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Abstract
The beneficial effects of exercise on the proper functioning of the body have been firmly established. Multi-systemic 
metabolic regulation of exercise is the consequence of multitudinous changes that occur at the cellular level. The exercise 
responsome comprises all molecular entities including exerkines, miRNA species, growth factors, signaling proteins that are 
elevated and activated by physical exercise. Exerkines are secretory molecules released by organs such as skeletal muscle, 
adipose tissue, liver, and gut as a function of acute/chronic exercise. Exerkines such as FNDC5/irisin, Cathepsin B, Adi-
ponectin, and IL-6 circulate through the bloodstream, cross the blood–brain barrier, and modulate the expression of impor-
tant signaling molecules such as AMPK, SIRT1, PGC1α, BDNF, IGF-1, and VEGF which further contribute to improved 
energy metabolism, glucose homeostasis, insulin sensitivity, neurogenesis, synaptic plasticity, and overall well-being of the 
body and brain. These molecules are also responsible for neuroprotective adaptations that exercise confers on the brain and 
potentially ameliorate neurodegeneration. This review aims to detail important cellular and molecular species that directly 
or indirectly mediate exercise-induced benefits in the body, with an emphasis on the central nervous system.
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Introduction

Physical exercise has time and again been recognized as 
highly beneficial for the mind and body because of its posi-
tive effects on a multitude of organs in the body. Exercise 
has been defined as—‘a subset of physical activity that is 
planned, structured, and repetitive and has as a final or an 
intermediate objective the improvement or maintenance of 
physical fitness’ (Caspersen et al. 1985).

With an increasing shift toward a sedentary lifestyle, the 
prevalence of a myriad of metabolic conditions, now cat-
egorized as lifestyle disorders, is at an all-time high. Exer-
cise is currently being prescribed as a non-pharmaceutical 
approach to alleviate symptoms of such metabolic, heart and 
pulmonary, muscle, bone, and joint disorders and conditions 
that are seemingly unrelated to metabolism such as cancer, 
asthma, and depression (Pedersen and Saltin 2006). Studies 
have shown that exercise also confers cognitive benefits to 

individuals with neurodegenerative disorders by increasing 
neurogenesis, improving synaptic plasticity, and reducing 
neuroinflammation. A vast amount of literature has provided 
evidence that any form of exercise, aerobic, and resistance 
training can attenuate cognitive impairment and reduce the 
risk of developing dementia.

Important to mention is the Randomized control trial 
(RCT), called ‘Preserving Cognition, Quality of Life, Physi-
cal Health and Functional Ability in Alzheimer’s Disease: 
the Effect of Physical Exercise (ADEX)’ of 2012–2013 
that recruited 200 patients with mild AD to understand the 
effects of moderate to high intensity of exercise on cogni-
tion over 16 weeks (Hoffmann et al. 2016). Neuropsychiat-
ric symptoms were found to be less severe after 16 weeks 
of exercise. The authors opined that exercise might have a 
dose-dependent effect on cognitive improvement and could 
be used as an add-on therapy for AD patients (Hoffmann 
et al. 2016).

When the body undergoes physical exercise, a multi-
tude of cellular and molecular changes occur. The exer-
cise responsome is responsible for tissue and organ cross-
talk encompassing nearly every organ system. Cytokines 
released from skeletal muscles (myokines), adipose tissues 
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(adipokines), liver (hepatokines), and bone (osteokines) 
have an autocrine/paracrine influence in regulating whole-
body metabolism, including the brain (Safdar et al. 2016; 
Lee et al. 2019). These cytokines, miRNAs, and other 
metabolites released from various organs in response to 
exercise that extend multisystemic benefits have been 
termed as exerkines (Safdar et al. 2016).

Some exerkines have been shown to cross the 
Blood–brain barrier (BBB) and positively regulate pro-
survival and longevity-related signaling pathways in the 
Central nervous system (CNS). The Insulin-like growth 
factor-1/Phosphoinositide 3-kinase/AKT (IGF-1/PI3K/
AKT) axis and AMP-activated protein kinase/Sirtuin 1/
Peroxisome proliferator-activated receptor γ co-activator 
1-alpha (AMPK/SIRT1/PGC1α) axis are the main molecu-
lar signaling pathways upregulated in response to physi-
cal exercise (Lin et al. 2020). These pathways are directly 
responsible for cell survival and neuroprotective effects in 
the brain. Understanding the intricacies of these pathways 
is crucial to understanding the wide-reaching advantages 
of physical exercise.

While the exact dosage, intensity, and specific regimens 
of exercise are to be established for each disorder to achieve 
maximum benefits, researchers are also looking at pharma-
ceutical approaches that induce exercise-like benefits in the 
body. Exercise mimetics are drugs that activate signaling 
pathways and mimic exercise-like conditions at the cellular 
level. Such drugs could be used to increase endurance in rats 
by translating changes at the cellular level to physiological 
adaptations such as increased mitochondrial biogenesis and 
fiber remodeling of skeletal muscles toward more oxidative 
type (Narkar et al. 2008) (Fig. 1).

Physiological Responses to Exercise

Skeletal muscle is a highly dynamic tissue that regulates 
bodily movement. It is one of the major sites for the trans-
port of oxygen and metabolites to other organs and has been 
extensively studied in connection to exercise physiology. 
With respect to metabolism, the skeletal muscle fibers can 
be broadly classified into slow twitch (type I) and fast twitch 

Fig. 1   Schematic representa-
tion depicting role of exercise 
responsome on CNS/brain: 
During physical exercise, body 
releases different cytokines 
from different tissues like skele-
tal muscles (myokines), adipose 
tissues (adipokines), liver (hepa-
tokines), and bone (osteokines). 
These cytokines altogether 
are known as “exerkines.” 
These exerkines are released in 
blood and then travel through 
blood–brain barrier (BBB) and 
regulate the cellular signaling 
pathways e.g., IGF-1/PI3K/
AKT axis and AMPK/SIRT1/
PGC1α axis in CNS/brain 
causing increased neurogenesis, 
improved synaptic plasticity, 
and reduced neuroinflammation. 
Created with BioRender.com
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(type II). In humans, type II fibers are further differentiated 
into IIa, IIx based on differential myosin heavy chain gene 
expression (Schiaffino and Reggiani 2011; Talbot and Maves 
2016). While type I and IIa are more oxidative, IIx fibers 
lean toward a glycolytic phenotype. In response to exercise, 
the skeletal muscle undergoes fiber remodeling to exhibit a 
higher proportion of oxidative fibers. The more oxidative 
the fibers are, the higher the mitochondrial content and vas-
cularization. An increase in mitochondrial biogenesis and 
mitochondrial electron transport chain enzymes is observed 
in response to exercise (Holloszy and Booth 1976). Rise in 
glucose uptake and improved insulin sensitivity are also seen 
in the skeletal muscles of regularly exercising individuals.

Adipose tissue in humans can be classified into White 
adipose tissue (WAT) and Brown adipose tissue (BAT). 
While WAT is distributed throughout the body subcutane-
ously and acts as primary storage for fat, BAT is sparsely 
distributed and burns energy which is then released as 
heat (Heinonen et al. 2014). Conclusive evidence for the 
involvement of BAT has not been obtained, but studies have 
identified changes in WAT, showing increased mitochon-
drial activity, glucose uptake, and endocrine capabilities in 
response to physical exercise (Vidal and Stanford 2020).

The liver is a crucial organ for adapting to exercise-
induced changes in skeletal muscles. While the functional 
capabilities of this organ are vast, one pivotal task it carries 
out is to meet the metabolic demands of the exercising skel-
etal muscles, by mobilizing and recycling energy substrates 
(Trefts et al. 2015).

Evidence is piling up on the multitudinous benefits of 
exercise in improving cognitive functions. Running can 
improve hippocampal neurogenesis, synaptic plasticity, 
memory, and learning capabilities in mice (van Praag et al. 
1999). Animal studies have demonstrated marked changes 
in the hippocampus and neocortex in the form of neural and 
glial cell proliferation, angiogenesis, and increase in the con-
centration of neurotransmitters and release of pro-cognitive 
growth factors such as Brain derived neurotrophic factor 
(BDNF) and Insulin-like growth factor-1 (IGF-1) (Man-
dolesi et al. 2018). In animal models of neurodegeneration, 
motor activity was found to induce neuroprotective effects 
on the brain (Mandolesi et al. 2018). An exercise-induced 
upregulation of growth factors such as BDNF, IGF-1, Vascu-
lar endothelial growth factor (VEGF) both in the periphery 
and the CNS; neurotransmitters implicated in neurogenesis 
such as γ-aminobutyric acid (GABA), dopamine, glutamate, 
serotonin; transcription factors including sex-determining 
region Y-box 2 (Sox2), forkhead box O proteins (FoxOs), 
neuronal differentiation (NeuroD), Kruppel-like factor 9, 
paired box protein (Pax6), and neurogenin 2 (Neurog2) all 
of which are involved in neurogenesis has been observed 
(Kandola et al. 2016). Long-term potentiation (LTP), a form 
of neural plasticity, was found to be enhanced in the dentate 

gyrus of the hippocampus of running mice as opposed to 
sedentary mice (van Praag 2009). Owing to the inaccessi-
bility of the human brain, translating evidence from animal 
studies to humans, in real-time, is riddled with roadblocks. 
Nevertheless, similar marker proteins implicated in neuro-
genesis, neuroinflammation, neuroprotection, and synaptic 
plasticity have been identified and found to be upregulated 
upon exercising. A significant increase in brain volume in 
aged adults who underwent aerobic training regularly for 
6 months, as opposed to the control subjects (older non-
aerobic exercise group and younger adult group), has been 
reported (Colcombe et al. 2006).

