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Abstract 

Metabolic disorders, including obesity, type 2 diabetes mellitus (T2DM), dyslipidemia, and metabolic 
dysfunction–associated fatty liver disease (MAFLD), represent a major and escalating global health 
burden. These conditions are now recognized as systemic disorders arising from dysregulated inter-
organ communication among metabolically active tissues. Central mechanisms include insulin 
resistance, chronic low-grade inflammation, oxidative stress, mitochondrial dysfunction, and 
neuroendocrine dysregulation. Exercise is increasingly recognized as a potent multisystem 
therapeutic intervention. Beyond energy expenditure, it induces coordinated molecular adaptations 
across tissues, including improved mitochondrial function, reduced inflammation, and enhanced 
metabolic flexibility. Exercise-induced signaling molecules (exerkines) and gut microbiota 
remodeling further mediate systemic metabolic benefits. This review synthesizes current evidence on 
exercise as an integrative therapy for metabolic disorders, with emphasis on molecular mechanisms, 
organ-specific adaptations, and clinical applications. Emerging roles of membrane microdomains 
such as caveolae are discussed as potential regulators of metabolic signaling, although their role in 
exercise adaptation remains incompletely defined. 

Keywords: exercise therapy; exerkines; metabolic syndrome; metaflammation; inflammaging; 
exercise prescription 

1. Introduction

Metabolic disorders encompass a broad spectrum of conditions characterized by dysregulated
energy homeostasis and nutrient metabolism. These disorders, including obesity, insulin resistance, 
type 2 diabetes mellitus (T2DM), dyslipidemia, and metabolic syndrome, are increasing in prevalence 
worldwide and represent a major public health challenge [1]. Their pathogenesis reflects a complex 
interplay between genetic predisposition, environmental influences, and lifestyle factors such as 
physical inactivity and energy-dense diets [2–4]]. 

At the cellular level, metabolic dysfunction arises from impaired enzymatic activity, disrupted 
hormonal signaling, and altered nutrient handling, leading to the accumulation of toxic metabolites 
and progressive cellular and tissue stress [5]. Clinically, these conditions frequently coexist, and their 
clustering markedly increases the risk of cardiovascular disease (CVD), chronic kidney disease 
(CKD), and metabolic dysfunction–associated fatty liver disease (MAFLD) [6–8]. This convergence 
highlights the need to view metabolic disorders as systemic, interconnected conditions rather than 
isolated organ-specific diseases [8]. 

Mechanistically, chronic low-grade inflammation or metaflammation, oxidative stress, and 
mitochondrial dysfunction represent central features of metabolic disorders, contributing to impaired 
inter-organ communication and the development of insulin resistance [9,10]. In parallel, 
neuroendocrine dysregulation, including activation of the hypothalamic–pituitary–adrenal (HPA) 
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axis and the sympathetic nervous system, further exacerbates metabolic imbalance and disease 
progression [11]. Increasing evidence also highlights the role of plasma membrane caveolae and 
caveolin-1 as key regulators of metabolic signaling. By organizing signaling molecules such as insulin 
receptors and endothelial nitric oxide synthase, caveolae provide a structural platform for 
coordinating metabolic responses across tissues [12]. 

Understanding these interconnected mechanisms is critical for developing effective therapeutic 
strategies. Lifestyle interventions, particularly exercise and dietary modification, have been shown to 
improve insulin sensitivity, attenuate inflammation, and restore metabolic homeostasis, 
demonstrating the potential reversibility of metabolic dysfunction even in established disease [13,14]. 
However, the complex integration of metabolic, cardiovascular, and renal systems [4] necessitates a 
holistic and systems-based approach to both research and clinical management. 

This review provides an integrated overview of the role of exercise as a multisystem therapy for 
metabolic disorders. We first summarize the interconnected pathophysiology of major metabolic 
diseases, then examine the molecular and physiological mechanisms underlying exercise-induced 
metabolic adaptations, including inflammatory regulation, mitochondrial remodeling, and gut 
microbiota interactions. Finally, we discuss clinical implications for exercise prescription and 
underline future directions for personalized and mechanism-based exercise interventions. 

2. Defining Metabolic Disorders and Their Pathophysiology 

Metabolic disorders comprise a broad spectrum of conditions characterized by impaired 
regulation of energy homeostasis and nutrient metabolism. These disturbances involve dysregulation 
of carbohydrate, lipid, and protein metabolism and arise from complex interactions among genetic 
susceptibility, environmental exposures, and lifestyle factors, particularly physical inactivity and 
excess caloric intake [6,7]. 

