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ABSTRACT 

The classical understanding of human physiology tended to define organ systems as independent and isolated units 

dedicated to specific functions. However, rapid advances in the fields of systems biology, molecular 

endocrinology, and neuroimmunology in recent years have unequivocally revealed that the organism actually 

possesses a dynamic, hierarchical, and multidirectional molecular communication network. The maintenance of 

homeostasis is an extremely critical element for the survival of the organism and for meeting all of its needs. 

Skeletal muscle, which is at the center of this network, is now accepted not only as a mechanical component of 

the locomotor system but also as the largest and most active endocrine organ of the body. The release of hundreds 

of secretory proteins, termed myokines, into the systemic circulation, triggered by muscle contraction during 

exercise, initiates a specific communication with distant organs such as the brain, adipose tissue, liver, intestine, 

and bone. This molecular crosstalk, referred to as the muscle-brain-adipose tissue axis, is the fundamental 

mechanism explaining the profound effects of physical activity on metabolic flexibility, preservation of cognitive 

functions, neuroplasticity, and resistance to neurodegeneration. This review study aims to examine in depth, in 

light of the current literature, the exercise-regulated inter-organ communication across a wide spectrum ranging 

from the skeletal muscle secretome to blood-brain barrier dynamics, from microRNAs carried by extracellular 

vesicles to the functional transformation of adipose tissue, and its innovative perspective on human health and 

energy homeostasis.  

Keywords: Muscle-brain-adipose tissue axis, inter-organ communication, myokines, molecular crosstalk, exercise 

physiology  

Kas-Beyin-Adipoz Doku Ekseni: Egzersize Bağlı Organlar Arası Çapraz İletişimin 

Mekanizmaları: Sistematik Derleme 
ÖZET 

İnsan fizyolojisine dair klasik anlayış, organ sistemlerini belirli spesifik fonksiyonlara adanmış, birbirinden 

bağımsız ve izole birimler olarak tanımlama eğilimindeydi. Ancak son yıllarda sistem biyolojisi, moleküler 

endokrinoloji ve nöro-immünoloji alanlarındaki hızlı ilerlemeler, organizmanın aslında dinamik, hiyerarşik ve çok 

yönlü bir moleküler iletişim ağına sahip olduğunu tartışmasız bir biçimde ortaya koymuştur. Organizmanın hayatta 

kalabilmesi ve tüm ihtiyaçlarını karşılayabilmesi için homeostazın korunması son derece kritik bir unsurdur. Bu 

ağın merkezinde yer alan iskelet kası, artık sadece lokomotor sistemin mekanik bir bileşeni değil, vücudun en 

büyük ve en aktif endokrin organı olarak kabul edilmektedir. Egzersiz sırasında kas kasılmasıyla tetiklenen ve 

miyokin olarak adlandırılan yüzlerce sekretuar proteinin sistemik dolaşıma salınması; beyin, adipoz doku, 

karaciğer, bağırsak ve kemik gibi uzak organlarla özel bir iletişim başlatır. Kas-beyin-adipoz doku ekseni olarak 

adlandırılan bu moleküler çapraz konuşma, fiziksel aktivitenin metabolik esneklik, bilişsel fonksiyonların 

korunması, nöroplastisite ve nörodejenerasyona karşı direnç üzerindeki derin etkilerini açıklayan temel 

mekanizmadır. Bu derleme çalışması; iskelet kası sekretomundan kan-beyin bariyeri dinamiklerine, hücre dışı 

veziküllerin taşıdığı mikroRNA'lardan adipoz dokunun fonksiyonel dönüşümüne kadar uzanan geniş bir 

yelpazede, egzersizle düzenlenen organlar arası iletişimi ve bunun insan sağlığı ile enerji homeostazı üzerindeki 

inovatif perspektifini güncel literatür ışığında derinlemesine incelemeyi amaçlamaktadır. 

