
Review Article

Biomedical Research and Reviews

Biomed Res Rev, 2021          doi: 10.15761/BRR.1000143  Volume 5: 1-10

ISSN: 2515-9186

The interrelation between aerobic exercise, mental well-
being, stress response and epigenetics
Feller L1, Nemutandani MS1, Feller G2, Jose RJ3, Lemmer J4 and Khammissa RAG5*
1School of Oral Health Sciences. University of the Witwatersrand, South Africa
2Department of Radiation Oncology, University of Witwatersrand, South Africa
3Royal Brompton Hospital, United Kingdom
4Department of Periodontology and Oral Medicine, University of the Witwatersrand, South Africa
5Department of Periodontics and Oral Medicine, School of Oral Health Sciences, University of Pretoria, South Africa

Abstract
Mental well-being is a subjective, adaptive state of mind arising from complex dynamic interactions between cognitive, emotional and psychosocial factors. Positive 
mental well-being may promote good physical health, occupational functioning and academic achievement. In the moderate-to-vigorous intensity of aerobic range, 
regular cardiorespiratory exercise of sufficient duration and frequency has the capacity to boost resources of mental energy, to improve sleep, mental alertness and social 
interactions, to buffer maladaptive upregulated emotional responses to psychosocial stressors, to decrease anxiety, to moderate depressive symptoms and to support or 
even improve cognitive functioning.

Epigenetic modification is a biological mechanism by which environmental factors influence cellular phenotype and function. Psychosocial stressors, and regular 
performance of aerobic exercise have opposite effects on the central nervous system, mediated at least in part through epigenetic modifications that reprogram the 
expression of relevant genes.

Generally, physically active persons are more resilient to stress and experience fewer depressive symptoms than do physically inactive persons; and, indeed, regular 
moderate to strenuous aerobic activity has a mood-enhancing effect and has been proven to mitigate negative affectivity stress responses.

The purpose of this narrative review is to discuss the mechanisms that appear to play a role in aerobic exercise-induced improvement in mental well-being.
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Introduction
Physical fitness refers to the capacity to perform efficiently and 

effectively all routine daily activities, whether of work or leisure, 
without undue fatigue; and to be able adaptively to cope with 
unexpected or urgent physical demands. It is generally accepted that 
sleep, rest, healthy nutrition and regular moderate-intensity aerobic 
physical activity of sufficient duration and frequency, all contribute to 
functional physical fitness, and to promoting mental fitness and well-
being. To be of any physiological value to the average healthy person, 
aerobic physical activity should increase both heart and respiratory 
rates sufficiently to accelerate the blood circulation, with consequent 
increased tissue oxygenation and cardiorespiratory fitness [1].

In general, aerobic exercise refers to the physical activity of large 
muscle-groups, utilizing oxygen in the process of cellular respiration 
whereby carbohydrates, fat and proteins, ultimately by way of adenosine 
triphosphate (ATP) produce the immediate energy necessary to sustain 
continuous activity that lasts more than one minute. The efficacy of 
this oxidative phosphorylation metabolic pathway is dependent on 
the capacity of the cardiorespiratory system to supply the necessary 
oxygenated haemoglobin, and of the skeletal muscles to deploy this via 
their microvasculature [2,3]. Although oxidative phosphorylation is 
critically important, it is not the exclusive source of energy for aerobic 
exercise; to a minor extent the anaerobic glycolysis and high energy 
phosphate metabolic pathways also contribute to the energy required 
for the performance of aerobic exercise [3].

Aerobic intensity is a function of the cardiorespiratory effort 
associated with performance of everyday activities, or of deliberate, 
purposeful exercise, and can be directly related to the heart rate and oxygen 
consumption during the physical effort [4]. A measure of the intensity of 
aerobic exercise can be determined by the heart rate during the activity.

A heart rate of 50% to 70% above the maximum person specific 
normal rate is regarded as indicative of moderately intense exercise, 
while a rate that is 70% to 85% above the normal maximum denotes 
vigorously intense exercise. This varies with gender, age, general health 
and level of fitness [5]. In order substantially to benefit physical and 
mental health, an adult should undertake at least 150 to 300 minutes 
of moderately intense, or 75 to 150 minutes of vigorously intense 
aerobic exercise per week, or some combination of both. Regular 
anaerobic exercise also gives rise to additional health benefits (Piercy 
& Troiano, 2018). In general, compared to non-exercisers, those who 
exercise regularly and are aerobically fit show reduced physical and 
psychological reactivity to psychosocial stressors [6-8].
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Aerobic exercise of moderate to vigorous intensity (MVAE), and 
psychosocial stressors, activate the autonomic nervous system and 
the neuroendocrine system similarly, eliciting signs and symptoms 
of physiological arousal [8] including increased blood pressure and 
respiratory rate and perspiration. Therefore, regular MVAE may 
habituate body and mind to the commonality of the arousal effects 
generated by both aerobic exercise and psychosocial stressors, so that 
the subject should be able to recognize and appraise the effects of 
psychosocial stressors as being challenges rather than potential threats, 
thus buffering the maladaptive exaggerated responses to psychosocial 
stressors, and improving mental well-being [9-11]. In contrast to 
MVAE, light physical activities (house-work, shopping, strolling) 
which do not raise the heart and respiratory rate significantly, do not 
seem to bring about any appreciable health benefits; and sedentary 
behavior characterized by little physical activity and much sitting 
during wake time is neither beneficial to mental or physical health [1].