At a mechanistic level, these disorders are defined by alterations in hormonal signaling, 
enzymatic activity, and cellular metabolic pathways, leading to imbalances in energy storage and 
utilization. In rare inherited metabolic diseases, single-gene defects result in enzyme deficiencies and 
the accumulation of toxic intermediates [8]. In contrast, common cardiometabolic disorders, 
including obesity, T2DM, dyslipidemia, metabolic syndrome, and MAFLD, are polygenic and 
multifactorial, involving systemic metabolic dysregulation [15]. 

These prevalent disorders frequently coexist and share core pathogenic mechanisms, including 
insulin resistance, chronic low-grade inflammation, mitochondrial dysfunction, and lipid 
dysregulation [13,16]. Rather than representing discrete disease entities, they constitute a continuum 
of metabolic dysfunction with overlapping clinical phenotypes and molecular signatures, 
contributing collectively to increased cardiometabolic risk [14]. 

Emerging evidence suggests that plasma membrane microdomains, particularly caveolae, may 
contribute to the spatial organization of metabolic signaling pathways. Caveolin-1–enriched caveolae 
have been implicated in the regulation of insulin receptor signaling and lipid homeostasis, 
supporting their potential role in coordinating metabolic responses across tissues [12,17]. However, 
their contribution to the integrated pathogenesis of metabolic syndrome remains incompletely 
defined and warrants further investigation. 

2.1. Common Metabolic Disorders 

Metabolic disorders range from rare inherited enzyme deficiencies to highly prevalent lifestyle-
related syndromes (Table 1). These conditions can be broadly classified according to the primary 
metabolic pathway affected: 
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Table 1. Common Metabolic Disorders. 

Disorder 

Category 
Examples Pathophysiology Highlights 

Carbohydrate 

Metabolism 

Disorders 

Diabetes mellitus (T1DM, 

T2DM), glycogen storage 

diseases [18,19]  

Impaired insulin secretion or action, or enzyme 

deficiencies leading to dysregulated glucose 

homeostasis. 

Lipid 

Metabolism 

Disorders 

Dyslipidemia, Gaucher 

disease, Niemann–Pick 

disease [20–22] 

Defects in lipid transport, storage, or catabolism 

resulting in abnormal lipid accumulation in 

circulation or tissues. 

Amino Acid 

Metabolism 

Disorders 

Phenylketonuria (PKU) 

[23] 

Enzyme deficiencies impair amino acid metabolism, 

leading to accumulation of toxic intermediates. 

Metal 

Metabolism 

Disorders 

Hemochromatosis, 

Wilson’s disease [24,25] 

Impaired metal transport or excretion results in toxic 

accumulation in organs such as the liver and brain. 

Metabolic 

Syndrome 

Central obesity, 

hypertension, insulin 

resistance, dyslipidemia 

[13,26,27] 

Systemic metabolic dysregulation driven by insulin 

resistance, chronic inflammation, and altered lipid 

metabolism; emerging evidence suggests a potential 

role for caveolae and caveolin-1 in coordinating 

metabolic signaling. 

2.2. Integrated Pathophysiology 

Although metabolic disorders were historically conceptualized as organ-specific conditions, 
such as skeletal muscle insulin resistance in T2DM or hepatic steatosis in fatty liver disease, current 
evidence supports their classification as systemic disorders arising from dysregulated inter-organ 
communication among skeletal muscle, liver, adipose tissue, pancreas, vasculature, and central and 
autonomic nervous systems [28]. Integrative frameworks, such as cardiovascular–kidney–metabolic 
(CKM) syndrome, further emphasize the networked and multisystem nature of metabolic 
dysfunction [29]. 

Key mechanistic drivers include: 
1. Insulin resistance: Impaired insulin signaling reduces glucose uptake in skeletal muscle and 

adipose tissue while increasing hepatic glucose production [30]. 
2. Chronic low-grade inflammation (Metaflammation): Persistent activation of pro-

inflammatory cytokines and adipokines promotes vascular dysfunction and metabolic injury [31]. 
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3. Oxidative stress: Excess reactive oxygen species (ROS) impair cellular function and amplify 
inflammatory signaling cascades [32]. 

4. Mitochondrial dysfunction: Impaired mitochondrial bioenergetics and redox imbalance 
exacerbate metabolic inefficiency and insulin resistance [33]. 