Anahtar Kelimeler: Kas-beyin-adipoz doku ekseni, organlar arası iletişim, miyokinler, moleküler çapraz 

konuşma, egzersiz fizyolojisi  
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INTRODUCTION 

Flawless communication between organ systems is the most critical factor for a living 

organism to survive and cope with environmental challenges by maintaining its homeostatic 

balance (Raj, 2025). Indeed, until very recently, the classical understanding of human 

physiology tended to view organs as isolated units dedicated to specific tasks, independent 

from one another and functioning on their own. However, recent advances in systems 

biology and molecular endocrinology have revealed that the body is, in fact, a massive 

dynamic, hierarchical, and multifaceted molecular network (Schöll, 2022). When it comes 

to skeletal muscle, numerous scientific studies have now proven that this tissue is not merely 

a mechanical muscle tissue that supports the skeleton, maintains posture, and enables 

movement (Ding et al., 2025). Through current scientific studies, skeletal muscle, which 

constitutes a large portion of our total body mass, is now recognized as the body's largest 

and most active endocrine organ, in addition to being the main regulator of systemic 

metabolism (Allan et al., 2026). Today, it is known that many individuals engaged in sports, 

from amateurs to elite athletes, resort to regular exercise to enhance their mental and physical 

performance during training or challenging biological periods such as aging. The 

physiological mechanism behind exercise stems from the exercising muscles entering an 

effective chemical production process. Muscle fibers contracting during exercise initiate an 

uninterrupted dialogue with distant organs such as the brain, adipose tissue, liver, and bone 

by releasing hundreds of bioactive proteins and secretory factors called myokines into the 

systemic circulation (Kukla-Bartoszek and Głombik, 2024). This communication channel, 

referred to as the muscle-brain-adipose tissue axis in scientific literature, has completely 

transformed our understanding of the profound effects of physical activity on our body. This 

axis enables us to explain at the molecular level why exercise not only strengthens our 

muscles but also increases our metabolic flexibility, how it preserves our cognitive functions, 

and how it renders the nervous system resilient against devastating neurodegenerative 

diseases such as Alzheimer's or Parkinson's (Burtscher et al., 2021). It is becoming clearer 

day by day how messengers released from muscles, such as irisin, interleukin-6, or 

microRNAs packaged inside nano-sized extracellular vesicles, manage the body's overall 

health by dynamically crossing the blood-brain barrier or reprogramming adipose tissue at 

the cellular level (Zhou et al., 2023). The aim of this review study is to thoroughly investigate 

the systemic interaction, in which myokines, adipokines, extracellular vesicles, and 

epigenetic modulators play the leading roles, during this process that begins with skeletal 
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muscle assuming an endocrine role. By deeply examining the exercise-regulated inter-organ 

crosstalk from an innovative perspective in the light of current literature, we aim to reveal 

the molecular effects of physical activity on human health. 

 

 

  

Figure 1. Mechanism of the muscle-brain-adipose tissue axis. Abbreviations: IL-6; Interleukin-6, METRNL; Meteorin-like 

protein, FNDC5; Fibronectin type III domain-containing protein 5, miRNA; Micro Ribonucleic Acid, mRNA; Messenger Ribonucleic 

Acid, M1; Classically Activated Macrophages, M2; Alternatively Activated Macrophages, BBB; Blood Brain Barrier (Inkscape Version 

1.2 and Krita 5.2.11 software). 

Endocrine function of skeletal muscle and myokine signaling  

Skeletal muscle, which stands as the main regulator of systemic metabolism, plays a 

dominant role in metabolic and endocrine processes due to constituting approximately 40% 

of total body mass (Son and Paton, 2020). Contractile activity activates cellular energy 

sensors by creating metabolic and mechanical stress in muscle fibers. In this process, key 

transcriptional regulators such as peroxisome proliferator-activated receptor gamma 

coactivator-1 alpha (PGC-1) are engaged via adenosine monophosphate-activated protein 

kinase (AMPK) (Zhang et al., 2014). PGC-1α activation not only promotes mitochondrial 

biogenesis but also coordinates the synthesis and release of specific myokines into the 

circulation in response to exercise. Daily routine physical activities or structured exercise 
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regimens optimize this myokine signaling at the cellular level by pushing the physiological 

limits of metabolism (Tero-Vescan et al., 2025). 