Nonetheless, recreational or light leisure-time physical activities 
such as walking, cycling, swimming, yoga, or tai chi, which require 
only moderate cardio-respiratory effort, may enhance mental well-
being because they bring about feelings of enjoyment, competence, 
a fresh outlook on things, and improved body image and self-
esteem. Moreover, they allow time away from fatiguing exposure to 
environmental and psychosocial stressors and negative preoccupying 
thoughts and provide an opportunity to socialize with friends and to 
spend quality time with family members [6,12-14].

Through different mechanisms, aerobic exercise of adequate 
intensity, duration and frequency has the capacity to induce central 
neurological adaptations that may moderate responses to psychosocial 
stressors, reduce symptoms of anxiety and depression, and may 
improve cognitive functioning (working memory, cognitive flexibility, 
information processing and inhibitory control), and mental well-
being [15-18]. Furthermore, MVAE appears to have the capacity to 
attenuate the development of age-related neurodegenerative processes 
and the consequent decline in cognitive functions; and to retard the 
progression of neurocognitive diseases such as Parkinson disease and 
Alzheimer disease [18,19].

By epigenetic modifications, MVAE activates a number of 
intracellular signalling pathways which stimulate transcription factors, 
and subsequently initiate transcriptional regulation of genes encoding 
biochemical agents that mediate a variety of biological functions [18,20]. 
Psychosocial stress induced aberrations in epigenetic patterns of DNA-
methylation and histone modifications, with consequent dysfunctional 
regulation of expression of genes encoding central neurotransmitters, 
neurotrophic proteins and neuroendocrine peptides and hormones, 
collectively contribute to stress-induced cognitive deficits and to 
poor mental well-being. With its capacity to ameliorate the epigenetic 
imbalances induced by psychosocial stressors, MVAE reverses or 
counteracts these deficits, and improves cognition and mental well-
being [18,21].

Thus, epigenetic modifications constitute the biological means 
whereby environmental factors such as occupational or social stress, 
physical exercise or lack thereof, nutrition, pollutants and others have 
the capacity to influence gene expression and cellular functioning, and 
to contribute to one’s inherited mental predisposition [22]. However, 
little is known about the actual genetic, epigenetic and molecular 
mechanisms involved in bringing about the mental health benefits 
mediated by MVAE; or about the factors that account for the different 
effects of the same MVAE program upon persons of comparable age, 
physical and mental health and environmental circumstances.

The purpose of this narrative review is to discuss the various 
mechanisms whereby environmental stress and aerobic exercise may 
oppositely affect physical and mental well-being; and to draw attention 
to the importance of including aerobic exercise among the means used 
to promote positive physical and mental well-being. An attempt has 
been made critically to analyze relevant databases and authoritative 
texts and to integrate the information to better understand these 
mechanisms.

The concept of mental well-being
Mental well-being can be conceptualized as a dynamically 

judgmental view of one’s quality of life, and general satisfaction with 
the fulfillment of one’s unfolding expectations of life. The complex 
interplay between gender, age genetic, epigenetic and environmental 
factors determine overall subjective spatial, dimensional and temporal 
perceptions of mental well-being. Adverse life events, poor stress-coping 
capacity, negative thoughts and emotions, rumination, unresolved 
emotional stress, anxiety, depression, chronic pain or chronic illness 
and lack of social support are some common factors associated with 
poor or negative mental well-being. On the other hand, good physical 
health, functional neurocognitive mechanisms (resilience, coping, 
volition, self-control, etc.), competence, relatedness and social support, 
and a sense of self-realization and existential meaningfulness are some 
important factors associated with positive mental well-being. In order 
to achieve a consistently positive mental health status (Table 1), one 
needs both to play down the negative, and to nurture the positive 
factors associated with mental well-being [12,23,24].

Thus, the subjective broad conception of mental well-being is 
determined by positive experiences, interesting and meaningful 
activities, pleasant and upbearing emotions, satisfied psychological and 
biological needs, and by low levels of negative emotions and thoughts 
[25]. Since judgments about one’s own life events are necessarily 
subjective, the conception of mental well-being differs from person 
to person, and usually fluctuates according to each person’s feelings, 
emotions, thoughts, experiences and mood at the time [24].

The distinctive attribute of humility is associated with positive 
mental well-being. Humility refers to the qualities of being aware of 
and acceptant of one’s own limitations, biases and strengths, and of 
the beliefs, needs and practices of other persons. Humility also refers to 
willingness and the mental ability to moderate one’s beliefs, values and 
attitudes in the light of evolving new evidence or circumstances, and 
to care for and respect the priorities and behaviors of others. Humble 
persons, therefore, may find it easier to manage maladaptive responses 
to psychosocial stressors and thus to lessen or moderate the impact of 
stress on mental well-being [26,27].

It appears that gender, age and level of education do not play 
an important role in influencing mental well-being [24]; but good 

Living in democratically governed countries, in which human rights and personal 
security are respected and promted, and which have effective, functional health systems
Personal good health, healthy lifestyle
Enjoyable and meaningful work, satisfaction with family life, financial security
Supportive social relationships
Satisfied psychological needs of self-determination (autonomy, competence, relatedness)
Natural positive thinking, emotional maturity and spirituality as intrinsic motivators of 
adaptive behaviour
Humility
Personality trait: extroversion
Other genetic hereditary characteristics (temperament)

Table 1. Some factors associated with positive mental well-being [24]
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physical health, effective occupational functioning, and educational 
achievements are associated with positive mental well-being [23,25]. 
Conversely, experiencing psychological stress owing to unresolved 
emotional conflicts constitutes a major threat to mental well-being. 
Persistent exposure to psychosocial stressors may so dysregulate 
stress responses that over time they may become hyperactive, 
with detrimental physiological and behavioral changes weakening 
psychological resilience, with the potential negatively to affect mental 
and physical well-being, and longevity.