5. Neuroendocrine dysregulation: Autonomic imbalance and activation of the hypothalamic–
pituitary–adrenal (HPA) axis can contribute to systemic metabolic disturbances [34]. 

These processes are highly interconnected, forming a self-reinforcing network in which 
dysfunction in one tissue propagates abnormalities across multiple organ systems. This integrated 
pathophysiology underlies the progression to T2DM, cardiovascular disease, and MAFLD [35]. 

2.3. Caveolae and Metabolic Signaling 

Caveolae, flask-shaped invaginations of the plasma membrane enriched in caveolin proteins, are 
increasingly recognized as critical regulators of metabolic signaling [17]. These specialized membrane 
microdomains function as organizational hubs that compartmentalize and coordinate key signaling 
pathways involved in glucose, NO and lipid metabolism [36,37]. Disruption of caveolae structure or 
caveolin-1 expression has been linked to insulin resistance, hypertensin, dyslipidemia, and other 
features of metabolic syndrome, highlighting their importance in maintaining metabolic homeostasis 
[26,38]. 

Mechanistically, caveolae facilitate the spatial organization of signaling molecules, including 
insulin receptors, AMP-activated protein kinase (AMPK), and endothelial nitric oxide synthase 
(eNOS), thereby enhancing signaling efficiency and specificity [39]. 

In addition to their role in biochemical signaling, caveolae act as mechanosensitive structures 
that respond to changes in membrane tension and shear stress under exercise, linking cellular 
mechanotransduction to systemic metabolic regulation [40]. Through these combined functions, 
caveolae provide a structural and functional interface between cellular signaling networks and 
whole-body metabolic homeostasis. However, despite accumulating evidence, the precise role of 
caveolae in coordinating multisystem metabolic responses, particularly during exercise, remains 
incompletely defined and requires further investigation. 

4. Interconnection of Metabolic Disorders 

Metabolic disorders, including obesity, T2DM, dyslipidemia, and cardiovascular and renal 
diseases, do not occur as isolated conditions but instead form a highly interconnected network driven 
by shared molecular and physiological mechanisms. Among these, obesity, particularly the 
expansion of visceral adipose tissue, plays a central pathogenic role by promoting chronic low-grade 
inflammation and disrupting insulin signaling pathways [26]. Adipose tissue dysfunction is 
characterized by increased secretion of pro-inflammatory cytokines and adipokines, which 
contribute to systemic insulin resistance, altered glucose metabolism, and dysregulated lipid 
handling [13]. 

Metabolic syndrome represents the clinical manifestation of this clustering, defined by the 
coexistence of central obesity, hyperglycemia, hypertension, and dyslipidemia. This constellation 
markedly increases the risk of cardiovascular morbidity and mortality and reflects the convergence 
of metabolic and vascular dysfunction [41]. At the molecular level, insulin resistance and ectopic lipid 
accumulation act as key drivers linking these abnormalities across tissues. Emerging evidence 
suggests that membrane microdomains, including caveolae, may contribute to the spatial 
organization of signaling molecules involved in metabolic regulation [42]. However, their role as 
central integrators of metabolic syndrome in humans remains incompletely defined and requires 
further validation. 

T2DM further amplifies this interconnected pathology. Chronic hyperglycemia induces 
endothelial dysfunction, promotes oxidative stress, and accelerates atherosclerotic processes, thereby 
increasing the risk of cardiovascular complications such as coronary artery disease and stroke [14]. 
Concurrently, dyslipidemia, characterized by elevated triglycerides and low-density lipoprotein 
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(LDL) cholesterol, together with reduced high-density lipoprotein (HDL) cholesterol, exacerbates 
vascular injury and promotes plaque formation [22]. 

Chronic inflammation and oxidative stress represent common mechanistic threads linking these 
disorders. Persistent activation of inflammatory signaling pathways and increased production of 
ROS contribute to progressive metabolic dysfunction, endothelial injury, and organ damage [16]. 
These processes establish a self-reinforcing cycle in which metabolic and vascular abnormalities 
amplify one another over time. 

Metabolic disorders can be conceptualized as an integrated pathophysiological network rather 
than isolated disease entities. Viewing them through this interconnected lens underscores the 
importance of therapeutic approaches that target shared underlying mechanisms, such as insulin 
resistance, chronic inflammation, and mitochondrial dysfunction, instead of treating each condition 
in isolation. Moreover, treating each condition separately often leads to polypharmacy, which not 
only increases healthcare costs but also heightens the risk of medication-induced complications. 

