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 abstract 
   Depression is the most prevalent stress-related disorder affecting the population world-wide with 

potential for an eminent increase after the 2020 pandemic. The mechanisms through which metabolism 
is involved in depression and stress disorders have been extensively investigated. However, their 
assessment using exogenous measures is a current limitation. Exercise, as is well reported in animal 
studies, exerts a critical regulatory influence on the main factors known to participate in these 
mechanisms. This overview describes the role of cortisol, leptin, irisin and BDNF in the exercise 
physiology and the known mechanism through which these factors act in anti-depressant mechanisms. 
Furthermore, the exercise is proposed as a clinical recommendation due to its effective and affordable 
character in treating depression for the sustainability of public health.
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introduction 
In 2008, the World Health Organization projected that depression would rank as the first 
cause of burden of disease by 2030. The disease onset is inherently unpredictable, and the 
duration of episodes, the number of episodes over a lifetime, and the pattern in which they 
occur are variable. However, the recurrence of depression is high, and its risk increases 
with every episode. Yet, each episode and the outcome is less favorable with older age [1]. 
Reports from nine months since the outbreak of the current Covid-19 pandemic in 2020 
show a substantial increase in depression and its related disorders, such as sleeplessness, 
anxiety, post-traumatic stress symptoms, and preexisting psychiatric disorders, all over the 
globe [2–5]. Facing this global crisis, with unprecedented repercussions in the healthcare 
systems, policies of preventative care, which are considerably less explored, seem to be 
a relevant solution for economies both with higher incomes and lower incomes [6, 7]. 

Initially, considered as therapeutic for cardiorespiratory conditions [8,9], the known 
benefits of exercise, beyond esthetics or performance, have expanded to a side support for 
treatment of obesity and depression. Depression is clinically characterized by atrophy or 
impairment in the functioning of cortico-limbic neuronal circuits that affect the regulation 
of mood and emotion [10–12]. Physiologically, the onset of depression is associated with 
a malfunction in the hypothalamus-pituitary-adrenal (HPA) axis and excessive cortisol 
levels [13]. By contrast, a regular practice of exercise is associated to a ‘stabilizing effect’ 
on the symptoms and progression of the depression condition and has been observed to 
positively affect response to its treatment [14, 15]. 

Hormones and cytokines converge in the physiological control of exercise and stress. Briefly, 
the corticotropin-releasing hormone released by the hypothalamus in response to a metabolic 
stress (a psychologically-derived metabolism response) induces adrenocorticotropin 
secretion which stimulates secretion of cortisol from adrenal cortex cells. Lower cortisol 
levels signal through membrane-associated receptors and second messengers (or non-
genomic pathways), while high concentrations of cortisol bind to glucocorticoid receptor 
(GR) within the cell cytoplasm to initiate, in the nucleus, the expression of a groups of 
glucocorticoid-responsive genes that are involved in several metabolic functions under the 
regulation of transcription factors [16]. The chronic exposure to stressful events and high 
cortisol loads likely result in a GR resistance which, in turn, interferes with the appropriate 
regulation of inflammation. Therefore, stress and GR resistance conditions result in an 
HPA down-regulation of local proinflammatory cytokine response, which is the main risk 
factor for depression and stress-related metabolic disorders [17].

Key cytokines synergistically involved in the cell response to stress have been intensively 
investigated for their critical roles in the central mechanisms of depression and metabolic 
disorders. Reports on the role of brain-derived neurotrophic factor (BDNF) and irisin, 
which are produced by muscle and neuronal tissues, and on leptin, which is secreted by 
adipocytes under metabolic stress conditions, place these proteins as axil molecules for 
the understanding of the link between metabolism and the brain. Secreted leptin can cross 
the blood brain barrier (BBB) where in the brain, leptin binds to leptin receptors present in 
several thalamic, hypothalamic and midbrain regions that are associated with depression 
and energy homeostasis [18]. While irisin secreted by muscles and neural tissue has been 
demonstrated to play a role in depression disorders that are associated with obesity and 
metabolic syndrome [19, 20]. Finally BDNF, the main neurotrophin produced in the adult 
brain whose signal transduction is essential for neuroprotection and plasticity [21, 22], 
has been extensively studied for metabolic features [23, 24]. 