Thus, depending on the nature of the psychosocial stressor, and 
on the circumstances under which exposure to the stressor occurs, 
functionally adaptive stress responses may gradually evolve into self-
defeating maladaptive behavioral responses [28].

From all this, it is clear that mental well-being can be profoundly 
influenced by the interrelations between central neural functioning, 
cognition, motivation, emotionality and impulsiveness or inhibited 
behavior [29].

Psychological mechanisms contributing to exercise-in-
duced positive mental well-being

In order to experience positive mental well-being, the psychological 
needs of autonomy, competence and relatedness have to be satisfied, 
and work-related activities must be perceived as being meaningful 
[30,31]. The impetus to goal-directed activities which require problem-
solving skills, conceptual understanding, creativity, or cognitive 
flexibility, is autonomously intrinsically motivated by energizers such 
as interest, authenticity and meaningfulness that are directly derived 
from the activity itself. Intellectual challenge, making a contribution 
to society, altruism and professional or work-related satisfaction, 
communications with clients/patients/customers and/or colleagues are 
some other autonomous intrinsic motivators contributing to positive 
mental well-being [32,33].

Competence refers to the efficacy and mastery of goal-directed 
activities, and to the ability to self-improve and to develop skills 
and capabilities; and relatedness refers to self-selected interpersonal 
trusting and caring relationships with others. Both competence and 
relatedness promote positive mental well-being [33-37].

Regular aerobic exercise provides an opportunity to satisfy the 
psychological needs of autonomy, competence and relatedness, through 
purposeful, constructive, meaningful and beneficial activity, which, 
especially if done as a group-activity may also reduce social isolation 
and promote feelings of empowerment [38]. Compliance with any self-
imposed or group-imposed regimen of MVAE may induce and sustain 
feelings of self-efficacy, which may improve one’s subjective perception 
of being able to accomplish a task at hand. With enhanced self-efficacy 
there is an increase in self-confidence and self-control, and in perceived 
ability to engage successfully with other goal-directed tasks [10,39]. All 
these exercise-induced psychosocial benefits may have the outcome of 
improved mental well-being [38,39].

The psychological ability to get satisfaction and enjoyment from, 
and regularly to engage in demanding vigorous aerobic exercise is 
determined in part by genetic factors. For example, some polymorphic 
variants of the brain-derived neurotrophic factor (BDNF) gene, and 
of genes encoding for certain adrenergic receptors, can influence the 
feeling of satisfaction, enjoyment and intrinsic motivation that come 
from engaging in strenuous aerobic exercise [40].

Endurance aerobic exercise has the capacity to induce the positive 
psychological experience of ‘flow’, which is characterized by being 

effortlessly, almost unconsciously engaged and absorbed in the 
activity at hand, while feeling effective, inspired and fulfilled [41]. This 
exercise-induced, transient, but gratifying autotelic or self-rewarding 
experience allows for the conscious and subconscious integration of 
information, reflexes and drives. Thus, as a result, the task or activity 
at hand is performed with minimal deliberation and metacognitive 
processes, and with heightened quality of cognitive and motoric 
performance [39,41,42].

Although the biological mechanisms that drive the flow experience 
are not well understood, it appears that endocannabinoidergic 
central neural circuits play an important role in the generation of the 
immediate feelings of mental well-being and euphoria associated with 
the flow experience following endurance exercise [42,43].

Some functions of the neuroendocrine and autonomic 
neural systems in relation to stress responses

Moderate to vigorous aerobic exercise (MVAE) is a physical 
stressor that above a certain person-specific threshold of intensity 
disturbs the internal stability of biological systems, so that in order to 
maintain homeostasis, both physiological and behavioral adaptations 
are necessary [44]. As is the case with psychosocial stressors, MVAE 
elicits complex but coordinated interactions between autonomic neural, 
neuroendocrine and immune stress-induced processes regulated by the 
limbic system and the prefrontal cortex [7,8,28,45,46]. The outcome 
of these complex interactions is a consolidated stress response which 
is determined by the nature of the stressor (type, frequency, intensity, 
duration); and is modified by genetic, epigenetic and environmental 
factors, by one’s mental and physical fitness, by cognitive appraisal of 
the stressor, by stress-coping capacity and by executive functioning 
[8,47,48].

Responses to acute and chronic stressors are driven by the 
catecholamines adrenaline and noradrenalin which are released by 
the sympathetic division of the autonomic nervous system; and by 
neuropeptides/hormones of the hypothalamus-pituitary-adrenal 
(HPA) axis, including hypothalamic corticotrophin releasing hormone 
(CRH), arginine vasopressin (AVP), the pituitary proopiomelanocortin 
(POMC)-derived peptides, adrenocorticotrophic hormone (ACTH), 
α-melanocyte stimulating hormone, and β-endorphin, and the adrenal 
cortex-derived glucocorticoids (cortisol) [45,47,49,50].

The sympathetic division of the autonomic nervous system 
comprises the sympatho-adrenomedullary axis which mediates an 
increase in circulating levels of adrenaline, primarily from the adrenal 
medulla, and the sympatho-neural axis which increases noradrenalin 
out-flow, primarily from sympathetic nerves; both axes trigger rapid 
physiological adaptations in response to stress [28,45,46,51]. While 
the sympatho-neural axis primarily regulates blood pressure, and 
blood flow to the brain, the sympatho-adrenomedullary axis primarily 
mediates responses to serious threats to the body such as hemorrhagic 
hypotension, hypoglycemia, shock, and the stress of extreme-endurance 
physical exercise [46]. The physiological effects of activation of the 
parasympathetic division of the autonomic nervous system are usually 
opposite to those of the sympathetic nervous system; parasympathetic 
activation quickly downregulates any excessive sympathetic activity 
and moderates the sympathetic response to stress [45].