This affirms the fact that exercise has a multisystemic 
response in positively regulating metabolic functions, ame-
liorating symptoms of metabolism-related disorders, and 
providing neuroprotection to the older population. The 
molecular and cellular signaling mechanisms regulating 
such responses to physical exercise are not completely dis-
cerned. In the upcoming sections, we will discuss the con-
stituents of exercise responsome, understand the variables 
associated with exercise, and briefly look at pharmaceutical 
interventions that mimic exercise-like conditions, exercise 
mimetics within the body. We will try and understand these 
signaling mechanisms and the nuances associated with them, 
from the perspective of the CNS.

The Exercise Responsome

The exercise responsome refers to changes in the molecu-
lar profile of tissues and organs when the body undergoes 
some form of physical exercise (Neufer et al. 2015). It initi-
ates crosstalk between different organs leading to beneficial 
adaptations.

Based on their involvement, we may classify the exer-
cise responsome into direct and indirect effectors. Indirect 
effectors include all those factors that are released into 
the bloodstream from any tissue or organ with the ability 
to mediate multisystemic benefits of exercise. The term 
‘exerkines’ was coined to describe these circulating spe-
cies, which may include cytokines, miRNAs, small pep-
tides, and even extracellular vesicles (Safdar et al. 2016). 
The approach that a therapeutic advantage could be derived 
from circulating exercise-induced cytokines began when 
the muscle secretome exerting autocrine, paracrine, and 
endocrine effects to communicate with other organs were 
classified as myokines (Pedersen et al. 2003; Pedersen and 
Febbraio 2012). It has been proposed that myokines could 
mediate exercise-induced effects that could potentially ame-
liorate symptoms of lifestyle disorders (Pedersen and Feb-
braio 2012). Many adipokines, hepatokines, osteokines, and 
miRNA species have been identified that fit the criteria of 
exerkines.
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Direct effectors include signaling molecules, transcrip-
tional co-activators, and factors, kinases which when acted 
upon by indirect effectors initiate cellular metabolic changes. 
These metabolic changes include, as previously discussed, 
increased glucose uptake, mitochondrial biogenesis, upreg-
ulated oxidative phosphorylation which may contribute to 
neurogenesis, improved synaptic plasticity. These effectors 
make up the main signaling cascades involved in exercise-
mediated adaptations, including the AMPK/SIRT1/PGC1α 
pathway and the IGF-1/PI3K/AKT pathway.

Ample evidence shows that exerkines released in the 
periphery can cross the BBB and exert pro-cognitive effects 
especially in the hippocampus and prefrontal cortex (Lee 
et al. 2019). The mechanisms governing their regulation are 
yet to be elucidated.

Exerkines

A diverse range of exerkines is released into the periphery 
after an acute bout of physical exercise. These circulating 
species act as messengers by which the brain senses exercise 
and activates pro-cognitive downstream signaling pathways.

FNDC5/Irisin

When it was first discovered in 2012, irisin was introduced 
as an exercise-induced myokine—an exerkine, which facili-
tates browning of adipose tissues, elevates Uncoupling pro-
tein 1 (UCP1) in primary fat cells, and improves glucose 
homeostasis and energy expenditure (Boström et al. 2012). 
Irisin was proposed to be the secretory form of a transmem-
brane protein, Fibronectin type III domain-containing pro-
tein 5 (FNDC5). FNDC5 was originally classified as a per-
oxisomal protein, expressed in skeletal muscle, brain, heart, 
and other tissues of mice (Ferrer-Martínez et al. 2002). 
When it was discovered, the existence of irisin was called 
into question and touted to be a myth, much like the Greek 
goddess Iris. This was in part due to unreliable quantitative 
methods and non-specificity of antibodies employed and the 
occurrence of a non-canonical start codon (Albrecht et al. 
2015; Raschke et al. 2013). Definitive proof of its existence 
and circulation induced by exercise was laid when systemic 
irisin levels were detected at ∼3.6 ng/ml in sedentary indi-
viduals using state-of-the-art quantitative mass spectrometry 
(Jedrychowski et al. 2015). Further, elevated levels of irisin 
[∼4.3 ng/ml] following 12 weeks of intense aerobic training 
were reported (Jedrychowski et al. 2015). A study reported 
increased Fndc5 mRNA levels in the skeletal muscles as 
well as in the hippocampus of exercising mice (Wrann et al. 
2013). In addition, gene expression of PGC1α was also 
upregulated (Wrann et al. 2013).

Irisin is a PGC1α-dependent myokine, i.e., PGC1α’s 
expression in the skeletal muscle of exercising mice induced 
the secretion of irisin into the bloodstream (Boström et al. 
2012). PGC1α is a transcriptional co-activator that mediates 
the effects of exercise on muscle, brain, and other organs 
(Boström et al. 2012; Wrann et al. 2013). BDNF, a neu-
rotrophic factor released into the periphery as well as in 
the brain, is considered indispensable for exercise-related 
cognitive improvements. Exercise-upregulated PGC1α was 
found to activate neuronal Fndc5 gene expression, further 
positively regulating BDNF in hippocampal neurons (Wrann 
et al. 2013). Of interest, peripheral delivery of FNDC5 via 
adenoviral vectors was adequate to induce central expres-
sion of Bdnf (Wrann et al. 2013). The authors suggested 
that systemic FNDC5 influences brain health via BDNF 
possibly by crossing the BBB, opening a way for its thera-
peutic potential in neurodegenerative disorders (Wrann et al. 
2013). Another important study showed that FNDC5/irisin 
blocks Amyloid β oligomers (AβOs), that accumulate in 
Alzheimer’s disease (AD) brains, from binding to neurons 
and block their downstream activity implicated in memory 
failure (Lourenco et al. 2019). The authors divulged into 
the molecular nuances of FNDC5/irisin’s neuroprotective 
role and concluded that exogenous recombinant irisin acti-
vates the cyclic adenosine monophosphate/protein kinase 
A/cAMP response element-binding protein (cAMP/PKA/
CREB) pathway, which is dysregulated in AD patients 
(Lourenco et al. 2019). Thus, bolstering irisin levels via 
exercise may indeed ameliorate symptoms of AD. Another 
research group sought to understand exercise-induced iri-
sin’s therapeutic role in cerebral ischemic mice. Important 
findings were that irisin reduced brain infarction by acti-
vating the AKT and Extracellular signal-regulated kinase 
(ERK)1/2 pathways in the brain implying a much broader 
role in neuroprotection (Li et al. 2017). Irisin has also been 
shown to have an anti-inflammatory effect on astrocytes, 
by lowering the levels of Interleukin-1β (IL-1β) and Inter-
leukin-6 (IL-6), which are otherwise elevated in Amyloid 
β (Aβ)-induced neuropathology of AD (Wang et al. 2018).

Cathepsin B

Cathepsin B (CTSB) belongs to the papain-like family of 
cysteine proteases and is involved in the general protein 
turnover of cells (Cavallo-Medved et al. 2011). Extensive 
research has implicated the pathological nature of CTSB 
in cancers and neurodegenerative disorders. CTSB is abun-
dantly expressed in the brain, in comparison to other lyso-
somal cysteine proteases (Hook et al. 2020). Expression is 
seen throughout the development of the human brain, from 
the embryonic to adult stage, implying an important role in 
neuroprotection possibly by maintaining optimal lysosomal 
activity. Even so, a myriad of human and animal studies have 
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shown that CTSB levels are elevated in AD and AD-related 
disorders, hinting at its involvement in brain pathogenesis 
(Hook et al. 2020).

Muscle-secreted, exercise-induced CTSB can positively 
regulate hippocampal functions via BDNF and Doublecor-
tin (DCX) (Moon et al. 2016). They observed that, tread-
milling increases plasma CTSB levels in rhesus monkeys 
and humans and that it crosses the BBB in mice. Knockout 
(KO) CTSB mice were found to display shortfalls in mem-
ory functions as well as hippocampal neurogenesis (Moon 
et al. 2016). This was a pioneering study that put forward 
the perspective that CTSB mediates exercise-related cogni-
tive benefits.

The exercise-mediated tendency of CTSB to improve 
neural health is still at a nascent stage and yet to be exten-
sively characterized. But CTSB is a particularly precarious 
protein to rely on for its therapeutic abilities. Numerous 
studies implicate overexpression of CTSB as a contribut-
ing factor to malignancies during several cancers including 
gastric, oesophageal, prostate, breast (Aggarwal and Sloane 
2014). Hence, targeting CTSB in cancers may have reper-
cussions on brain health, warranting further research into its 
molecular and cellular tendencies.

IL‑6

IL-6 is a pleiotropic cytokine produced transiently in 
response to infections or tissue damage and contributes to 
host defense, through acute phase proteins and hematopoie-
sis (Tanaka et al. 2014). It has both pro- and anti-inflamma-
tory responses. IL-6 is produced from macrophages, vascu-
lar endothelial cells, fibroblasts, with 10–30% of the body’s 
IL-6 coming from adipose tissue (Pedersen et al. 2001).

