Power of Leptin:
The Biochemical Link
Connecting Obesity, Diabetes,
and Cognitive Decline






OPS/images/fnagi-14-861350-g001.jpg
[Leptin deficiency/resistance ]

!

{ Dysfunctions in central leptin signaling ]

1 3

[ Hypothalamic dysfunction ] [ Hippocampal/cortical dysfunction ]

! !

[ Systemic metabolic deficits ] [ AD pathology (AB and Tau) ]

! !

[ Obesity/diabetes ] ‘ [Alzheimer’s Disease/dementia}









OPS/images/logo.jpg
’ frontiers | Frontiers in Aging Neuroscience