An acute stress response occurs when the amygdala of the limbic 
system interprets any internal or external signal as a threat to homeostasis 
[45]. Immediately and automatically, without conscious awareness, 
a distress signal is then sent from the amygdala to the dorsomedial 
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hypothalamus (DMH) which in turn activates the sympathetic nervous 
system, with the secretion of high-levels of adrenaline from the adrenal 
medulla. After the surge of adrenaline subsides, the paraventricular 
nucleus (PVN) of the hypothalamus activates the HPA axis, resulting 
in secretion of cortisol, the primary stress hormone, from the adrenal 
cortex, into the blood stream [49-52]. Neuronal inputs from DMH thus 
play an important role in PVN activation and hence in the output of the 
HPA axis [52].

By activating corticosteroid receptors in the hypothalamus, 
hippocampus, amygdala and medial prefrontal cortex, the increased 
level of cortisol suppresses the secretion of the hypothalamic CRH and 
the pituitary ACTH, thus completing the negative feedback loop of the 
HPA axis, resulting in inhibition of further release of cortisol from the 
adrenal cortex [45,53-57].

This initial stage of a stress response brings about an increase in the 
heart and respiratory rates, in blood pressure, and in mobilization of 
energy; and there is increased conscious awareness, alertness, vigilance 
and information processing, which enable alarm-related behavior such 
as the ‘fight-or-flight’ response [7].

The major central effectors of the stress response are noradrenalin, 
CRH and POMC-derived neuropeptides, and the major peripheral 
effectors are cortisol and adrenaline [44,48]. However, cortisol also 
plays an important role centrally, inducing complex changes in central 
glutaminergic excitatory signaling in the prefrontal cortex, including 
modulation of presynaptic release of glutamate, of the functional 
activity of postsynaptic glutamate receptors, and of epigenetic 
regulation of expression of certain genes operating stress-mediated 
signaling pathways; and in facilitating synaptic activity of neural 
circuits in the amygdala, hippocampus and the prefrontal cortex, thus 
enabling the generation of perceptible stress responses: alarm, reaction 
and exhaustion [58].

If the activity of the HPA axis and of the autonomic neural activity 
continue for too long, the adverse effects of hyperactive maladaptive 
stress responses will follow [7]. These include anxiety, depression, 
occupational burnout and cognitive impairment, associated with 
increased levels of cortisol [7,28]; and cardiovascular dysfunction and 
states of hyperarousal, restlessness, agitation and poor coordination, 
associated with the persistently increased levels of adrenaline and 
noradrenalin [50].

There are some differences between stress responses to regular, 
moderate to vigorous aerobic exercise (MVAE), and to unabating 
psychosocial stressors. In the former, the increased levels of cortisol 
ebb away shortly after the end of the exercise; but in the latter, the 
cortisol levels may remain abnormally high for a long time, with the 
potential to cause detrimental mental effects, associated with the 
different patterns of central neurochemical release induced by MVAE 
and by psychosocial stressors [45,50,54]. Furthermore, while chronic 
psychosocial stress may impair cognitive functioning, memory and 
performance of goal-directed tasks (Feller et al., 2020, LeBlanc, 2009), 
long-term regular MVAE improves these mental capacities [10,54].

There is a reciprocal interaction between the neuroendocrine system 
and the immune system, with cortisol regulating immunoinflammatory 
responses, and the immune system via cytokines and other biological 
mediators secreted by immunocytes, modulating the activity of the 
neuroendocrine system. MVAE can influence the functional activity of 
both systems [11,44,47].

Persistent exposure to chronic psychosocial stressors may 
dysregulate the activity of the immune system and increase levels of 

cytokines and other biological mediators that in turn can modulate 
the function of the neurotransmitter and the neuroendocrine systems, 
adversely affecting central synaptic plasticity and neural circuits. All 
these influence the regulation of mental activities and well-being [22].

Animal studies show that repeated exposure to the same aversive 
stimulus (homotypic stress) appears to be associated with a gradual 
reduction in the reactivity of the HPA axis and consequent in the 
glucocorticoid secretion in response to the same stressor. This ‘stress 
habituation’ is an adaptive mechanism that facilitates the maintenance 
of homeostasis by reducing glucocorticoid burden, but the neural 
circuits operating this mechanism of habituation are not well 
understood [28]. This is the opposite of what occurs with intermittent 
exposure to different (heterotypic) stressors, which evokes more severe 
changes because there is no habituation to the stressor.

As MVAE is an acute stressor which activates the autonomic 
nervous system and the HPA axis, it is probable that regular MVAE 
will optimize the functional activity of the autonomic neural, 
neuroendocrine, and immunoinflammatory stress systems with 
consequent moderation of psychological responses and improved 
adaptivity, tolerance and resilience to intermittent psychosocial and 
physical stressors [7]. The activation of the neuroendocrine and the 
autonomic nervous systems by MVAE also plays an important role in 
the development of physical and aerobic fitness [44].

Chronic exposure to psychosocial stressors may induce central 
neurochemical and neurostructural changes in brain regions 
involved in the mediation of autonomic neural and neuroendocrine 
stress responses, which may dysregulate the functional activity of 
the HPA, sympatho-adrenomedullary and sympatho-neural axes, 
with the generation of maladaptive stress response. Stressor-specific 
maladaptive responses are determined by multiple factors, including 
the nature of the stressor (acute, chronic, psychosocial, physical, 
intensity), the environmental context, the emotional burden of previous 
stress experiences/responses, and one’s mental coping capabilities 
[28,45,51]. As the central neural circuits that operate stress responses 
and reward overlap to some degree, engagement with natural reward-
mediated behavior such as MVAE may moderate the deleterious effects 
of chronic exposure to psychosocial stress [45].