IL-6 levels were found to rise after a marathon and 
dropped afterward (Ostrowski et al. 1998). Upon detection 
of IL-6 mRNA in muscle biopsies after exercise, it was 
suggested that IL-6 may be released from skeletal muscles 
into circulation and that IL-6 possibly induces Interleukin 
1 receptor antagonist (IL-1ra) production to inhibit other 
cytokines (Ostrowski et al. 1998). Tumor necrosis factor 
(TNF) α, IL-1b were increased moderately, while IL-6 
levels rose drastically immediately after a bout of strenu-
ous exercise (Ostrowski et al. 1999). The authors identi-
fied that the rise in these pro-inflammatory cytokines is 
an acute phase response, but not a fully developed whole-
body response, as seen in inflammation. The short-lived 
response may be due to the balance created by the pro-
duction of cytokine inhibitors as well as anti-inflamma-
tory cytokines, also induced by exercise (Ostrowski et al. 
1999). Further, it has been shown that IL-6 production by 
skeletal muscles in response to exercise is enhanced when 
glycogen content is low within the contracting muscle 
suggestive of an energy sensor role for IL-6 (Keller et al. 

2001; MacDonald et al. 2003). Subsequent studies have 
also shown an increase in IL-6 levels after exercise, with 
a few discrepant studies showing a lack of IL-6 induc-
tion, confined only to acute exercise (Catoire and Kersten 
2015).

Exercise-induced skeletal muscle IL-6 mediates hepatic 
gluconeogenesis and lipolysis in adipose tissue. It also 
helps regulate glucose homeostasis during exercise (Mac-
Donald et al. 2003; Carey et al. 2006). The involvement of 
AMPK in IL-6 release from skeletal muscle while exercis-
ing has been suggested (MacDonald et al. 2003). A strong, 
positive correlation between IL-6 release and α2-AMPK 
activity was observed in endurance-trained individuals 
after a bout of exercise (MacDonald et al. 2003). Another 
study concluded that IL-6 mediated glucose uptake via 
enhanced Glucose transporter type 4 (GLUT4) transloca-
tion to the cell membrane and found that AMPK is pos-
sibly involved in IL-6’s role in glucose metabolism (Carey 
et al. 2006).

Nybo et al. (2002) investigated whether exercise changed 
IL-6 kinetics in the brain. They found that the brain indeed 
releases IL-6 transiently in response to prolonged exercise, 
albeit at a low concentration than that is produced from skel-
etal muscles. Accordingly, the authors suggested that the 
role of cerebral IL-6 in glucose homeostasis may be con-
siderably less than that of skeletal muscle IL-6 (Nybo et al. 
2002). Rasmussen et al. (2011) performed human and mice 
studies on brain IL-6 levels and IL-6 mRNA expression, 
respectively, after prolonged exercise. The important takea-
ways were that, human brains release IL-6 while exercising 
as well as in the recovery period; the mice study showed 
an inverse relationship between glycogen content and IL-6 
mRNA expression, wherein exercise led to decreased glyco-
gen levels and induced IL-6 mRNA expression in hippocam-
pus (Rasmussen et al. 2011). While the acute elevation of 
pro-inflammatory cytokines such as IL-6 has a positive 
impact on the overall metabolism of the brain, reports indi-
cate that chronic inflammation is detrimental and contributes 
to neurodegeneration in senescence (Ye and Johnson 1999). 
Elevated IL-6 has been observed in the hippocampus, cortex, 
and cerebellum of aged mice in comparison to younger mice 
(Ye and Johnson 1999). Taking a different approach, the 
anti- and pro-inflammatory ratio elicited in the hippocampus 
of aged rats subjected to an aerobic exercise regimen was 
investigated (Gomes da Silva et al. 2013). A reduction in 
IL-6/IL-10 and TNF α/IL-10 ratio was detected in the senes-
cent, exercising group as compared to the aged, non-exercis-
ing group (Gomes da Silva et al. 2013). The study suggested 
that a favorable balance between anti- and pro-inflammatory 
cytokines could be established through physical exercise in 
aged rats. Elevated levels of IL-6 have been observed after 
exercise, but the extent to which it contributes to improved 
brain function is yet to be detailed.
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Adiponectin

Adiponectin (ApN) is an adipocytokine released into circu-
lation by adipocytes, produced exclusively in WAT. It plays 
a crucial role in regulating glucose and lipid metabolism in 
insulin-responsive tissues of humans and animals. Low lev-
els of circulating ApN have been implicated in obesity and 
insulin resistance in animal studies. Pleiotropically acting, 
ApN exerts its beneficial effects on adipose tissue, skeletal 
muscles, pancreas, liver, kidney, brain, heart, and the vascu-
lar system in humans (Abou-Samra et al. 2020).

ApN exerts most, if not all, its metabolic effects through 
AdipoR1 and AdipoR2 receptors in vivo, where the former 
is expressed heavily in skeletal muscle and the latter in liver 
(Yamauchi et al. 2007). The two receptors are different in 
terms of their signaling inclinations—AdipoR1 activates the 
AMPK pathway which regulates energy homeostasis spe-
cifically by inhibiting anabolic reactions, while AdipoR2 
activates Peroxisome proliferator-activated receptor (PPAR) 
α pathways that are associated with expending energy and 
inhibiting oxidative stress (Yamauchi et al. 2007). Even 
though diverging signaling cascades are involved, both 
the receptors function to ameliorate insulin resistance 
(Yamauchi et al. 2007). Low molecular weight (LMW) trim-
ers of ApN undergo posttranslational modifications to form 
Middle molecular weight (MMW) hexamers and the meta-
bolically active, High molecular weight (HMW) multim-
ers, which seem to be a good measure of estimating insulin 
resistance as well (Krause et al. 2019). HMW ApN can bind 
to the T-cadherin receptor, a Glycosylphosphatidylinositol-
anchored protein (GPI-AP), expressed in abundance in the 
cardiovascular system (Bloemer et al. 2018).

When ApN was found to cross the BBB in mice, it led 
to speculation that the hormone also has centrally acting 
tendencies. Moreover, serum ApN levels are negatively 
correlated with metabolic syndrome and also appear to be 
altered in multiple neurological disorders such as ischemic 
stroke, AD, and Multiple Sclerosis (MS) (Yang et al. 2015). 
An important seminal study by Kubota et al. (2007) showed 
that ApN acting through AdipoR can activate AMPK in the 
hypothalamus of mice, leading to increased food intake and 
decreased energy dissipation. In conjunction with previous 
findings that only LMW and MMW were found in Cerebro-
spinal fluid (CSF) and that all forms can activate AMPK via 
AdipoR1, the authors suggested that HMW multimers of 
ApN may be too large to cross the BBB and, LMW trimers 
and MMW hexamers of ApN may be responsible for their 
metabolic activities in the CNS (Kubota et al. 2007). A role 
for ApN in regulating dendritic arborization, spinogenesis, 
and neurogenesis in the dentate gyrus of the hippocampus 
was defined, via ApN deficiency and Intracerebroventricu-
lar (ICV) infusion of ApN studies in mice by Zhang et al. 
(2016). Another study using aged ApN KO mice showed 

that ApN deficiency resulted in cognitive impairments as 
well as increased Aβ oligomers and hyperphosphorylated 
tau in the brain (Ng et al. 2016). Substantial neuroinflamma-
tion was also identified. ApN deficiency leading to AMPK 
attenuation and insulin resistance was responsible for AD-
like pathologies in the mice (Ng et al. 2016). Yau et al.’s 
(2014) study showed that 2 weeks of running significantly 
elevated hippocampal ApN levels, while ApN serum lev-
els were unaffected. The authors opined that the duration 
of running (2 weeks) may be insufficient to elicit a rise in 
serum ApN levels or, exercise-induced peripheral ApN sim-
ply crossed the BBB and elevated hippocampal levels. They 
also discovered that ApN partly mediates exercise-induced 
neurogenesis and antidepressant effects in the brain, possibly 
via AMPK activation (Yau et al. 2014).

The relationship between exercise and ApN has been 
widely pursued, because of the metabolic relief both provide. 
Thus far, results from studies on ApN levels, in response to 
exercise, have been ambiguous. While chronic, moderate-
to-high intensity exercise has led to increased serum lev-
els of ApN in some cases, not all studies are in consensus 
(Simpson and Singh 2008; Hayashino et al. 2014; Krause 
et al. 2019). Researchers reckon that interpreting data associ-
ated with ApN and exercise is challenging because of vari-
ous regimens, intensity, and duration of exercise; sex, body 
composition, and fitness levels of individuals; occurrence of 
different oligomers of ApN, and call for much more robustly 
designed exercise trials (Simpson and Singh 2008; Krause 
et al. 2019; Abou-Samra et al. 2020).

Leptin

Leptin is a pleiotropic adipokine with a central role in energy 
homeostasis, neuroendocrine regulation, and metabolism. 
Its concentration in the body is in direct proportion to total 
body fat mass (Kelesidis et al. 2010). Leptin acts as a sen-
sor for energy reserves in adipose tissue and signals CNS 
especially the hypothalamus, to regulate food intake and 
energy expenditure accordingly (Kelesidis et al. 2010). Its 
anorexigenic effects are exerted through leptin receptors 
(ObRs), abundantly expressed in the brain, and activation 
of the Janus kinase (JAK)-signal transducer and activator of 
transcription (STAT) 3 signaling pathway, predominantly 
(Kelesidis et al. 2010; Triantafyllou et al. 2016). Leptin 
also acts on peripheral organs where it mediates metabolic 
functions such as improved glucose sensitivity, browning 
of adipose tissue, and reduced lipolysis in adipose tissue; 
increased glucose uptake, increased glycogen synthesis, and 
lactate formation in skeletal muscles; and reduced hepatic 
gluconeogenesis (Triantafyllou et al. 2016).