5. Mechanisms of Action: How Exercise Improves Metabolic Health 

Physical exercise represents a potent non-pharmacological stimulus that induces coordinated 
adaptations across multiple organ systems, extending far beyond its role in energy expenditure. 
These adaptations are mediated through integrated molecular and physiological processes, including 
modulation of inflammatory signaling, enhancement of mitochondrial function, regulation of inter-
organ communication via exerkines, and remodeling of the gut microbiota [43]. These mechanisms 
can enhance metabolic flexibility and confer systemic metabolic resilience. 

5.1. Modulation of Inflammation and Oxidative Stress 

Chronic low-grade inflammation and oxidative stress are central features of metabolic disorders 
and contribute to insulin resistance, endothelial dysfunction, and tissue injury [44]. Exercise acts as a 
controlled physiological stressor that transiently increases ROS production, thereby activating 
adaptive cellular stress response pathways. 

Among these, heat shock proteins (Hsps) play a critical cytoprotective role. Exercise induces the 
expression of Hsp families, including Hsp60 and Hsp70, through stimuli such as increased 
temperature, intracellular calcium flux, and oxidative stress [45–47]. These proteins facilitate protein 
folding, stabilize cellular structures, and suppress inflammatory signaling pathways. Exercise-
induced Hsp expression has been associated with reduced activation of pro-inflammatory mediators 
and improved vascular function [45]. 

In contrast, metabolic disorders are characterized by sustained oxidative stress and dysregulated 
activation of stress-response pathways, including heat shock factor 1 (HSF1) signaling, which may 
contribute to chronic inflammation and vascular injury [48,49]. Emerging evidence suggests that 
HSF1/Hsp signaling exerts context-dependent effects: transient activation during exercise promotes 
adaptive anti-inflammatory responses, whereas chronic activation under metabolic stress may 
exacerbate inflammatory processes [50]. 

Regular physical activity attenuates systemic inflammation by reducing circulating levels of pro-
inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and C-reactive protein (CRP), while 
enhancing anti-inflammatory mediators including interleukin-10 (IL-10) and adiponectin [51,52]. 
These effects contribute to the mitigation of metaflammation and inflammaging, thereby improving 
metabolic homeostasis. 

5.2. Exerkines and Inter-Organ Communication 

Exercise-induced metabolic adaptations are mediated in part by exerkines, a diverse group of 
signaling molecules released from metabolically active tissues, including skeletal muscle, liver, and 
adipose tissue [53,54]. These factors act through endocrine, paracrine, and autocrine pathways to 
coordinate systemic metabolic responses. 
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Hepatokines represent an important class of exerkines. Molecules such as fibroblast growth 
factor 21 (FGF21), angiopoietin-like protein 4 (ANGPTL4), and follistatin are released in response to 
exercise and regulate lipid metabolism, glucose homeostasis, and inflammatory signaling [55]. 
Similarly, skeletal muscle–derived myokines contribute to systemic metabolic regulation. For 
example, irisin promotes browning of white adipose tissue, enhances energy expenditure, and 
improves metabolic flexibility [56]. 

In addition to protein mediators, exerkine induces widespread changes in circulating 
metabolites. Metabolomic studies demonstrate that physical activity alters pathways related to amino 
acid metabolism, lipid oxidation, and redox balance, extending the systemic effects of exercise 
beyond traditional cardiometabolic markers such as glucose and triglycerides [57,58]. 

These exerkine-mediated networks provide a mechanistic basis for inter-organ communication, 
linking skeletal muscle activity to metabolic regulation in distant tissues, including the liver, adipose 
tissue, vasculature, and central nervous system. 

5.3. Gut Microbiota and the Gut–Liver Axis 

The gut microbiota has emerged as a key regulator of metabolic health. Exercise modulates both 
the composition and diversity of the gut microbiome, with downstream effects on host metabolism 
and immune function [59,60]. Regular physical activity is associated with increased microbial 
diversity and enrichment of metabolically beneficial taxa. 

Exercise-induced alterations in gut microbiota contribute to reduced systemic inflammation, 
partly through decreased circulating lipopolysaccharide (LPS) levels and modulation of immune 
signaling pathways. In addition, exercise enhances intestinal barrier integrity by upregulating tight 
junction proteins and promoting mucus production, thereby limiting endotoxin translocation [61]. 
These microbial adaptations have important implications for the gut–liver axis. By influencing bile 
acid metabolism, short-chain fatty acid production, and inflammatory signaling, exercise improves 
hepatic lipid metabolism and insulin sensitivity [62]. Clinical studies demonstrate that both 
moderate-intensity continuous training and high-intensity interval training reduce hepatic fat 
content and improve metabolic parameters in individuals with MAFLD [63]. 