Irisin and FNDC5 molecular regulators of muscle-brain-adipose tissue crosstalk  

Since its discovery in 2012, irisin has become one of the most intensely researched 

peptide hormones of the muscle-brain-adipose tissue axis. Released into the circulation 

through the proteolytic cleavage of FNDC5 (fibronectin type III domain-containing protein 

5), a membrane-bound protein, this myokine exerts a systemic effect depending on exercise 

intensity (Boström et al., 2012; Zhou et al., 2022). The biological roles of irisin are quite 

multifaceted. In adipose tissue, it stimulates the conversion of white fat cells into brown-like 

cells with high thermogenic capacity. This process maximizes energy expenditure at the 

cellular level and optimizes systemic glucose tolerance by increasing the expression of 

mitochondrial uncoupling protein 1 (UCP-1) (Di Maio et al., 2024). However, the most 

important and clinically striking aspect of irisin is the neuroprotective effects it exerts on the 

central nervous system (CNS) by crossing the blood-brain barrier. Upon reaching the brain, 

irisin strongly triggers brain-derived neurotrophic factor (BDNF) gene expression in the 

hippocampus, thereby supporting neurogenesis, dendritic branching, and synaptic adaptation 

(Liu et al., 2020). Particularly in Alzheimer's disease models, it has been reported that irisin 

alleviates the neuronal toxicity of amyloid oligomers and preserves memory and learning 

functions by activating the cAMP/PKA/CREB signaling pathway. These findings prove that 

irisin is not merely a peripheral metabolic regulator, but also a potent neuromodulator that 

directly supports CNS health (Paoletti and Coccurello, 2024).  

Hormetic and pleiotropic roles of ınterleukin-6 (IL-6) 

Classified as a pro-inflammatory cytokine in traditional immunology, IL-6 exhibits a 

completely different, pleiotropic physiological profile when released from skeletal muscle 

during exercise (Via et al., 2024). With exercise contractions, muscle-derived IL-6 secretion 

can increase up to 100-fold in the circulation. This acute increase modulates the inter-tissue 

redistribution of energy substrates such as glucose and free fatty acids (Pedersen et al., 2007). 

The effect of IL-6 on the brain has a hormetic nature; that is, the acute IL-6 release induced 

by low and moderate-intensity exercise supports neuronal survival and the anti-

inflammatory response via the neuro-immune-metabolic network. Conversely, its chronic 

and pathological elevation due to obesity or a sedentary lifestyle can accelerate 

neuroinflammation and neurodegeneration. IL-6 also stimulates lipolysis in adipose tissue, 
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thereby strengthening the metabolic leg of the muscle-brain-adipose tissue communication 

at the systemic level (Li and Thirupathi, 2025). 

 

Transformation of adipose tissue into an active signaling center 

Adipose tissue, viewed for many years in the scientific literature merely as a passive 

energy depot and thermal insulator, is a critical, active, and dynamic endocrine stakeholder 

of the muscle-brain-adipose tissue axis from the perspective of current systems biology 

(Hemat Jouy et al., 2024). Current clinical studies emphasize that in the fat-brain axis, 

specific adipokines released from adipocytes cross the BBB via blood circulation and 

directly affect hypothalamic neuronal circuits, appetite centers, and cortical cognitive areas 

(Chen et al., 2025; Li et al., 2026). 

Adipokines, leptin, adiponectin and metabolic redox balance 

Leptin and adiponectin secreted from adipose tissue are fundamental messengers in 

the neuroendocrine regulation of systemic energy balance. While leptin creates a feeling of 

satiety by acting on neurons located in the arcuate nucleus (ARC) in the hypothalamus, 

adiponectin increases insulin sensitivity and exhibits anti-inflammatory properties (Maffei 

and Giordano, 2022; Tero-Vescan et al., 2025). Regular moderate-intensity exercise 

optimizes the release profile of these adipokines, creating a decisive impact on appetite 

control, basal metabolic rate, and systemic insulin sensitivity. Exercise goes far beyond 

mechanically reducing fat mass and reprograms the inflammatory and immune profile of the 

tissue at the cellular level (Mika et al., 2019). While adipose tissue hypertrophy in obesity 

leads to the shift of macrophages towards the pro-inflammatory M1 phenotype, an increase 

in reactive oxygen species, and systemic redox stress; physical activity guides macrophages 

towards the anti-inflammatory M2 phenotype, thereby restoring redox balance and 

improving lipid/glucose metabolism (Da Costa Fernandes et al., 2023). 