Recombinant leptin replacement therapy has been 
used to aid leptin-deficient patients to regulate their body 
weight and energy homeostasis (Izquierdo et al. 2019). 
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Interestingly, high levels of leptin sans the anorexigenic 
ability have been observed in obese individuals, a con-
dition called leptin resistance completely thwarting the 
approach of employing recombinant leptin as a treatment 
for obesity (Izquierdo et  al. 2019). Studies have also 
shown that hyperleptinemia and leptin resistance lead to 
insulin resistance and the onset of type 2 diabetes point-
ing to a major role played by leptin in the pathogenesis 
of metabolic disorders and a possible crosstalk between 
insulin and leptin (McNeely et al. 1999; Moonishaa et al. 
2017).

Leptin is also synthesized in the brain and has been 
shown to regulate later developmental processes such as 
neurogenesis, synaptogenesis, and axonal growth (Bouret 
2010; Yook et al. 2019). Leptin gene therapy has been 
shown to rescue Aβ-induced cognitive impairments in 
double transgenic APP/PS1 mouse model of AD, which 
overexpress mutated gene forms of human amyloid pre-
cursor protein (hAPP) and prenisilin 1 (PS1), paving a 
way for leptin-based therapeutics in ameliorating neu-
rodegenerative conditions (Pérez-González et al. 2014).

Several studies aimed to investigate a possible relation-
ship between leptin and exercise, because of the effect 
both have on general body metabolism. Racette et al.’s 
(1997) study evaluated plasma leptin levels and abdomi-
nal adipose tissue leptin production after a bout of moder-
ate-intensity cycling exercise and no significant changes 
were reported. Building on the notion that a single bout 
of exercise does not affect leptin levels, Essig et al. (2000) 
hypothesized that exercise may decrease peripheral leptin 
levels, not immediately but after 48 h. They observed that 
an energy expenditure of 800 or 1500 kcal led to approxi-
mately 30% decrease in leptin levels evident only after 
48 h (Essig et al. 2000). An extensive meta-analysis study 
showed that only aerobic exercise led to increased ApN 
and decreased leptin levels in diabetic and pre-diabetic 
individuals (Becic et al. 2018).

Importantly, it was observed that hippocampal but not 
circulatory leptin mediates benefits of a combination of 
mild exercise and dietary astaxanthin antioxidant includ-
ing enhancement of adult hippocampal neurogenesis and 
spatial memory (Yook et al. 2019).

While leptin signaling has been established as an 
important player in modulating exercise-induced improve-
ments in the brain, its dysregulation—hyperleptinemia 
and leptin resistance, spells trouble for the whole body—
contributes to impairment of energy homeostasis, neuro-
degeneration, and type 2 diabetes. So, the development of 
leptin-based therapeutics to combat metabolic disorders 
may require much deeper background research on leptin 
signaling in the body and the extent to which exercise-
induced leptin is beneficial.

Osteocalcin

Osteocalcin (OCN), a vitamin-K dependent, γ- carboxy glu-
tamic acid (GLA) containing protein is produced abundantly 
in the bone, specifically by osteoblasts (Price et al. 1976; 
Hauschka et al. 1989; Mizokami et al. 2017). Circulating 
OCN occurs as γ- carboxylated OCN and γ- uncarboxylated 
OCN of which, the uncarboxylated form has been shown 
to function as a hormone regulating glucose and energy 
metabolism in the body (Mizokami et al. 2017). Both car-
boxylated and uncarboxylated forms of OCN are positively 
associated with improved glucose tolerance in middle-aged 
men (Hwang et al. 2009). A daily dose of OCN injections 
administered to wild-type mice exhibits increased insulin 
secretion, improved insulin sensitivity, and glucose homeo-
stasis as well as a partial restoration of glucose tolerance and 
insulin sensitivity in High-fat diet (HFD)-fed rats (Ferron 
et al. 2012).

In addition to regulating whole-body metabolism, OCN 
can cross the BBB (uncarboxylated form, more efficiently 
than the carboxylated form), favor post-natal brain develop-
ment, and positively influence spatial learning and memory 
in adult mice (Oury et al. 2013). Gpr 158, an orphan class 
C-G protein coupled receptor (GPCR), expressing in the hip-
pocampal Cornu Ammonis (CA) 3 region, cortex, piriform 
cortex, retro-splenial area, and ventral tegmental area of the 
brain, mediates the effects of OCN (Khrimian et al. 2017). 
They also identified that OCN acting through Gpr 158 is 
involved in the global trafficking of BDNF vesicles in the 
brain (Khrimian et al. 2017). There also have been indi-
cations that the decrease in OCN levels produced by bone 
directly correlates with the cognitive decline that comes 
with aging (Khrimian et al. 2017). Hence, when exogenous 
OCN was delivered to 14-month-old mice peripherally for 
2 months, their hippocampal-dependent memory improved 
significantly and was found to be comparable to that of 
3-month-old mice (Khrimian et al. 2017). The older mice 
also exhibited significant improvements in spatial learning.

Recent research has shown OCN levels to increase in 
3-month-old mice after a single bout of exercise (Mera 
et al. 2016). OCN levels were also elevated in young women 
after a 45-min-long exercise regimen (Mera et al. 2016). 
The authors noted decreased levels of OCN in aging mice, 
rhesus monkeys, and humans at the same period as their 
diminishing exercise capacity. Of interest, they observed that 
OCN levels fail to rise to the same extent as the younger 
population even after exercise. But, when exogenous OCN 
was administered to older mice (12- and 15-month-old) with 
lower circulating OCN levels and exercise capacity, before 
exercise, not only did it increase peripheral OCN levels by 
fourfold but also their exercise capacity to that of 3-month-
old mice. This led the authors to conclude that exogenous 
OCN can undo age-related reduction in exercise capacity.
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Another study evaluated the levels of OCN, BDNF, and 
other exerkines such as irisin, CTSB after a bout of High-
intensity interval exercise (HIIE) in healthy males (Nico-
lini et al. 2020). A significant increase in uncarboxylated 
OCN and BDNF levels was found in the exercising group. 
The authors found that the levels of uncarboxylated OCN 
and BDNF are linked and together, help improve exercise-
mediated benefits on the brain, in terms of improved neu-
roplasticity, learning, and memory.

Research linking exercise-mediated effects of the bone 
hormone, OCN with improved neurological functions 
albeit promising, is at a nascent stage and worth exploring.

FGF21

Fibroblast growth factor 21 (FGF21), prominently 
expressed in the liver, but also in adipose tissue, pancreas, 
skeletal muscle, and brain, is involved in regulating energy 
metabolism by improving insulin sensitivity, glucose, and 
lipid homeostasis of the body (Kim et al. 2013; Sa-nguan-
moo et al. 2016). A study by Kharitonenkov et al. (2005) 
depicted that FGF21 reduces circulatory glucose and lipid 
levels in diabetic rodents, and suggested it to be a novel 
metabolic regulator and a potential therapeutic agent for 
diabetes. In humans and rodents, FGF21 is induced by pro-
longed fasting (Inagaki et al. 2007; Gälman et al. 2008). 
As part of the adaptive response against starvation, FGF21 
crosses BBB and induces hypothalamus-regulated hepatic 
gluconeogenesis in mice (Liang et al. 2014).

FGF21 is also expressed in the brain and acts on dopa-
minergic neurons to enhance mitochondrial activity, via 
induction of SIRT1/PGC1α pathway (Mäkelä et al. 2014). 
In obese insulin-resistant male rats, FGF21 prevents cog-
nitive impairment, improves synaptic plasticity in the 
hippocampus, enhances brain mitochondrial activity, and 
protects against oxidative stress and apoptosis in the brain 
(Sa-nguanmoo et al. 2016).

In 2013, Kim et al. showed that an acute bout of exer-
cise elevates serum levels of FGF21 in mice as well as 
humans (Kim et al. 2013). Besides, they also found an 
increased expression of hepatic FGF21, likely responsible 
for the elevated FGF21 serum levels (Kim et al. 2013). A 
study by Liu et al. (2018a) discovered that increased serum 
FGF21 levels in response to exercise were primarily from 
the liver. Importantly, their FGF21 KO mice study dem-
onstrated that exercise-induced FGF21 may reduce neu-
roinflammation and improve synaptic plasticity (Liu et al. 
2018a). As can be seen, that exercise-mediated FGF21’s 
involvement in neuroprotection is largely unknown. Fur-
ther studies in this regard are warranted (Fig. 2).

Other Bioactive Molecules Induced 
in Response to Exercise

Orexin A

Orexins were discovered in 1998, using a cell-based 
reporter system that was aimed at identifying peptide 
ligands for many orphan GPCRs (Sakurai et al. 1998). 
Orexins, A, and B were then categorized as a novel family 
of neuropeptides that respond per the nutritional status of 
the organism (Sakurai et al. 1998). They were found to be 
highly expressed in the lateral hypothalamus and adjoining 
areas of the brain involved in the regulation of food intake 
and energy homeostasis, centrally (Sakurai et al. 1998). 
The potential involvement of these neuropeptides in the 
pathology of narcolepsy, wherein, sufficient deficiency of 
orexin transmission can induce the chronic neurodegen-
erative disorder, has been widely studied (Ebrahim et al. 
2002; De la Herrán-Arita et al. 2011).