Mechanistically, these effects are supported by exercise-induced changes in gastrointestinal 
physiology, including increased intestinal motility, altered blood flow, and modulation of mucosal 
immune function [59]. Comparative studies further demonstrate distinct gut microbiota profiles 
between physically active and sedentary individuals, reinforcing the role of exercise as a regulator of 
host–microbiome interactions [64]. 

5.4. Integrated Multisystem Adaptations 

The metabolic benefits of exercise arise from the integration of these mechanisms across multiple 
organ systems. Improvements in mitochondrial function enhance cellular energy metabolism, while 
reductions in inflammation and oxidative stress restore insulin sensitivity and vascular function. 
Concurrently, exerkine signaling and gut microbiota remodeling facilitate coordinated inter-organ 
communication. Eventually, these adaptations shift the organism toward a metabolically flexible and 
resilient state, enabling more efficient substrate utilization and improved responses to metabolic 
stress. This systems-level reprogramming distinguishes exercise from single-target pharmacological 
therapies and underlies its broad efficacy in the prevention and management of metabolic disorders. 

6. Systemic and Organ-Specific Effects of Exercise 

Regular physical activity induces coordinated, multisystem adaptations that can enhance 
metabolic homeostasis. Rather than targeting a single pathway, exercise exerts integrated effects 
across organ systems, improving insulin sensitivity, vascular function, energy metabolism, and 
inflammatory regulation. 
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Pancreas and Glucose Regulation 
Exercise improves whole-body glucose homeostasis by enhancing insulin sensitivity and 

supporting pancreatic β-cell function. Increased skeletal muscle glucose uptake occurs via both 
insulin-dependent and contraction-mediated pathways, reducing glycemic load and β-cell stress [65]. 
These adaptations contribute to improved glycemic control in individuals with insulin resistance and 
T2DM. 
Cardiovascular and Vascular System 

Exercise induces robust cardiovascular and vascular adaptations. Regular physical activity 
improves lipid profiles by lowering triglycerides and LDL cholesterol while increasing HDL 
cholesterol [66]. It also reduces blood pressure and systemic inflammation, thereby lowering 
cardiovascular risk. 

At the vascular level, exercise-induced increases in blood flow generate shear stress, activating 
endothelial mechanotransduction pathways such as AMP-activated protein kinase (AMPK) and 
nitric oxide signaling [67]. These pathways enhance endothelial function, promote vasodilation, and 
strengthen antioxidant defenses. 

Caveolae have been implicated in endothelial mechanosensing. Experimental evidence suggests 
a role in shear stress–mediated nitric oxide production; however, their contribution to exercise-
induced vascular adaptations in humans remains incompletely defined [67]. Exercise also enhances 
myocardial metabolism by promoting mitochondrial biogenesis, regulating autophagy, and 
improving substrate utilization, thereby conferring protection against diabetic cardiomyopathy [68]. 
Respiratory System 

Exercise improves pulmonary function through both mechanical and molecular adaptations. 
Enhanced ventilation efficiency, tidal volume, and respiratory muscle strength facilitate oxygen 
uptake and delivery [69]. Concurrently, reducing pulmonary inflammation and oxidative stress 
restores endothelial nitric oxide signaling, which in turn improves pulmonary vascular function, 
enhances alveolar gas-exchange capacity, and ultimately supports more efficient systemic oxygen 
transport. Together, diminished inflammatory and oxidative burden and increased nitric-oxide 
bioavailability strengthen pulmonary vascular performance and promote effective whole-body 
oxygen delivery [70]. 
Nervous System and Autonomic Regulation 

Metabolic disorders are frequently associated with autonomic imbalance, characterized by 
heightened sympathetic activity and reduced parasympathetic tone. Regular exercise restores 
autonomic balance by improving baroreflex sensitivity and modulating autonomic outflow [71]. 

These adaptations contribute to improved cardiovascular regulation, enhanced metabolic 
control, and reduced risk of complications such as diabetic neuropathy [72]. Exercise also supports 
central and peripheral nervous system function, influencing behavioral regulation and long-term 
adherence to physical activity. 
Skeletal Muscle and Adipose Tissue 

Skeletal muscle is a primary site of metabolic adaptation to exercise. Training enhances 
mitochondrial biogenesis, increases oxidative capacity, and improves lipid oxidation, thereby 
reducing intramyocellular lipid accumulation and improving insulin sensitivity [73]. 