Dual effects of METRNL (Meteorin-like Protein) as an adipo-myokine 

Blurring the traditional nomenclature boundaries between muscle and adipose tissue, 

METRNL is a fairly novel protein secreted into the circulation by both myocytes and 

adipocytes. The most striking feature of METRNL from a neurological perspective is that 

its capacity to cross the blood-brain barrier is 100 to 1000 times higher compared to classical 

adipokines (Berghoff et al., 2021). In the periphery, METRNL initiates anti-inflammatory 
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processes, and increases thermogenesis and glucose tolerance by recruiting eosinophils to 

adipose tissue and triggering IL-4 and IL-13 signals via M2 monocyte activation. Upon 

reaching the brain, it acts almost like a potent neurotrophic factor, carrying the potential to 

directly support nervous system embryology, neuronal survival, and synaptic plasticity (Baht 

et al., 2020; Li et al., 2014; Shaban et al., 2025). 

Dynamics of the blood-brain barrier and its role in peripheral signal transfer 

For the positive effects of exercise on the brain and cognitive functions to occur at the 

cellular level, macro and micro molecules secreted from peripheral organs must cross the 

highly selective blood-brain barrier (BBB) (Blume and Royes, 2024). Although the BBB is 

a protective shield composed of tight junction proteins that protects cerebral tissue from 

systemic toxins and pathogens, exercise dynamically modulates the selective permeability 

of this barrier (Sun et al., 2025). 

Neuroenergetic and epigenetic role of lactate and ketone bodies 

Long viewed merely as a metabolic waste product of glycolysis and the culprit behind 

muscle fatigue, lactate is today recognized as an important factor in brain energetics and 

signal transmission (Wang and Zhu, 2025). Lactate produced in the muscle during exercise 

is released into the circulation via monocarboxylate transporters (MCT-1 and MCT-4) and 

is taken up by neurons in the brain via MCT-2 receptors. Lactate is not only a fast and 

efficient energy fuel for neurons; it also triggers signaling pathways that exhibit 

antidepressant effects by altering intracellular calcium dynamics and stimulating cAMP 

pathways (Xue et al., 2022). The Astrocyte-Neuron Lactate Shuttle (ANLS) hypothesis 

explains that glucose undergoes glycolysis in astrocytes and is converted into lactate, and 

this lactate is then transferred to neurons to be used in the production of high amounts of 

ATP through oxidative phosphorylation (Kim et al., 2025). Similarly, ketone bodies 

produced in the liver and adipose tissue during prolonged exercise or fasting states; 

especially β-hydroxybutyrate (BHB), are transported to the brain and take on 

multidimensional roles. BHB is not merely an energy substrate; it functions specifically as 

a histone deacetylase (HDAC) inhibitor in the brain (Wang et al., 2021). HDAC inhibition 

promotes chromatin relaxation, thereby increasing transcriptional activity at the BDNF gene 

promoter. This key epigenetic mechanism interconnects the physiological integrity of the 

muscle-brain-adipose tissue axis at the molecular level. Furthermore, BHB creates a 

neuroprotective defense by mitigating neuroinflammation and microglial activation (Fang et 
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al., 2020; Sleiman et al., 2016). 

Molecular basis of extracellular vesicles and miRNA-Based ıntercellular 

communication 

One of the groundbreaking discoveries in cell biology is the understanding that organs, 

including skeletal muscle, communicate with distant tissues by secreting not only free 

soluble proteins but also extracellular vesicles. These nano-structures, thanks to their lipid 

bilayer membranes, safely deliver their highly sensitive genetic and proteomic contents to 

target organs by protecting them from enzymatic degradation in the blood circulation 

(Jeppesen et al., 2024). 