Neurobiology of aerobic exercise in relation to mental 
well-being

Physical exercise above a certain threshold of cardiorespiratory 
effort increases cerebral blood flow and oxygen supply and has the 
capacity to induce neural plasticity with beneficial and demonstrable 
changes in structure and function of certain brain regions [59-
61]. MVAE-mediated central cellular alterations include increased 
angiogenesis, synaptogenesis and neurogenesis; molecular alterations 
include modulation of some neurotrophic agents, neurotransmitters 
and receptors; and structural changes include increased gray matter in 
the hippocampus and in the frontal cortex [7,49,62]. 

All these exercise-mediated changes may not only slow down 
neurodegenerative processes, protect against age-related decrease 
of hippocampal volume and consequent cognitive decline, but also 
improve cognitive performance (executive control, memory, attention 
and learning), sleep patterns, mood, perceived self-esteem, energy 
levels and mental alertness; and together with inducing reduction in 
tiredness, anxiety and depression, exercise improves psychosocial 
functioning and mental well-being [4,7,10,38,63-67]. 
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cannabinoid receptors CB1 (CB1R) and CB2 (CB2R) [72,73]. CB1R is 
broadly distributed throughout the central nervous system, most highly 
expressed in the hippocampus, amygdala, hypothalamus, cerebral 
cortex and in the spinal cord pain pathways; and CB2R is found mainly 
in peripheral sensory neurons and in activated microglia and astrocytes 
having the capacity to downregulate central neuroinflammatory 
processes [53,54,74-78].

Impulse activation of an endocannabinoid presynaptic neuron 
triggers the postsynaptic neuron to synthesize endocannabinoids which 
are released into the synaptic cleft, and then diffuse retrogradely to the 
presynaptic neuron, stimulating the cannabinoid receptors CB1R or 
CB2R situated in the presynaptic terminal, generating a neurobiological 
effect [53,54]. At most synapses, endocannabinoids inhibit the release 
of neurotransmitters from presynaptic terminals, thus modulating 
other neurotransmitter-induced excitatory or inhibitory postsynaptic 
responses [53,74,79]. Upon stimulation, AEA is rapidly biosynthesized 
‘on-demand’ from membrane phospholipids, is not stored in vesicles 
[52], and is subsequently degraded by a specialized catabolic enzyme, 
the fatty acid amino hydrolase (FAAH) [53,57].

Maladaptive stress and anxiety responses are mediated, in part, 
by the neural circuitry within the basolateral amygdala (BLA). Under 
physiological conditions, AEA-CB1R signaling pathways in the BLA 
downregulates the BLA’s neural excitability, probably owing to CB1R 
mediated presynaptic inhibition of glutamate release, with consequent 
diminution in glutaminergic excitatory transmission, thus providing 
regulatory tonic inhibition [78].

In response to stress, CRH via CRH receptor 1 (CRHR1) signaling 
upregulates FAAH activity within the BLA, bringing about a drop in 
AEA levels. Consequently, the tonic inhibitory AEA-CB1R signaling 
is dysregulated, facilitating excitatory transmission which promotes 
maladaptive stress and anxiety responses. Conversely, functional 
AEA-CB1R signaling in the amygdala, suppresses CRH-mediated 
neuroendocrine and behavioral maladaptive stress responses [57].

Unresolved chronic emotional stress and persistent anxiety mobilize 
and upregulate FAAH activity causing downregulation of AEA-CB1R 
signaling within the basolateral amygdala (BLA). This results not only 
in an increased BLA excitability, but also in activation of the HPA with 
increased levels of circulatory cortisol, further enhancing maladaptive 
stress and anxiety responses [78].

In certain brain regions, MVAE-induced CB1-mediated 
endocannabinoid signaling, together with other local neurotransmitters, 
regulates cognition, emotion, memory and mood [74,79]. For example, 
MVAE-mediated release of endocannabinoids promotes the activation 
of dopaminergic signaling circuits in the mesolimbic neural network, 
a dopaminergic pathway, triggering the operation of the brains’ 
pleasure, reward and motivational pathways, promoting reward-driven 
behaviors, feelings of relaxation and sedation, and enhanced mood, all 
associated with positive mental well-being [39,42,72,80,81]. 

In addition, the endocannabinoid signaling system, and the 
brain derived neurotrophic factor (BDNF) signaling system, 
independently or jointly, may mediate some of the exercise-induced 
central neurobiological functions such as neurogenesis and synaptic 
plasticity, bringing about further MVAE-associated mental benefits 
[43,54,77,82,83]. Animal studies show that physical exercise increases 
the expression of AEA, CB1R and BDNF in the hippocampus with the 
activation of AEA-CB1R signaling, which promotes yet further BDNF-
mediated functional improvement of memory and cognition [77].

In the context of MVAE-mediated cognitive benefits, ‘acute 
exercise’ which refers to a single bout of exercise, and ‘chronic’ or 
‘long-term’ exercise that refers to multiple bouts of exercise spread over 
a longer period [16], trigger different neurobiological processes, with 
selective effects on sensory, short-term and long-term memory [16]; 
and different type of aerobic exercises do not all have the same effects 
on specific executive functions [17].