Recently, plasma orexin A levels were found to be 
elevated in response to physical exercise in a study con-
ducted in human subjects (Messina et  al. 2016). The 
authors suggested that the positive correlation between 
Orexin A and exercise could implicate many roles for this 
neuropeptide in peripheral adaptations of the body to exer-
cise (Messina et al. 2016). Further studies are mandated 
to clarify the significance of upregulated Orexin A levels 
during exercise.

SPARC​

Secreted protein acidic and rich in cysteine (SPARC) is a 
Ca2+ binding, matricellular protein that regulates Extracel-
lular matrix (ECM) assembly as well as its organization 
and is important for cell migration, proliferation, and dif-
ferentiation (Chlenski et al. 2011). It has also been shown 
to disassemble and degrade ECM networks (Chlenski et al. 
2011). SPARC has been identified in myotubes and muscle 
fibers, where its production increases during muscle devel-
opment (So et al. 2014). It is also involved in the inhibition 
of adipogenesis and regulation of glucose metabolism (So 
et al. 2014). It has been shown to interact with AMPK and 
positively contribute to AMPK-regulated glucose metabo-
lism (Song et al. 2010).

In the CNS, SPARC is largely expressed in microglia and 
a few subcortical astrocytes, where it is involved in the regu-
lation of microglial proliferation and structure, also, it poten-
tially modulates neuro-immune microglial responses after 
injury (Lloyd-Burton et al. 2013). Upregulation of SPARC 
has been implicated in many neurological conditions such as 
AD, ischemia, and gliomas (Jayakumar et al. 2017).
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SPARC expresses abundantly in the basal lamina and 
its serum levels were found to be upregulated during cycle 
ergometer training at Lactate threshold (LT) in a study 
(Riedl et al. 2010). Another study reported an increase 
in expression and secretion of skeletal muscle SPARC in 
mice as well as humans, after a single bout of exercise (Aoi 
et al. 2013). Further, they observed that SPARC secreted 
in response to exercise was able to inhibit colon tumori-
genesis via apoptosis (Aoi et al. 2013). In a recent study, 
Songsorn et al. (2017) found that supramaximal exercise 
failed to affect serum levels of SPARC. The authors opined 
that duration may be of more significance than the inten-
sity of the exercise, for SPARC serum levels to change 
(Songsorn et al. 2017).

Musclin

Musclin is a myokine almost exclusively expressed and 
actively secreted by skeletal muscle (Nishizawa et al. 2004). 
Another group identified this peptide as Osteocrin, a novel 
bone-specific protein with an osteoblast-regulatory role 
(Thomas et al. 2003).

Musclin mRNA levels are controlled by the nutritional 
status of the organism and were found to be upregulated in 

insulin-resistant obese mice (Nishizawa et al. 2004). Recom-
binant musclin was found to attenuate insulin-dependent glu-
cose uptake and glycogen synthesis in muscle cells (Nishi-
zawa et al. 2004). High levels of musclin are implicated in 
insulin resistance, dysregulation of glucose metabolism, 
and ultimately the onset of type 2 diabetes (Nishizawa et al. 
2004; Liu et al. 2008; Chen et al. 2017a, b).

A 2016 study showed that swimming exercise improves 
glucose metabolism in HFD-fed rats and downregulates the 
expression of musclin (Yu et al. 2016). Another group also 
reported a significant decrease in skeletal muscle-derived-
musclin expression, in response to chronic resistance exer-
cise in a type 2 diabetes rat model (Shimomura et al. 2021).

Currently, the underlying mechanisms associated with 
musclin and insulin resistance, musclin downregulation by 
physical exercise, and a potential role (if it exists) in neuro-
degeneration, remain elusive.

METRNL

METRNL is a secreted protein reported by Jørgensen et al. 
(2012) and Zheng et al. (2016) independently. It is also 
referred to as cometin, subfatin, and Interleukin 96 for its 
roles as a neurotrophin, adipokine, and cytokine, respectively 

Fig. 2   Exercise-mediated release of various exerkines from differ-
ent tissues and their effects on hippocampal region of brain: Exer-
cise releases various exerkines like FNDC5/irisin, CTSB, Adiponec-
tin, Osteocalcin, FGF21 from different tissues like skeletal muscles 
(myokines), adipose tissues (adipokines), liver (hepatokines), and 
bone (osteokines), respectively. These exerkines cross the BBB and 

modulate the activities of important signaling molecules such as 
AKT/ERK, AMPK, cAMP/PKA/CREB, BDNF, and gpr158 which 
further lead to exercise-induced benefits for brain. Leptin is synthe-
sized and secreted in the brain in response to exercise causing neuro-
protection. Created with BioRender.com
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(Zheng et al. 2016). As a neurotrophin, METRNL stimulates 
neurite growth from sensory neurons, migration of neuro-
blasts from the subventricular zone in vitro, and promotes 
neuroprotection of spiral ganglion in vivo (Jørgensen et al. 
2012). Acting through PPARγ in the adipose tissue, it pro-
motes white adipocyte differentiation, promotes lipid metab-
olism, and insulin sensitivity overall (Zheng et al. 2016).

Exercise induces the release of METRNL in skeletal mus-
cles, whose high circulatory levels improve glucose sensitiv-
ity in diabetic rats, hinting at a possible role for METRNL 
in combating metabolic dysregulation (Rao et al. 2014). It 
has recently been shown that METRNL crosses the BBB 
and mediates crosstalk between muscle and brain (Berghoff 
et al. 2021). This suggests that METRNL can be a putative 
exerkine mediating beneficial effects of exercise in the brain.

The Periphery‑Brain Axis 
of Exercise‑Mediated Benefits

In response to physical activity, numerous exerkines are 
released into circulation which then induce signaling in vari-
ous organs of the body, including the brain. As previously 
discussed, the following are some putative exerkines arising 
in the periphery as well as in the brain, to translate exercise-
induced cognitive benefits. Irisin, the cleaved product of 
FNDC5, is released to the periphery from skeletal muscle 
in response to exercise (Boström et al. 2012). Peripheral 
FNDC5 can induce Bdnf in the brain, suggesting that it is 
able to traverse the BBB and induce positive effects on the 
brain (Wrann et al. 2013). Also, acting directly on the brain, 
exercise-induced PGC1α can activate neuronal Fndc5 gene 
expression, which further increases hippocampal expression 
of BDNF (Wrann et al. 2013). CTSB, a cysteine protease 
myokine, has been shown to cross the BBB in mice and 
regulate hippocampal functionality by increasing the expres-
sion of BDNF and DCX (Cavallo-Medved et al. 2011; Moon 
et al. 2016). IL-6 is released into circulation, most likely by 
skeletal muscles (Ostrowski et al. 1998). It has been shown 
to positively regulate glucose homeostasis in the body, pos-
sibly involving the energy sensor, AMPK (MacDonald et al. 
2003). While the prospect of exercise-induced peripheral 
IL-6, crossing the BBB and, mediating cognitive benefits is 
nescient, research shows that IL-6 is released from the brain 
albeit transiently and in low concentration, in response to 
prolonged exercise (Nybo et al. 2002). Hippocampal induc-
tion of IL-6 mRNA mediated by prolonged exercise has also 
been observed (Rasmussen et al. 2011). ApN, arising from 
adipocytes, has an important role in regulating glucose and 
lipid homeostasis in the body (Abou-Samra et al. 2020). 
Studies discerning ApN’s exercise responsive nature have 
been inexplicit with some concurrent and a few others in dis-
agreement (Simpson and Singh 2008; Hayashino et al. 2014; 

Krause et al. 2019). Running exercise elevates hippocampal 
ApN and mediates beneficial effects in the brain, likely via 
AMPK (Yau et al. 2014). Even though significant serum 
ApN levels were not detected, it could be due to insufficient 
exercise duration or that peripheral ApN simply crossed the 
BBB to hippocampus, researchers suggest (Yau et al. 2014). 
Leptin is another adipokine, with a requisite role in energy 
metabolism in the periphery, and functions to improve later 
developmental neurological processes in the brain (Bouret 
2010; Triantafyllou et al. 2016; Yook et al. 2019). A study 
showed that, in response to exercise, hippocampal derived 
but not systemic leptin in combination with dietary astaxan-
thin was able to elicit improvements in adult hippocampal 
neurogenesis and memory (Yook et al. 2019). Peripheral 
exercise-induced leptin impacting the brain positively is yet 
to be discovered. OCN, derived from the bone, regulates 
metabolic activities in the body and contributes to post-
natal brain development (Oury et al. 2013). It can cross 
the BBB and decreased OCN levels directly correlate with 
age-related cognitive decline (Oury et al. 2013; Khrimian 
et al. 2017). A correlation between OCN and BDNF levels 
has been discovered after a bout of high-intensity interval 
exercise (HIIE), leading to enhanced learning and memory 
in the brain (Nicolini et al. 2020). The liver-derived meta-
bolic regulator FGF21 is elevated in the serum of mice and 
humans after an acute bout of exercise (Kim et al. 2013). 
Exercise-elicited FGF21 has been shown to positively 
impact the brain in mice (Liu et al. 2018a). Besides these 
exerkines, a few other, lesser-known molecules have been 
speculated to contribute to exercise-induced improvements 
in the brain. Orexins are neuropeptides with roles in energy 
homeostasis whose serum levels are elevated by exercise 
(Sakurai et al. 1998; Messina et al. 2016). SPARC is an 
extracellular matrix regulating protein known to be involved 
in muscle development, adipogenesis, and microglial pro-
liferation (Lloyd-Burton et al. 2013; So et al. 2014). Serum 
SPARC was observed to be upregulated by exercise in many 
studies (Riedl et al. 2010; Aoi et al. 2013). Musclin, another 
myokine with exercise responsive ability, has been linked 
with the regulation of glucose metabolism in HFD mice, 
but a probable neuro-specific role is yet to be elucidated (Yu 
et al. 2016). METRNL, with neurotrophic and adipokine 
inclinations, is also released into the periphery by skeletal 
muscles contributing to better glucose tolerance in diabetic 
rats (Rao et al. 2014; Zheng et al. 2016). METRNL can 
traverse the BBB and mediate a crosstalk between muscle 
and brain, it has recently been shown, suggesting a role 
in exercise-mediated benefits on the brain (Berghoff et al. 
2021). While not all molecular entities that respond to exer-
cise have been designated to cross the BBB and act on the 
brain, we have discussed those that have such inclinations 
and some likely candidates whose path of action is yet to be 
illuminated. Many of these exerkines have been proposed 
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to activate signaling molecules in the brain, such as, BDNF, 
SIRT1, PGC1α, and IGF-1, which further turn on down-
stream signaling pathways that induce positive metabolic 
changes, neurogenesis, synaptic plasticity in the brain (Lee 
et al. 2019).