Biogenesis of exosomes and microvesicles 

Extracellular vesicles (EVs) are broadly classified according to their origin and size. 

Exosomes are released extracellularly via ESCRT (Endosomal sorting complex required for 

transport) mechanisms as a result of the fusion of late endosomes or multivesicular bodies 

(MVBs) with the cell membrane (Marjani et al., 2024). Microvesicles, on the other hand, are 

formed by the direct outward budding of the plasma membrane. Specifically, muscle-derived 

EVs transfer their contents to target cells via selective receptor-mediated endocytosis, 

phagocytosis, or direct membrane fusion (Latifkar et al., 2019). 

Exercise and MyomiR signaling 

MicroRNAs (miRNAs) are small non-coding RNA molecules, approximately 22 

nucleotides in length, that silence gene expression at the post-transcriptional stage by binding 

to specific mRNAs. miRNAs that are specifically or highly expressed in skeletal muscle are 

called myomiRs (Singh et al., 2020). Exercise stress dramatically modulates the expression 

of myomiRs such as miR-1, miR-133a, miR-133b, miR-206, miR-208, and miR-486 in 

skeletal muscle and their release into the blood as exosomal carriers (Li et al., 2025). miR-

136-3p increases in serum with aerobic exercise, managing glucose uptake in skeletal muscle 

and anabolic processes via NRDC gene targeting (Katayama et al., 2025). miR-1 and miR-

133a, these miRNAs whose levels increase in the circulation after acute exercise, play a role 

in local hypertrophic regulation in muscle, while systemically reaching adipose tissue to 

increase catecholamine sensitivity and stimulate lipolytic activity. miR-206 is highly specific 

to skeletal muscle. It regulates synaptic adaptation at the neuromuscular junction, while 

simultaneously passing into the circulation to suppress inflammatory macrophage responses 



Atıf/ Cited in: Yayla, H.İ., & Erdoğan, R. (2026). The Muscle-Brain-Adipose Tissue Axis: Mechanisms of 

Exercise-Induced Interorgan Cross-Communication: A Systematic Review. Beden Eğitimi Spor Sağlık ve Efor 

Dergisi, 5 (2), 01-17 

8 
 

and create an anti-inflammatory microenvironment. Exosomes act almost like a package 

delivery courier in the muscle-brain-adipose tissue axis; with the genetic codes they carry 

into the cell, they instantly and permanently reprogram the physiological and epigenetic fate 

of the target organ (Qin et al., 2026). 

Gut-bone axis and inter-system signaling in insulin resistance 

The communication between skeletal muscle and the central nervous system, beyond 

adipose tissue, is in continuous interaction with the gut microbiota, bone tissue, and systemic 

cardiovascular networks (Qin et al., 2026). Traditionally viewed as a structural scaffold, 

bone is defined in modern medical science as an endocrine organ that secretes peptides called 

osteokines. The mechanical load and tension created by exercise in bone tissue stimulate the 

release of osteocalcin (OCN) and sclerostin by increasing osteoblastic activity. Particularly, 

undercarboxylated osteocalcin (ucOCN) is a hormone capable of crossing the blood-brain 

barrier and directly affecting neurological functions (Szeliga et al., 2024). By binding to 

neuronal receptors (GPRC6a) in the brainstem and hypothalamus, ucOCN stimulates 

neurotransmitter synthesis. In this way, while alleviating symptoms of anxiety and 

depression, it supports cognitive functions, spatial memory, and neuronal plasticity through 

hippocampal BDNF upregulation (Shi et al., 2025). Sclerostin, on the other hand, despite 

generally being a factor that inhibits bone formation, has the capacity to modulate 

inflammatory cascades in the brain by playing a role in neuroimmune interactions (Hansda 

and Das, 2025). 

Gut-brain-muscle axis and microbial signals 

The gut microbiota is an extremely large bio-reactor composed of trillions of 

microorganisms that profoundly affects host physiology. Short-chain fatty acids (SCFAs) –

acetate, propionate, butyrate– formed as a result of the fermentation of dietary fibers by the 

microbiota join the circulation and affect the central nervous system (Takeda et al., 2025). 