MVAE can mitigate central nervous system inflammatory 
processes by suppressing microglial responses to inflammatory stimuli 
[60,67]; and can moderate peripheral inflammatory responses by 
setting off reciprocal interactions between the neuroendocrine and 
the autonomic nervous systems [7,47]. MVAE also has the capacity to 
attenuate oxidative stresses which can both directly cause DNA damage 
and can dysregulate mechanisms of DNA repair [62,68,69], and to 
suppress oxidative damage to central neural tissues, particularly to the 
hippocampus [70]. This is achieved by MVAE-mediated upregulation 
of activity of antioxidant enzymes, of enzymes degrading oxidatively 
damaged proteins, and of DNA repair enzymes. All these processes also 
promote clearance of cellular debris from the brain, thus promoting 
neuronal functionality and cognitive integrity [67]. 

Studies of Alzheimer disease models in transgenic mice show that 
aerobic exercise has the capability to downregulate the expression 
and function of genes encoding proinflammatory cytokines, thus 
attenuating the production of interleukin 1 beta (IL-1β) and tumor 
necrosis factor alpha (TNF-α) by hippocampal microglia. This 
appears to attenuate microglia-mediated neuroinflammatory and 
neurodegenerative processes [19,70].

Physiologically, the Wnt/β-catenin intracellular signaling pathway 
in the hippocampal tissue (of rats) takes part in the regulation of 
neuronal survival, plasticity, and in synaptic functionality, and as such, 
contributes to regulation of learning and memory. In the ageing brain, 
and with neurodegenerative processes, the Wnt/β-catenin signaling 
pathway may be downregulated, contributing to a decline in cognitive 
performance, and to poor mental well-being; but aerobic exercise 
has the capacity to restore the functional integrity of Wnt/β-catenin 
signaling, thereby reversing the cognitive impairment, and improving 
well-being [71]. 

Both animal and human studies show that MVAE induces central 
alterations in levels of noradrenalin, dopamine and serotonin, which 
can bring about states of arousal, pleasure and reward, and anxiety. It 
also mediates an increase in levels of endorphins and endocannabinoids 
which may promote euphoric, anxiolytic, sedative and analgesic effects 
[39]. Other central neurobiological agents induced directly or indirectly 
by aerobic exercise are neurotrophic mediators, such as brain-derived 
neurotrophic agents (BDNF), insulin-like growth factor (IGF-1), 
vascular endothelial growth factor (VEGF), neurotrophin-3, fibroblast 
growth factor-2 (FGF-2), nerve growth factor (NGF) and glial cell-
line derived neurotrophic factor (GDNF). All these biological agents 
play roles in the functional activity of the central nervous system, by 
facilitating neurogenesis, angiogenesis and synaptogenesis [39,72,73].

The central endocannabinoid system in relation to aero-
bic exercise, stress and mental well-being

The endocannabinoid system comprises the endogenous lipid 
neurotransmitters N-arachidonoyl ethanolamide (anandamide, 
AEA – this abbreviation anandamide derived from the Sanskrit word 
‘ananda’ meaning bliss, joy, delight) and 2-arachidonoyl glycerol (2-
AG); the enzymes involved in their synthesis and degradation; and the 
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Furthermore, the endocannabinoid system has the capacity to 
mediate proliferation of neural progenitor cells, and their migration 
from their progenitor cell compartment in the hippocampus, and 
from other designated central neurological niches to their final 
destination in the brain [53]. Animal studies show that any type of 
movement upregulates neuronal activity within the hippocampus, 
and physical exercise, in particular, promotes the biosynthesis of local 
endocannabinoids and significantly enhances hippocampal AEA-CB1R 
signaling. Such exercise-induced upregulated AEA-CB1R activity, 
together with other exercise-induced neurotrophic factors, mediates 
proliferation of progenitor neural cells within the hippocampus [56].

Following their proliferation, differentiation and maturation, these 
progenitor neural cells play a significant role in repairing neuronal 
damage, and in supporting neurogenesis and synaptogenesis with 
the formation of new neural memory circuits in the hippocampus, 
leading to enhanced learning ability and memory capacity [53,74,84]. 
Other neuroprotective functions of the endocannabinoid system 
include downregulation of central immunoinflammatory reactions, 
excitotoxicity and oxidative and nitrosative processes; and modulation 
of mitochondrial dysfunctional activities which can cause neuronal 
damage [74,75,84]. Thus, overall, the endocannabinoid system plays an 
important role in the conservation of central neuronal integrity and 
longevity [85]. 

By stimulating peripheral cannabinoid receptors, exercise-induced 
endocannabinoids downregulate the activity of peripheral nociceptors 
and the release of inflammatory agents, thus generating an analgesic 
effect; and by stimulating central cannabinoid receptors at the level of 
the spinal cord and brainstem, endocannabinoids mediate central pain 
modulation [39,42,73]. 

AEA-CB1R signaling, both tonically under basal conditions, and 
physically under stressful conditions inhibits HPA axis activities, thus 
contributing to the regulation of circulatory levels of glucocorticoids; 
but in the context of chronic psychosocial stress, persistent elevated 
levels of glucocorticoids downregulate CB1R signaling in the 
hypothalamus, leading to a compromised capacity of AEA-CB1R 
signaling to regulate HPX axis activities [52].