Exercise‑Induced Signaling Molecules 
in the Brain

BDNF

Many of the benefits of exercise are mediated through 
growth factors, prominent of which is BDNF. Serum BDNF 
levels increase transiently in response to exercise. Peripheral 
BDNF release is majorly contributed by vascular endothe-
lial cells, T cells, B cells, monocytes, and skeletal muscle 
cells (Phillips et al. 2014). Most of the circulatory periph-
eral BDNF is internalized and stored in platelets, whereas 
BDNF produced by skeletal muscle cells functions locally 
at the Neuromuscular junction (NMJ) (Phillips et al. 2014). 
In mice, BDNF has been shown to cross the BBB (Pan et al. 
1998).

BDNF is highly expressed in the hippocampus and 
cortex and has been associated with the proper function-
ing and survival of neurons. It has been shown to promote 
LTP and strengthen neurotransmission (Sleiman and Chao 
2015). BDNF also helps alleviate symptoms of Parkin-
son’s by mediating the survival of dopaminergic neurons 
and strengthening synaptic connections (Sleiman and Chao 
2015). Decreased levels of BDNF are seen in many neurode-
generative diseases such as Alzheimer’s, Parkinson’s, Hun-
tington’s, and multiple sclerosis (Bathina and Das 2015).

Animal models have shown that exercise induces Bdnf 
mRNA expression in the brain, especially hippocampal 
dentate gyrus, CA3, and hilus region, and blocking BDNF 
attenuates exercise-conferred benefits such as improved 
spatial learning and increased synaptic protein production 
(Vaynman et al. 2004; Sleiman and Chao 2015). Besides, 
exerkines such as CTSB, FNDC5/irisin are said to trav-
erse the BBB and activate BDNF as part of their down-
stream signaling, contributing to neurogenesis and memory 
enhancement (Liu and Nusslock 2018). In addition to pro-
viding evidence that exercise-induced benefits on the brain 
are mediated by BDNF, a relationship between BDNF and 
CREB, a protein that has an evolutionarily conserved role 
in long term memory, has been established (Vaynman et al. 
2004). The authors noticed elevated levels of BDNF and 
phosphorylated CREB in exercising mice (Vaynman et al. 
2004). They also observed that exercise via BDNF upregu-
lates mRNA levels of synapsin 1, a crucial presynaptic pro-
tein that regulates neurotransmitter release, formation of 
the presynaptic structure, and axonal elongation (Vaynman 

et al. 2004). Blocking hippocampal BDNF during exercise 
attenuated CREB and synapsin I expression, hinting that 
they are downstream effectors of BDNF activity (Vaynman 
et al. 2004).

BDNF mediates cognitive improvements by binding to 
Tropomyosin receptor kinase B (TrkB), a single-pass mem-
brane protein highly expressed in the hippocampus. The 
BDNF-TrkB complex is then internalized into the neuron 
and thereby serves as a docking site for multiple signaling 
cascades involving IRS1/2/PI3K/AKT pathway, Mitogen-
activated protein kinase/Extracellular signal-regulated 
kinase (MAPK/ERK) pathway, and Phospholipase C/Dia-
cylglycerol/inositol 1,4,5 trisphosphate (PLC/DAG/IP3) 
pathway (Bathina and Das 2015; Liu and Nusslock 2018).

While peripheral BDNF has been shown to cross BBB 
in mice, there have been conflicting results for the same 
in humans. Since BDNF is produced centrally as well as 
peripherally in response to exercise, questions like how sig-
nificant is peripheral BDNF in improving brain health? To 
what extent can peripheral BDNF influence general metabo-
lism? may be relevant to ponder upon.

AMPK

AMPK was first discovered as an ATP and ADP-dependent 
kinase inactivating HMG-CoA reductase (Beg et al. 1973), 
and Acetyl CoA carboxylase (Carlson and Kim 1974). Sub-
sequent studies identified AMP to be a potent allosteric acti-
vator of the kinase. The kinase’s role is not just confined to 
these two enzymes but has a broad range of substrates upon 
which it acts and proceeded to name the kinase based on 
its allosteric regulator, as AMPK (Hardie et al. 1997). In 
addition to being allosterically activated by AMP,AMPK 
is also activated by an upstream kinase by phosphoryla-
tion at Thr-172. AMP not only promotes phosphorylation 
by the upstream kinase but also inhibits dephosphorylation 
by phosphatases (Hardie 2003). In mammalian cells, LKB1 
and Ca2+/Calmodulin-dependent protein kinase kinase 
(CaMKK) have been identified as the upstream kinases that 
phosphorylate Thr-172 of AMPK.

AMPK is an important biomolecule in the realm of 
energy metabolism. As an energy sensor, it retaliates by 
switching on catabolic pathways that generate energy (ATP), 
down-regulating anabolic pathways in response to pathologi-
cal stresses such as hypoxia, ischemia, heat shock as well as 
physiological stimuli such as physical exercise that may alter 
the AMP: ATP ratio (Hardie 2003).

AMPK is a heterotrimeric complex composed of a cata-
lytic α subunit and regulatory β, γ subunits. There are two α 
subunit isoforms, two β, and three γ- isoforms, making up to 
12 different possible combinations for the AMPK complex 
in mammals (Willows et al. 2017).
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A 2000 study sought to investigate the activity of human 
skeletal muscle, isoform-specific in response to high and 
low intensities of bicycling (Wojtaszewski et al. 2000). 
They found significant α2-AMPK activation only after 
high intensity of exercising, while α1-AMPK’s exercise-
mediated induction did not occur. It was inferred that the 
activity of α2-AMPK is dependent on the intensity of exer-
cise performed. Since AMPK activation occurs in response 
to a high AMP: ATP ratio and AMP levels are seemingly 
high during contractile movement, the authors wanted to 
know if the exercise-induced α2-AMPK is metabolically 
significant, by testing its dependency on AMP in compari-
son to α1-AMPK. They discovered a greater dependency 
on AMP by α2-AMPK for its activation, strengthening the 
idea that α2-AMPK is the preferred isoform for metabolic 
adaptations after a bout of exercise in humans (Wojtaszewski 
et al. 2000). Another similar study also came to the same 
conclusions (Kim et al. 2007). An interesting study using 
β1β2 AMPK knock-out mice discovered that skeletal mus-
cle AMPK is indispensable for maintaining optimal mito-
chondrial content, and increased insulin-independent glu-
cose uptake during exercise (O’Neill et al. 2011). AMPK’s 
involvement in insulin-sensitizing effects of exercise via 
mTOR, ApN, and IL-6 has also been identified, analyzed, 
and discussed (O’Neill 2013). Overall, it may be inferred 
that AMPK mediates most of the exercise-induced benefits 
in skeletal muscles.

In the CNS, AMPK plays a similar role in regulating glu-
cose metabolism, mitochondrial function, and biogenesis 
as well as modulating neurodevelopment, cell polarity, and 
autophagy in neurons (Rosso et al. 2016). AMPK plays a 
role in alleviating AD pathogenesis by reducing sphingomy-
elin levels and regulating Amyloid precursor protein (APP) 
distribution in lipid rafts, thereby inhibiting amyloidogenesis 
(Won et al. 2010). AMPK has also been shown to be crucial 
to maintain optimal neuronal energy levels upon synaptic 
activation, a parameter that is dysregulated in neurodegen-
erative disorders (Marinangeli et al. 2018).

While activation of AMPK is neuroprotective, its hyper-
activation contributes to the pathogenesis of many brain dis-
orders including AD, brain ischemia, Huntington’s (Ronnett 
et al. 2009; Rosso et al. 2016; Domise et al. 2019). It may be 
surmised that an optimal level of AMPK needs to be main-
tained for the proper functioning of the brain, as both under- 
and over-activation of AMPK seems to be detrimental. It 
is also worth questioning whether any regimen of physical 
exercise can hyperactivate AMPK, to avoid any afflictions 
in the brain.

SIRT1

Sirtuins (SIRTs) are a family of evolutionarily conserved, 
Nicotinamide adenine dinucleotide (NAD)+ dependent 

histone deacetylases that are important regulators for cel-
lular senescence, cell proliferation, neuroprotection, stress 
response, and energy metabolism. In mammals, seven 
homologs of SIRTs (1–7) exist, of which SIRT1 is a key 
metabolic sensor, much like AMPK. Its activity is tightly 
controlled by cellular levels of NAD+, which in turn is a 
direct measure of cellular energy status.