SCFAs stimulate the release of Glucagon-Like Peptide 1 (GLP-1) and Peptide YY (PYY) 

by binding to free fatty acid receptors in intestinal L cells. These hormones suppress appetite 

and ensure energy homeostasis by stimulating satiety centers in the brainstem via the vagus 

nerve (Spreckley and Murphy, 2015). At the same time, SCFAs regulate microglial 

activation by suppressing neuroinflammation and increase the expression of tight junction 

proteins that maintain the integrity of the blood-brain barrier. Exercise strengthens this 

protective axis by positively altering microbiota diversity and SCFA-producing bacterial 
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populations. Similarly, bile acids and tryptophan metabolites released from the gut also play 

critical roles in neuro-immune regulation (Leng et al., 2025). 

Cardio-metabolic brain axis and ınsulin resistance 

Considered within the framework of systems biology, the cardiometabolic-brain axis 

explains how the destructive effects of insulin resistance are interconnected. Insulin 

resistance is a metabolic syndrome in which glucose uptake is impaired in skeletal muscle 

and the liver. This condition leads to endothelial dysfunction, vascular inflammation, and 

oxidative stress, severely increasing the risk of cardiovascular disease (Caturano et al., 

2024). Insulin resistance in the brain, on the other hand, paves the way for neuronal energy 

crisis, loss of synaptic plasticity, and progressive neurodegeneration. The collapse of central 

insulin signaling causes hyperactivity of the glycogen synthase kinase-3 (GSK-3) enzyme 

(Alagiakrishnan and Halverson, 2024). GSK-3 is responsible for the hyperphosphorylation 

of tau protein and the disruption of microtubule integrity; which directly coincides with the 

pathology of Alzheimer's disease. Exercise and the myokine-adipokine releases it triggers 

increase insulin sensitivity in peripheral tissues, while simultaneously crossing the blood-

brain barrier to improve cerebral endothelial functions, break brain insulin resistance, and 

transform cardiometabolic risks into a neuroprotective defense system (Yu and Chen, 2025). 

Exercise-ınduced epigenetic regulations and long-term biological memory 

The effects of exercise on the muscle-brain-adipose tissue axis are not limited solely 

to acute molecular cascades and hormone fluctuations that return to normal within hours. 

Regular physical activity creates a systemic long-term biological memory through epigenetic 

markers that permanently affect gene expression without changing the sequence of the 

genetic code (Kukla-Bartoszek and Głombik, 2024). Epigenetic restructuring proceeds 

fundamentally through three main mechanisms: DNA methylation, histone modifications, 

and non-coding RNA (miRNA) regulations (Fitz-James and Cavalli, 2022). 

DNA methylation 

In the brain, particularly in the hippocampus, exercise alters the methylation patterns 

in specific gene promoters. For example, the methylation density in the promoter region of 

the BDNF gene, which is essential for adult neurogenesis and neuronal survival, is reduced 

by exercise. In this way, the gene is turned on and BDNF protein synthesis increases in the 

long term (Latchney et al., 2023). Metabolites such as ketone bodies produced by exercise 
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and diet (Yoo et al., 2025) inhibit histone deacetylase enzymes, ensuring that histone 

proteins remain in an acetylated state. Acetylated histones loosen the chromatin structure, 

guaranteeing that genes associated with synaptic plasticity, learning, and neuronal repair 

remain transcriptionally active (Ahmad Ganai et al., 2016). Decreased levels of TET1/TET2 

(DNA hydroxymethylation enzymes) with aging are restored by exercise, thereby slowing 

down cognitive decline. These epigenetic adaptations explain why exercise is a powerful 

preventive strategy in cognitive spectrum disorders such as Alzheimer's and depression 

(Jessop and Toledo-Rodriguez, 2018). 