Not by coincidence, these proteins have been frequently targeted in research on therapeutic 
approaches. However, following the example of cortisol, the complexity and tight local 
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regulation of these cytokines represent an end line for the attempts of an exogenous 
manipulation [24–27]. Whereas the mechanisms associating depression and metabolic 
disorders are less clear, the systems underlying the onset of depression undeniably include 
cortisol dynamics, which is fundamentally involved in a systemic regulation of the above 
mentioned cytokines time-response and tissue-specific synthesis [28–30]. 

In a preventative perspective, it is reasonable to suggest that a physiological approach 
to the treatment of depression – regarding the exercise-induced endogenous regulation 
of these factors – is a feasible alternative for the sustainability of policies on public 
healthcare. Here, we will describe the physiological effects of the exercise metabolism 
on regulation of irisin, BDNF and leptin, and elucidate the neurobiological mechanisms 
by which the regulation of these factors affects depression disorders with a potential for 
prevention and treatment. 

exercise metabolism and the physiological role  
of leptin, irisin and bdnf  
Moving from resting to exercise states, there is an increase in the amount of energy 
demand by cells and speed of chemical reactions that provide this energy out of the 
assimilation of nutrient’s substrates – also known as the metabolic rate (MR). This is 
possible due to a sympathoadrenal response with a rapid increase in the release of 
epinephrine in support of the ventilation demand. The acute rise of epinephrine then 
immediately elevates the heart rate and circulating blood pressure enhancing oxygen 
delivery to the requesting tissues [31]. Of the substrates available for the aerobic energy 
metabolism, glucose (GLU) is the most profitable and fast, and also the primary source 
required for the brain’s supply. In the cells under normal aerobic conditions, GLU goes 
through nine enzymatic reactions to produce pyruvate which is converted into acetyl-
coenzyme A that proceeds to oxidation inside mitochondria through a cycle chain of 
chemical reactions known as the Krebs cycle. As a result, cellular energy in the form of 
adenosine triphosphate (ATP) is produced while residual carbon dioxide is transported into 
the blood [32]. To a certain MR range, the cells can plead for the oxidation of glycogen 
and fatty acids as alternative sources as well, taking into account several intracellular 
events [33]. Whenever the oxygen is insuffcient, pyruvate can be converted into lactate  
by one additional enzymatic reaction [34, 35]. Sidewise accumulated lactate thus is 
released into the circulation where it can be transported to the liver and goes through 
gluconeogenesis, or else it may cross the BBB and reach the neural tissue where it is 
also converted to pyruvate and enter the Krebs cycle. Lactate uptake by the brain might 
increase more than 2-fold from rest to exercise states [36].

Increase in the activity of 5' adenosine monophosphate-activated protein kinase (AMPK), 
a central enzyme involved in the oxidation cascades of GLU, glycogen and fatty acid, 
leads to induction of the expression of the co-transcription activator proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α) via direct phosphorylation [37]. PGC-1α 
co-activates transcription factors that regulate the expression of several nuclear genes 
including FNDC5 and BDNF and those involved in the mitochondrial genesis and DNA 
duplication. Since that expression of mitochondrial genes also responds to metabolic stress-
induced PGC1-α activity, this ‘reward effect’ enables an immediate response and a long 
lasting adaption against oxidative stress and degradation [38,39]. PGC-1α upregulation 
also mediates the acute blood pressure-induced vasodilatory boost and is involved the 
microvascular adaptions to exercise [40]. 

First identified as a PGC1-α -dependent cytokine, FNDC5 named after the gene FNDC5, is 
cleaved and secreted from muscle cells as irisin and acts preferentially on subcutaneous 
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fat tissue through an increase in the adipocytes expression of thermogenesis-related 
genes. While a specific receptor for irisin has not been discovered, its activity-dependent 
effects of irisin have also been observed in the bone tissue through the promotion of 
skeletal remodeling via integrin receptors. The autocrine and paracrine actions of irisin 
confer an inhibitory effect on adipogenesis [41–43]. Conversely, the neuronal expression 
of BDNF in response to metabolic stress is also associated to the PGC1-α/FNDC5 pathway 
[44–46]. BDNF plays multiple roles in the activity-dependent regulation of neuronal 
synapses structure and function. The mechanism by which BDNF expression and signaling 
promotes neurogenesis, synaptogenesis, long-term potentiation directly influence on 
memory, executive function and other cognitive processes have been greatly reported 
[21,47–49]. In exercise, the circulating levels of BDNF, whose main source is attributed 
to the brain, increase in accordance to demands on aerobic metabolism [50–52]. 