SIRT1 is widely expressed in the brain, muscle, liver, 
heart, pancreas, adipose tissue of humans (Jiao and Gong 
2020). SIRT1 has been shown to modulate hepatic glu-
coneogenesis and fatty acid oxidation, maturation of adi-
pose tissues, and pancreatic insulin secretion in response 
to nutritional status (Li 2013). Acting in conjunction with 
AMPK, SIRT1 potentially improves insulin sensitivity 
overall. SIRT1 can upregulate phosphorylation and activity 
of AMPK by deacetylating its upstream kinase, LKB1 (Li 
2013). On the other hand, AICAR, a synthetic agonist of 
AMPK can activate SIRT1 by increasing the NAD+/NADH 
ratio in cell (Li 2013). Either way, it improves glucose home-
ostasis, lipid metabolism, and mitochondrial biogenesis in 
the body.

In the CNS, SIRT1’s deacetylase activity has multiple 
substrates such as FoxO, tumor suppressor p53, PPARγ, 
PGC1α which are involved in neuroprotection and survival 
(Paraíso et al. 2013). In recent years, investigating the poten-
tial of one SIRT1 activator, resveratrol, capable of inducing 
numerous cognitive benefits has gained huge momentum 
(Borra et al. 2005; Sun et al. 2010; Moraes et al. 2020). 
Also, resveratrol by activating SIRT1 could delay neuro-
degeneration and cognitive impairment in vivo (Kim et al. 
2007). They also observed that SIRT1 deacetylated and acti-
vated PGC1α, another important molecule implicated in the 
regulation of neuronal metabolism (Kim et al. 2007). The 
authors concluded that PCG1α acting synergistically with 
SIRT1 mediated neuroprotective actions in their study (Kim 
et al. 2007).

A single bout of sprint exercise could elicit AMPKα 
activity and, increase SIRT1 protein expression, likely medi-
ated by AMPKα itself (Guerra et al. 2010). High-intensity 
interval training was shown to increase SIRT1 activity in 
human skeletal muscles (Gurd et al. 2010). A connection 
between exercise, lactate, SIRT1, FNDC5/irisin, and Bdnf 
expression in the hippocampus has been established (El 
Hayek et al. 2019). They observed that voluntary exercise 
enhances lactate levels in the body, which then crosses the 
BBB and induces the gene expression of Bdnf. SIRT1 medi-
ates this action of lactate in response to exercise. SIRT1’s 
deacetylase activity induces the transcription of PGC1α and 
FNDC5/irisin, known to mediate neuro-metabolism and 
Bdnf gene expression, respectively (El Hayek et al. 2019).

SIRT1 induced by exercise potentially influences sev-
eral metabolic activities in the body, especially the CNS 
because of its deacetylase activity which can activate 
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key substrates in energy metabolism including AMPK, 
PGC1α, and BDNF. Owing to its positive regulation in 
the brain, the therapeutic potential of SIRT1 in ameliorat-
ing neurodegenerative disorders is being widely pursued.

PGC1α

PGC-1α is a transcriptional co-activator touted to be a 
master regulator of mitochondrial biogenesis, in specific 
and energy metabolism, overall. PGC1α has multifarious 
effects when expressed/activated, it regulates adaptive 
thermogenesis in BAT; increases hepatic gluconeogenesis 
during fasting state; induces mitochondrial biogenesis and 
controls fiber switching in skeletal muscle; and controls 
mitochondrial respiration in cardiac muscle (Lin et al. 
2002; Finck and Kelly 2006; Fernandez-Marcos and Auw-
erx 2011). Naturally, as an important metabolic junction, 
PGC1α has a wide variety of substrates it acts upon, which 
include, PPARα, β, γ, Estrogen-related receptors (ERRs), 
FOXO1, Sox9, retinoid receptors, Nuclear respiratory fac-
tor-1 (NRF-1), NRF-2 (Finck and Kelly 2006; Fernandez-
Marcos and Auwerx 2011). Besides, PGC1α activity is 
influenced by important metabolic sensors such as AMPK 
and SIRT1. PGC1α was identified as a key downstream 
target for AMPK while regulating GLUT4 and mitochon-
drial gene expression in skeletal muscles (Jäger et  al. 
2007). They found that AMPK can phosphorylate PGC1α 
at Thr-177 and Ser-538 and activate it (Jäger et al. 2007).

Wright et al.’s (2007) study aimed to deduce a signaling 
cascade involving p38 MAPK, PGC1α behind the robust 
skeletal muscle mitochondrial biogenesis induced by 
swimming exercise. Based on their results, they proposed 
that active p38 MAPK phosphorylates PGC1α which then 
mediates the initial bout of mitochondrial biogenesis in 
response to exercise. Subsequently, PGC1α expression is 
boosted by Activating transcription factor (ATF) 2 and 
Myocyte enhancer factor (MEF) 2, which then contributes 
to a second wave of adaptive response to exercise (Wright 
et al. 2007).

In the brain, PGC1α plays a neuroprotective role against 
oxidative stress by inducing Reactive oxygen species 
(ROS)—detoxifying enzymes (St-Pierre et al. 2006). Medi-
ating between the SIRT1-FNDC5/irisin axis, PGC1α can 
induce the expression of BDNF in the hippocampus of mice, 
and also contribute to synaptic plasticity and neuroprotec-
tion, in response to exercise (Wrann et al. 2013).

PGC1α, as a transcriptional co-activator, is an important 
metabolic node in the vast network mediating multisystemic, 
exercise-induced responses and has an exceptional therapeu-
tic prospective in the treatment of metabolic disorders and 
delaying neurodegeneration.

IGF‑1

IGF-1 is a protein, 70 amino acids long, first reported by 
Salmon and Daughaday in 1957 as a sulfation factor with a 
function of inducing the incorporation of 35- sulfate in the 
cartilage of rats (Salmon and Daughaday 1957; Lin et al. 
2002; Finck and Kelly 2006; Fernandez-Marcos and Auwerx 
2011). Subsequently, it was named somatomedin for its abil-
ity to control and mediate the effects of Growth Hormone 
(GH) aka somatotropin (Laron 2001). Owing to its structural 
similarity to proinsulin, and for its ability to bind insulin 
receptor, albeit with a low affinity, it has been called IGF 
(Laron 2001).

IGF-1 functions as an endocrine, paracrine as well as 
autocrine hormone whose physiological roles are depend-
ent on the site of its secretion. It is predominantly secreted 
in the liver, from where it is transported to other tissues via 
the bloodstream to exert its effects (Laron 2001; Yakar and 
Adamo 2012). It is also secreted by other organs such as 
the brain, cartilage where it functions locally (Laron 2001; 
Wrigley et al. 2017). It acts as an oncogene in an autocrine 
manner (Laron 2001). While IGF-1 levels are regulated by 
GH of the pituitary gland, additionally, nutritional status and 
insulin also govern its secretion (Yakar and Adamo 2012).

In addition to mediating the metabolic and growth-pro-
moting effects of GH, IGF-1 acting through IGF-1 receptor 
(IGF-1R) triggers PI3K/AKT signaling pathway and MAPK 
pathways. IGF-1 activation of the PI3K/AKT signaling 
pathway promotes cell survival by inhibiting pro-apoptotic 
pathways, glucose uptake, glycogen synthesis, and protein 
synthesis (Wrigley et al. 2017). MAPK/ERK pathway acti-
vation triggers transcription related to cell survival and pro-
liferation (Wrigley et al. 2017).

In the CNS, all major cell types are capable of producing 
IGF-1, where its expression levels are the highest perina-
tally, but fall throughout life except for the subventricular 
zone and dentate gyrus—sites of neurogenesis (Dyer et al. 
2016). Contrary to IGF-1, IGF-1R is ubiquitously expressed 
in the brain indicating a role for peripherally produced IGF-1 
in the CNS (Dyer et al. 2016). A large proportion of research 
supports an essential role for IGF-1 in brain development, 
adult brain neurogenesis, neuroplasticity, and neuroprotec-
tion (Wrigley et al. 2017).

Research discerning the involvement/contribution of 
IGF-1 in neurodegenerative diseases is contradictory, to 
say the least. A meta-analysis conducted by Ostrowski et al. 
(2016) compared plasma, brain, and CSF levels of IGF-1 
in animal models of Alzheimer’s disease across numer-
ous studies. They also looked at human studies on IGF-1 
and AD. The analysis of human studies did not establish a 
clear-cut relationship between serum IGF-1 levels and AD, 
important to note—IGF-1 levels were, in most cases dysreg-
ulated, either higher or lower than usual. Since there was a 
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significant variation in serum levels of IGF-1 reported across 
the studies, the authors opined that serum IGF-1 levels may 
be personalized and specific to the AD patient. They sug-
gested that treatment for AD patients be done considering 
their IGF-1 levels besides other factors that may be dysregu-
lated, on an individual basis (Ostrowski et al. 2016).

Building on previous research that serum IGF-1 levels 
rise in response to exercise, and that exercise-induced neu-
rogenesis and cognitive improvements are mediated by the 
IGF-1 (besides other growth factors) (Schwarz et al. 1996; 
Carro et al. 2000), a 2001 study showed that circulating 
IGF-1 is essential for exercise-mediated neurogenesis in 
the brain (Trejo et al. 2001). A 3-month intervention aero-
bic exercise trial conducted on a healthy elderly population 
provided insights into a connection between exercise, IGF-1 
levels, and hippocampal volume (Maass et al. 2016). Regu-
lar exercise improved fitness levels and induced positive 
changes in hippocampal perfusion and volume. In addition, 
IGF-1 levels correlated positively with hippocampal volume 
in the exercising elderly population (Maass et al. 2016). Fur-
ther research on the neuroprotective role of exercise medi-
ated by circulatory IGF-1, at the cellular level, is warranted 
to understand the level of its indispensability in this context.