Cross-stressor adaptation hypothesis
The type of stress reactivity generated in response to psychosocial 

stressors, either adaptive or maladaptive, is determined by the 
functional activity of the autonomic nervous system and the 
neuroendocrine system, by how one appraises the relevant stressor, and 
by the effectiveness of one’s psychological coping mechanisms [9,27]. 
Maladaptive responses to psychosocial stressors are characterized 
by exaggerated signs and symptoms of arousal (increased heart and 
breathing rates, salivary cortisol levels, etc.) and by increased emotional 
reactivity (irritability, impatience, intolerance, etc.), that negatively 
impact on mental well-being. As ‘acute’ vigorous aerobic exercises 
generate adaptive stress responses with signs and symptoms of 
physical arousal similar to those provoked by maladaptive psychosocial 
responses [8], it is likely that engaging in regular MVAE will familiarize 
one to the experience of (physical) arousal states. This may help (re)
appraise psychosocial stressors as familiar routine challenges rather 
than threats, and consequently generate adaptive functional instead 
of maladaptive stress responses [8,9,13]. Thus, MVAE may mediate 
the development of ‘cross-stressor adaptation’, and as such, increase 
one’s capacity to withstand stress in general, irrespective whether the 
stressors are physical or psychosocial in nature [8]. 

Through cognitive-behavioral therapy, subjects prone to 
exaggerated stress responses and negative affectivity, should be trained 
how to reappraise signs and symptoms of arousal as functional and 
adaptive, and not as threats. This may downregulate maladaptive stress 
responses and improve mental well-being [8,9,11,13,14].

Transient hyper frontality hypothesis
During MVAE, most of the finite resources of mental energy are 

directed to brain regions which are essential for the exercise-related 
autonomic, motoric and sensory functioning. As a result, only 
limited resources of mental energy remain available for the activities 
of higher-cognitive functions in the prefrontal cortex which their 
operation are not essential during intense aerobic activity [15,86,87]. 
As some maladaptive upregulated stress-induced emotional responses 
(worry, rumination, anxiety, etc.) are driven, at least in part, by certain 
hyperactive neural circuits arising in the prefrontal cortex, transient 
downregulation of the activity of these circuits’ secondary to exercise-
induced redistribution of mental energy in the brain, may curtail 
their hyperactivity. Consequently, some maladaptive stress-mediated 
emotional responses driven by the prefrontal cortex may be tapered, 
resulting in improved mental well-being [15,86,88]. 

Furthermore, during endurance aerobic exercise, certain prefrontal-
related executive functions such as working memory, focused attention 
and self-control may be transiently weakened for the duration of the 
exercise thus compromising the ability to form complex judgments 
and make critical decisions [88]. Nevertheless, long-term, cognitive 
functions are improved following endurance physical exercise owing 
to the exercise-induced central neurostructural and neurochemical 
changes [7,56,59,60,66,89].

Epigenetics in relation to stress, aerobic exercise and 
mental well-being

Epigenetic modifications refer to heritable changes in gene 
expression and function which are not owing to alterations in DNA 
sequences [22,90,91]. They act as transcriptional regulators, either 
enhancing or repressing gene expression, thus playing an important 
role in determining tissue phenotype and cellular functioning [20,90]. 
In general, properly balanced epigenetic modifications are essential for 
normal development and cellular differentiation and functioning, and 
in the context of neurobiology, for regulation of synaptic plasticity, 
neurotransmission, neurogenesis, for mental resilience and behavioral 
adaptation to psychological stressors, and for memory and learning. 
All of these contribute to mental well-being [18,92,93].

On the other hand, aberrant epigenetic modifications are associated 
with maladaptive stress responses, and with pathobiological processes 
implicated in the course of certain diseases, including the mental 
disturbances schizophrenia, bipolar disorder, Parkinson disease and 
Alzheimer disease [18,94]. Variations in epigenetic patterns can 
be induced by intrinsic (genetic), extrinsic (environmental) and 
stochastic factors [22,92]; and in general, DNA hypomethylation 
and histone hyperacetylation play essential roles in increased gene 
transcription [95]. 

The keystones of epigenetics are DNA methylation and histone 
modifications, which shape the molecular profile of one’s dynamic 
epigenome. The epigenetic status is tissue-specific with some cell types 
being more resistant/receptive than others to environmentally induced 
epigenetic alterations, and the epigenetic status is also influenced by the 
nature of, and the level of exposure to the environmental agent [92,96]. 
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Epigenetic modifications allow for adaptive changes in gene 
expression and function in response to environmental stimuli such as 
maternal care in infancy, psychosocial stress, infection, drugs, tobacco 
or alcohol habits, medications, nutrients and aerobic exercise, without 
any genomic alterations [18,92,93]. The different biological effects of the 
same environmental factors on different people may in part be owing 
to variations in their epigenetic patterns (polymorphism) [22,94]. 

Psychosocial stressors may induce epigenetic modifications 
that downregulate the expression of genes mediating neurogenesis 
and synaptic plasticity, that upregulate genes promoting central 
inflammatory processes, and that impair the expression of genes 
mediating epigenetic regulation [22,97]. For example, different 
patterns of BDNF gene methylation, and BDNF genetic polymorphism 
are both relevant to the functional activity of BDNF protein, with 
specific genetic variants and specific methylation patterns having 
the potential, separately or together, to facilitate inflammatory 
processes and negatively to affect memory, learning and mental well-
being, and to increase the risk of neurodegenerative diseases [97,98]. 
Hypermethylation of the promoter for the BDNF gene encoding the 
BDNF protein will downregulate or silence the BDNF gene expression 
and functional activity, particularly in the hippocampus where it is 
abundantly expressed [99]. The methylation profile of the BDNF gene 
is dynamic, and aberrant patterns can be corrected by medication, 
psychotherapy and indeed by regular MVAE [98]. 

Animal studies show that the expression of BDNF gene and its 
encoded protein in the hippocampus promotes dendritic arborization, 
and protects against stress-mediated hippocampal atrophy, and against 
stress-induced downregulation of neurogenesis and synaptogenesis; 
but some polymorphic variants of the BDNF gene are in fact associated 
with decreased production of its encoded protein, adversely affecting 
synaptic plasticity, diminishing neurogenesis and compromising 
cognitive functioning [58].