Comparative and neurobiological analysis of exercise modalities 

Although every type of physical activity activates the muscle-brain-adipose tissue axis, 

the neuromolecular impact they create, the gene expression profiles they induce, and the 

specific clinical gains differ significantly (Williams et al., 2025). Aerobic activities that 

require continuous cardiovascular capacity, such as running, swimming, and cycling, 

promote angiogenesis and neurogenesis in the brain, particularly in the hippocampus, 

temporal lobe, and cerebellum (Van Praag and Wrann, 2022). The increase in cerebral blood 

flow increases the amount of oxygen and glucose transported to the brain, while maximizing 

the expression of Vascular Endothelial Growth Factor (VEGF) and BDNF. Clinical studies 

show that regular aerobic training prevents age-related hippocampal volume shrinkage and 

significantly improves episodic memory and executive functions (Pahlavani, 2023). 

Furthermore, aerobic exercise promotes the production of anti-inflammatory short-chain 

fatty acids that suppress neuroinflammation by modulating the gut microbiota (Li et al., 

2024). 

Effects of resistance exercise on structural ıntegrity and motor control 

Exercise triggers the strong release of IGF-1, Cathepsin B, and myostatin inhibitors in 

skeletal muscle through muscle contractions. IGF-1 produced in the liver and muscle crosses 

the BBB and modulates dendritic branching and synaptic transmission speed in the 

hippocampus. This mechanism neurobiologically explains the beneficial effects of resistance 

exercise, particularly on information processing speed, procedural memory, and motor 

learning (Prakash et al., 2010; Raichlen and Alexander, 2017; Xenos et al., 2025). 

Axis activation as a therapeutic strategy in neurodegenerative diseases 

The discovery of the mechanisms of the muscle-brain-adipose tissue axis today has 
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provided significant progress in the prevention and treatment of neurodegenerative diseases. 

These pathologies are characterized not only by neuronal apoptosis and amyloid plaque 

accumulation; but also by systemic insulin resistance, metabolic collapse, 

neuroinflammation, and energy crisis (Duranti and Villa, 2024). In Alzheimer's disease 

models, the synergistic effect of the transcription factor and prosaposin (PSAP) myokine, 

which increase in muscle in response to exercise, accelerates the clearance of amyloid-β 

plaques. PSAP activates the autophagy-lysosomal pathway, which ensures the removal of 

toxic protein aggregates from the brain by preserving synaptic integrity (Taha et al., 2024). 

In the pathology of Parkinson's disease, the main problem is the progressive loss of 

dopaminergic neurons and pathological α-synuclein aggregation. Exercise creates a 

neuroprotective defense by increasing the expression of BDNF, GDNF, and IGF-1, which 

support dopaminergic survival (Ishaq et al., 2025). Furthermore, through the modulation of 

the gut-brain axis, immune regulations are activated that prevent the retrograde transport of 

pathological α-synuclein proteins from the enteric nervous system to the brain via the vagus 

nerve (Yang et al., 2025). 

METHOD/METHOD 

Research Design 

This systematic review was conducted in accordance with the PRISMA guidelines to 

examine the molecular mechanisms of exercise-induced crosstalk within the muscle-brain-

adipose tissue axis. 

Search Strategy 

A comprehensive literature search was conducted across PubMed, Web of Science, 

Scopus, PsycINFO, and Google Scholar, covering publications between 2015 and 2025. The 

search strategy employed key terms such as "exercise," "muscle-brain-adipose tissue axis," 

"myokines," "adipokines," and "inter-organ communication". 

Inclusion and Exclusion CriteriaStudies were selected based on the following criteria: 

Inclusion: Peer-reviewed original research and review articles focusing on molecular signaling 

within the muscle-brain-adipose axis during exercise, published in English or Turkish.  

Exclusion: Animal studies, pharmacological intervention-focused research, and non-scientific 

materials such as editorials or book chapters were excluded to ensure high clinical and 

evidence-based relevance. 
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Data Extraction and Analysis  

Relevant studies were screened and evaluated qualitatively. The selected literature was 

analyzed to synthesize findings regarding molecular markers (e.g., irisin, IL-6, METRNL), 

signaling pathways, and the systemic effects of exercise, providing a thematic overview of 

current inter-organ communication dynamics. 