Exercise Mimetics

AMPK Agonists

AICAR​

AICAR (5-Aminoimidazole 4-carboxamide ribonucleoside) 
an adenosine analog is converted by adenosine kinase to 
ZMP (5-aminoimidazole 4-carboxamide ribonucleoside 
monophosphate) when administered to cells. ZMP is an 
allosteric activator of rat liver AMPK, much like AMP 
although to a lesser extent. AICAR activates AMPK with-
out altering the cellular ratio of ATP, ADP, and AMP (Cor-
ton et al. 1995). Referred to as Acadesine, this adenosine 
regulator has implications in the treatment of lymphoblastic 
leukemia, and Ischemia–reperfusion injury (IRI) (Drew and 
Kingwell 2008).

AICAR, the AMPK agonist can induce cellular changes 
mimicking those of exercise, such as improved glucose 
homeostasis, mitochondrial health, angiogenesis, and lipid 
metabolism (Guerrieri et al. 2017). Systemic administra-
tion of AICAR reduced blood glucose levels and inhibited 
whole-body lipolysis in type 2 diabetes patients (Boon et al. 
2008). AICAR has widely been hailed as an exercise drug 
after studies showed that it can increase endurance capac-
ity and stimulate OX-PHOS metabolism in sedentary mice 
(Narkar et al. 2008).

Mice injected with AICAR intraperitoneally exhibited 
enhanced hippocampal neurogenesis and improved spatial 
memory, confirming that endurance indeed manifests in 
improved cognition (Kobilo et al. 2011). Since it has low 
permeability over BBB, effects mediated by AICAR on 
the brain are likely mediated by indirect secretory factors 
(Marangos et al. 1990; Kobilo et al. 2014).

R419

R419 ((N-(1-(4-cyanobenzyl) piperidin-4-yl)-6-(4-(4-meth-
oxybenzoyl) piperidine-1-carbonyl) nicotinamide) was first 
identified as a complex I inhibitor that activates AMPK at 
doses significantly lower than that of metformin. R419 treat-
ment of obese mice improved their mitochondrial metabo-
lism as evidenced by a decrease in branched-chain amino 
acids (BCAA) pathway intermediates, substrates catabolized 
by mitochondria (Jenkins et al. 2013).

Recently, it has been reported that R419 can improve 
skeletal muscle insulin sensitivity and exercise endurance 
in HFD-fed obese mice. The study also found that improve-
ment of glucose homeostasis by R419 was independent of 
AMPK’s involvement. Overall, R419 offers a new therapeu-
tic value in improving exercise capacity and ameliorating 
insulin resistance in obese mice (Marcinko et al. 2015).

AdipoR Agonists

AdipoRon

AdipoRon was discovered as an orally active AdipoR 
agonist, capable of improving insulin sensitivity in mice 
(Okada-Iwabu et al. 2013). Much like ApN, it could acti-
vate AMPK via AdipoR1 and PPARα pathway via AdipoR2. 
AdipoRon also improved mitochondrial biogenesis through 
increased expression of PGC1α. AdipoRon was found to 
mimic most of the metabolic effects of ApN in vivo (Okada-
Iwabu et al. 2013). The same research group later devel-
oped muscle-specific human AdipoR1-transgenic mice and 
exhibited that AdipoRon can act beneficially on human Adi-
poR1 in terms of improved glucose metabolism and exercise 
capacity (Iwabu et al. 2021).

It was reported that AdipoRon can cross the BBB and 
exert ApN mimicking effects on the brain (Ng et al. 2020). 
Chronic administration of AdipoRon was able to reduce neu-
rotoxic species specific to Alzheimer’s disease and confer 
cognitive and memory improvements to AD mice (Ng et al. 
2020). Another study demonstrated that chronic AdipoRon 
can ameliorate neuro-metabolic dysfunction and cognitive 
impairment associated with diabetes, enhance hippocam-
pal BDNF levels, and contribute to synaptic plasticity (Lee 
et al. 2021). The improvements conferred by AdipoRon in 
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the CNS mimic those observed during exercise, making Adi-
poRon a newly emerging exercise mimetic.

PPARδ Agonists

GW501516

PPARδ is a ligand-activated transcription factor and nuclear 
receptor, that plays a key role in energy metabolism (Liu 
et al. 2018b). Ligand binding induces a conformational 
change in PPARδ and recruitment of the transcriptional co-
activator PGC1α leading to activation of downstream sign-
aling cascades. PPARδ is involved in fatty acid catabolism, 
glucose homeostasis as well as fiber remodeling in exer-
cising skeletal muscles, where it is abundantly expressed 
(Luquet et al. 2005). PPARδ is expressed abundantly in the 
adult brain and spinal cord of rodents. Its expression has 
been detected in many cell types of CNS including astro-
cytes, microglia, neurons, endothelial cells (Schnegg and 
Robbins 2011).

Sznaidman et al. (2003) sought to identify highly selec-
tive PPARδ agonists to delve deeper into the physiological 
roles of the then lesser-known PPARδ. Using combinatorial 
chemistry and optimizing hits using structure-led design, 
they reported GW501516 and GW0742 with 1000-fold 
selectivity to PPARδ over other PPAR subtypes (Sznaid-
man et al. 2003).

GW501516 was employed by Narkar et al. (2008) in 
their pioneering exercise mimetics study, along with an 
AMPK agonist, AICAR. They found that GW501516 and 
exercise (here, treadmill running) acting synergistically can 
induce oxidative-type fiber remodeling and increase mito-
chondrial biogenesis enhancing the running endurance of 
mice, in comparison to untreated controls (Narkar et al. 
2008). While exercise exerts its beneficial effects through 
the breakdown of proteins, glycolysis, and gluconeogenesis 
from amino acids, GW501516 promotes fatty acid oxida-
tion via branched-chain amino acid and ketone body path-
ways, in mice (Chen et al. 2015). It has been reported that 

GW501516, as a PPARδ agonist has a neuroprotective role 
in the CNS and delays the onset of neurodegenerative disor-
ders such as Alzheimer’s Disease, Parkinson’s disease, and 
spinal cord injury by promoting cell survival (Schnegg and 
Robbins 2011). It exhibited anti-inflammatory activity by 
decreasing levels of TNFα and inducible nitric oxide syn-
thase (iNOS) induced by Interferon (IFN) γ in a 3D brain 
culture system derived from embryonic rat brain, thus dem-
onstrating a neuroprotective role against brain inflammation 
(Defaux et al. 2009).

Owing to its pro-endurance effects and exploitation in 
the Sports industry (as Cardarine), GW501516 was added 
to the prohibited list issued by World Anti-Doping Agency 
(WADA) in 2009 (World Anti-Doping Agency 2009). Gupta 
et al.’s (2004) study reported that PPARδ agonists promote 
adenoma development in the intestines of mice raising 
concerns of colorectal cancer risk in individuals consum-
ing GW501516. Subsequently, in 2013, WADA issued an 
alert on GW501516 owing to serious toxicities identified 
in rodents in pre-clinical studies, and all clinical trials were 
dropped (Fig. 3).

Conclusion

Leading a sedentary lifestyle spells trouble for the whole 
body and contributes to type 2 diabetes, obesity, cardiovas-
cular, and neurodegenerative diseases, warranting an imme-
diate change to a more active lifestyle and the inculcation of 
exercise in one’s daily routine. The multitudinous benefits 
of exercise on different organ systems are well established. 
Exercise triggers the release of certain molecular enti-
ties, now termed as exerkines, from various organs to the 
periphery. Some of these exerkines can mediate a crosstalk 
between the periphery and the brain and impart exercise-
mediated benefits on the brain. There are also some which 
are upregulated in the brain directly and mediate positive 
changes. While the research on molecular and cellular mech-
anisms underlying exercise-mediated metabolic regulation 

Fig. 3   Exercise mimetics target-
ing the AMPK-SIRT1-PGC1α-
BDNF signaling pathway to 
enhance cognitive performance. 
Exercise mimetics such as 
AICAR, R419, AdipoRon, 
GTDF, and GW501516 act on 
signaling molecules involved in 
translating exercise-mediated 
benefits on the brain. They 
target AMPK, PPARα, PPARẟ, 
PGC1α, ultimately converging 
upon BDNF expression. Created 
with BioRender.com
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is currently at a nascent stage, some of the major metabolic 
nodes in this vast signaling network have been discerned. 
The AMPK-SIRT1-PGC1α-BDNF pathway needs to be 
acknowledged as the main branch point mediating most of 
the cognitive benefits associated with exercise. Research on 
bioactive compounds that simulate exercise without having 
to move a muscle is also underway. Exercise mimetics, as 
they are called, are a boon to those individuals who would 
benefit from exercise but are unable to do so. Besides hold-
ing a therapeutic value, these drugs can also bring to light 
unknown signaling molecules in the vast network of exer-
cise signaling. Putative exercise mimetics such as AICAR, 
GW501516 have been found to have non-specific effects 
inside cells, and clinical trials have not been very promising. 
New drugs need to be screened and the transition from bench 
to bedside needs to be narrowed down to combat metabolic 
disorders.
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