Perinatal maternal psychosocial stress-related adverse experiences 
may induce in the foetus or newborn aberrant epigenetic modifications, 
associated with dysregulation of expression of genes mediating stress 
responses, and malfunctioning of the neural circuits which mediate 
stress responses. These deviant stress-induced epigenetic modifications 
may remain embedded within the epigenome of the central nervous 
system, so that there will be some degree of lifelong impairment of 
stress responses, with decreased mental resilience and poor mental 
well-being [22,93,100].

The glucocorticoid receptor (GR), widely distributed throughout 
the brain, plays a pivotal role in stress responses; and dysregulation 
of its activity is associated with maladaptive stress responses, and with 
certain mental disorders. In the brain, the biological outcome of the 
activation of GR, is region-and-neural circuit-specific, and it relies 
on the epigenetic pattern and on the variant of the GR gene [22]. 
Psychosocial stress-induced aberrant epigenetic modifications in the 
GR gene may lead to dysfunctional activity of the GR with consequent 
impairment of the negative feedback mechanism that regulates the HPA 
axis. This may result in hyperactivity of the HPA axis with persistent 
elevation of circulating cortisol levels and increased susceptibility to 
anxiety and depression, and to poor mental well-being [29,93]. 

For example, hypermethylation of the promoter of Nr3c1 GR gene 
in the hippocampus of adults who display maladaptive stress responses 
can be related to adverse emotional and abusive events that these adults 
had experienced in childhood [29,93]; and it appears that there is a 
link between maternal depression and having experienced disturbing 

stressful events during pregnancy on the one hand, and the pattern of 
hypermethylation at the Nr3c1 gene region, with associated increased 
levels of circulating cortisol observed in her newborn on the other 
hand [29]. In addition, there is evidence that epigenetic aberrations 
in relation to the CRH gene are also associated with susceptibility to 
stress, with post-stress maladaptive behavioral responses and with poor 
mental well-being [58,93,100].

Increased levels of circulating glucocorticoids related to 
traumatically stressful early-life experiences are associated with 
subsequent demethylation of glucocorticoid receptor response elements 
(GREs). In turn, this demethylation of GREs promotes GR-mediated 
transcription of certain glucocorticoid responsive genes which 
regulate stress, immune responses and epigenetic modifications. In 
addition, stress-induced, glucocorticoid-mediated aberrant epigenetic 
alterations of the GR gene may increase the sensitivity of the receptor 
so that it upregulates transcription of glucocorticoid responsive genes 
without any substantial increase in the level of circulating cortisol [22].

In contrast to the detrimental epigenetic alterations induced by 
chronic psychosocial stress, moderate to vigorous intensity aerobic 
exercise (MVAE) induces epigenetic modifications that can give 
rise to an epigenetic configuration that supports the expression and 
functional activity of genes, such as the BDNF gene, that facilitate 
neurogenesis and synaptogenesis, thus providing neuroprotection and 
promoting cognitive functioning. Animal studies show that maternal 
aerobic exercise during pregnancy, induces in the offspring, epigenetic 
modifications that promote the expression of genes mediating synaptic 
plasticity and memory processing, culminating in enhanced cognitive 
performance [18]. Exercise affects DNA methylation in a gene-specific 
manner and the generated pattern of methlyation is determined by the 
degree of intensity of the exercise; and, in relation to cognitive functions, 
the same program of aerobic exercise does not equally influence one’s 
various cognitive domains and may differently influence the same 
cognitive domain in different people [97,101].

It is not known to what extent one’s genetic background, or the 
duration of regular MVAE, whether over years rather than over 
weeks or months, influences the nature of exercise-induced epigenetic 
alterations. It is also not known, once regular MVAE has in fact induced 
such epigenetic alterations, how much time elapses between these 
epigenetic alterations and the subsequent modified gene expression 
and the new protein profile. Yet another unknown is what tissue-
specific mechanisms account for the variations in epigenetic patterns 
in different tissues in response to the same stimuli [101].

Present global factors
It would be remiss at this time not to refer to the Coronavirus 

Disease of 2019 (CoViD-19) pandemic at present afflicting the entire 
human world. Apart from the dreaded viral disease itself, the likely 
outcomes upon the individual of the associated lockdowns, the self- or 
governmentally imposed social distancing, the loss of personal social 
interaction, the curfews, the loss of work or severe curtailment of 
occupation, with consequent loss of remuneration, loneliness, and lack 
of inclination or opportunity to do any or sufficient physical exercise, 
have been dealt with at length above.

Conclusion
There is clear evidence of the positive effects of regular MVAE 

on mental well-being. Epigenetics (DNA methylation and histone 
modification)-induced reprogramming of genes is essential for the 
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transduction of physical energy generated by aerobic exercise into 
cellular responses and neural signals that facilitate synaptic plasticity, 
neurogenesis and memory and learning, all of which play a critical role 
in promoting well balanced adaptive stress responses and mental well-
being.

Exercise-induced neurochemical and neurostructural refinements 
to the functional activities of the HPA, sympatho-neural and sympatho-
adrenomedullary axes may enhance sleep quality, boost resources of 
mental energy, improve cognitive functions and mood, and moderate 
negative emotional perceptions, all of which improve mental well-
being. The reasons why the benefits of MVAE are greater for some 
cognitive domains relative to others, which age groups benefit most 
from regular MVAE, and whether or not regular engagement with 
MVAE in adolescence and early adulthood provide neuroprotection 
from future cognitive decline in adulthood and old age, are questions 
that still need to be answered.
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