Meanwhile, a pulsatile release and well-synchronized tonic increase in cortisol levels 
occurs along with the metabolic stress, which then penetrates into the cells binding to 
glucocorticoid receptors within the cytoplasm, in a complex that translocates to the nucleus 
and starts catabolic and anti-anabolic actions by regulating expression of specific genes 
[53]. The actions of cortisol revolve around providing a pool of free branched chain amino 
acids that are used either as building blocks for the synthesis of the ultimately needed 
proteins expressed during metabolic stress or as an additional substrate for oxidation. 
All of which thus inhibits inflammation. Such process remains up to the recovery period 
ensuring the destruction of physiologically exhausted protein structures in order to make 
possible their substitution by newly synthesized ones [54]. 

Finally, secreted by adipocytes, an increase in the circulating levels of leptin during the 
exercise serves as a signal report of the energetic reserves status to the CNS and occurs 
in an inverse proportion to the fitness conditions. Leptin activation of the long form of 
leptin receptor located especially in the hypothalamus, midbrain and brainstem is thus 
considered a mechanism of central control of the energy homeostasis [55]. Increases in 
leptin levels ultimately regulate the food intake and energy storage, whereas the serum 
levels of leptin correlate with the individual’s body fat mass [56–59]. 

the anti-depressant effect of the exercise  
Research on neurobiology of exercise and experimental models have helped to build the 
knowledge on the importance of an endogenous regulation of factors with critical roles in 
the mechanisms involved in the physiology of stress and depression that still have been a 
challenge for pharmacologic approaches. Experimental reports suggest that a decrease 
in leptin receptors which are found in subcortical structures of the brain involved in the 
limbic system, associated with increased activation of the HPA axis can lead to an obesity-
related depression disorder [26, 60]. Consistently, an increase in leptin levels as a reflection 
of leptin receptors resistance, gathered with an uncontrolled eating, is observed in obese 
and overweight subjects that display inflammatory states [61]. On the other hand, the role 
of leptin in neuronal growth in association with BDNF has been pointed as a positive effect 
of leptin signaling in these brain regions [18, 62]. For instance, BDNF-deficient animals 
present obesity and cognitive impairment which can be reversed by exercise through an 
improvement in leptin sensitivity induced synaptic plasticity [55]. Furthermore, in well-
trained individuals who display of physiological levels of leptin lower than the average 
range, these levels are more stable in accordance to the fitness conditions [56, 58].

Similarly, increases in cortisol levels with consequent glucocorticoid receptors (GR) 
resistance is a common cause of stress-induced depression. While leptin appears to be able 
to reverse some of the negative effects of GR resistance [63, 64], the excessive cortisol-
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induced GR resistance implicates in different types of depression and a variety of stress-
related disorders [65–67]. Moreover, the down-regulation of GR signaling observed in stress 
disorders is associated with impairment in the downstream cascades of BDNF signaling 
which interferes in the neuronal capability of plasticity (as reviewed by De Assis and 
Gasanov, 2019 [68]). It is conclusive that a critical endogenous balance in the circulating 
levels of both leptin and cortisol is essential for their delivery of pro-neuroplasticity and 
homeostasis control actions, which are the key elements linking metabolism and stress-
related disorders. 

Additionally, the exercise-induction of irisin and BDNF expression via up-regulation of 
PGC1-α has shown to modulate neuroplasticity in the hippocampal and cortex areas as an 
anti-depressant effect [69,70]. Optimal levels of these two cytokines are thus associated 
with neuroprotection and preservation against cognitive decline [71–73]. Specifically for 
depression, the exercise-induced increases in BDNF helps as a generic contributor to 
neuronal plasticity affecting the related brain regions in a morphological and functional 
manner [74–76].

conclusion 
Considering the advances in explaining the molecular mechanisms connecting the brain 
and the body metabolism into an integrated system in the development of mental and 
metabolic illness. Furthermore, recognizing the practical limitations of an exogenous 
regulation of this integrate system, it seems to be the time to assume exercise as a 
clinical recommendation for depression and various stress-induced disorders, as a way 
of minimizing the overburden of the primary healthcare system. This overview suggests 
inclusion of exercise as a prescription in the guidance protocols for the patients with 
depression and stress-related metabolic disorders. 
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