RESULTS AND DISCUSSION 

When current sports sciences and interdisciplinary literature are examined today, it is seen 

that research is concentrated on the muscle-brain-adipose tissue axis. For many years in the 

scientific community, the idea that skeletal muscle had only mechanical functions was accepted. 

However, thanks to the development of clinical research today, it has been proven that, in 

addition to its mechanical functions, skeletal muscle is the largest endocrine organ of the 

organism, and it has begun to be named as such in the literature (Allan et al., 2026). The idea 

that exercise today only increases calorie burning and muscle volume is considered insufficient 

or incomplete. Instead, it has been proven that exercise creates a highly mechanistic and 

complex set of molecular mechanisms (Kukla-Bartoszek and Głombik, 2024). Along with 

exercise, as a result of the biochemical activities of myokines, adipokines, and extracellular 

vesicles, it forms a network that protects the central nervous system against neurodegenerative 

diseases through epigenetic modifications and the restoration of cellular metabolic flexibility, 

thanks to signaling pathways that cross the blood-brain barrier (Burtscher et al., 2021). This 

review study has proven, in light of current literature, that peripheral activity is an essential 

biological requirement for the maintenance of neural homeostasis. Our review study, in which 

different scientific disciplines are synthesized, effectively reveals the effects of factors such as 

osteocalcin and irisin on cognitive functions and their endocrine roles in supporting neural 

plasticity. Furthermore, it can be said that exercise intervention offers a systemic therapeutic 

advantage against neurodegeneration. The intensification of research in this area lays the 

groundwork for the development of exercise mimetics, which is a very new field in sports 

science research. Exercise mimetics can be characterized as agents with pharmacotherapeutic 

properties encompassing irisin, METRNL, or specific exosomal microRNAs (miRNAs) for 

individuals exposed to sedentary lifestyle conditions, carrying the potential to mimic the 

neuroprotective effects of physical activity at the cellular level (Zhao, 2024). Future research 

needs to comprehensively reveal the intercellular signaling networks mediated by vesicles and 

the key bioactive components they carry. In order for these novel approaches to transition to 
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the clinical translation process, it is absolutely essential to verify their pharmacokinetic profiles, 

safety, and therapeutic effects using in vivo models. Thanks to today's technology, the level of 

sophistication in artificial intelligence algorithms and the proliferation of advanced 

neuroimaging systems and non-invasive neurostimulation technologies play a role in the 

emergence of new understandings in the field of personalized exercise interventions. In this 

way, it can be predicted that data-driven, personalized treatment strategies for 

neurodegenerative processes such as Alzheimer's and Parkinson's diseases with non-

pharmacological approaches, which vary according to individuals' genetic, epigenetic, and 

metabolic differences, will become widespread. 

 

Conclusions and Recommendations 

In conclusion, no tissue functions as an isolated unit in the systemic structure of the 

organism. In this network structure where molecules secreted from skeletal muscle can 

modulate neuroplasticity and synaptic integrity in the cerebral structure, a clearer investigation 

of molecular communication pathways will be an important factor not only in combating 

neurodegenerative diseases but also in ensuring healthy aging. Considering this complex 

molecular network structure, it is evident that exercise is arguably the greatest regulator of this 

systemic balance. To maximize the clinical potential of these findings, future research should 

prioritize the standardization of exercise intensity and duration parameters, which is essential 

to define the precise dose-response relationship between physical activity and molecular 

signaling. Furthermore, there is an urgent need for longitudinal clinical trials to verify the 

therapeutic efficacy of identified myokines and adipokines in human patients suffering from 

neurodegenerative pathologies. Integrating multi-omics approaches—such as proteomics, 

transcriptomics, and metabolomics—will be critical to fully map the complex, extracellular 

vesicle-mediated cargo communication between the muscle and the brain. Ultimately, these 

insights should lead toward the development of personalized exercise prescriptions, which 

account for an individual’s specific genetic, epigenetic, and metabolic profile, thereby 

optimizing neuroprotective outcomes and systemic health. 
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