In adipose tissue, exercise promotes browning of white adipose tissue and increases 
thermogenic activity, contributing to greater energy expenditure and reductions in visceral fat mass 
[74]. These changes are accompanied by improved adipokine profiles and reduced inflammatory 
signaling. 

Exercise also induces persistent adaptations in muscle function (“muscle memory”), facilitating 
sustained metabolic benefits and improved tolerance to repeated physical activity [75]. 
Intestinal System and Gut Barrier Function 

Exercise exerts significant effects on intestinal physiology and gut barrier integrity. It enhances 
tight junction protein expression, increases mucus production, and reduces intestinal permeability, 
thereby limiting translocation of pro-inflammatory molecules such as LPS [76]. In parallel, exercise-
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induced modulation of the gut microbiota alters the production of metabolites such as short-chain 
fatty acids, which contribute to systemic metabolic regulation and cardiometabolic protection [77] 
Liver and Hepatic Metabolism 

Exercise improves hepatic metabolism by increasing fatty acid oxidation, reducing triglyceride 
accumulation, and enhancing insulin sensitivity. These effects are particularly important in MAFLD, 
where exercise reduces hepatic fat content independently of weight loss. These benefits arise from 
both direct hepatic adaptations and indirect mechanisms, including improved adipose tissue 
function and gut microbiota-mediated signaling [78]. 
Integrated Systemic Effects 

The metabolic benefits of exercise emerge from the integration of organ-specific adaptations. 
Enhanced skeletal muscle glucose uptake improves systemic glucose disposal, while vascular and 
autonomic adaptations optimize tissue perfusion and metabolic regulation. Concurrent reductions in 
inflammation and oxidative stress, together with gut microbiota remodeling, further reinforce 
metabolic homeostasis. This coordinated, systems-level response distinguishes exercise from single-
target pharmacological interventions and underpins its broad efficacy in preventing and managing 
metabolic disorders. Maximizing these benefits requires individualized exercise prescriptions that 
consider modality, intensity, duration, and long-term adherence [43]. 

7. Practical Application: Exercise Prescription 

Regular physical activity is a cornerstone intervention for preventing and managing metabolic 
disorders. Extensive evidence demonstrates that exercise improves insulin sensitivity, lipid 
metabolism, vascular function, body composition, and chronic low-grade inflammation [79]. 
Importantly, many benefits occur independently of significant weight loss, highlighting the intrinsic 
metabolic adaptations elicited by physical activity. Both aerobic and resistance training provide 
complementary benefits, with combined programs typically producing the most consistent 
improvements in cardiometabolic outcomes [80]. 

7.1. Exercise Across Major Metabolic Disorders 

Exercise is a core therapeutic strategy across a range of metabolic conditions. In T2DM and 
insulin-resistant states, physical activity enhances both insulin-dependent and insulin-independent 
glucose uptake in skeletal muscle, increasing peripheral glucose disposal and supporting pancreatic 
β-cell function [81]. Sustained lifestyle interventions incorporating structured exercise may 
contribute to partial disease remission in some individuals [82]. 

Current consensus guidelines recommend at least 150–300 minutes of moderate-intensity 
aerobic activity per week, or 75–150 minutes of vigorous-intensity activity, combined with resistance 
training two to three times weekly [83]. These regimens are associated with significant reductions in 
glycated hemoglobin (about 0.5-1%) and improvements in insulin sensitivity [81]. 

In obesity, exercise increases total energy expenditure, preferentially reduces visceral adiposity, 
and preserves lean body mass during caloric restriction [84]. While exercise alone often produces 
modest weight loss, it is critical for long-term weight maintenance and prevention of weight regain, 
typically requiring sustained, high levels of physical activity [85]. 

Exercise also improves key cardiometabolic risk factors, including hypertension and 
dyslipidemia. Regular aerobic activity reduces both systolic and diastolic blood pressure, with effect 
sizes comparable to first-line antihypertensive therapies in some populations [78]. These effects are 
mediated through improved endothelial function, enhanced nitric oxide bioavailability, reduced 
arterial stiffness, and decreased sympathetic activity. In dyslipidemia, exercise lowers circulating 
triglycerides and modestly increases HDL cholesterol, reflecting enhanced lipid oxidation and 
lipoprotein metabolism [86]. In MAFLD, both aerobic and resistance training reduce hepatic fat 
content and improve insulin sensitivity, often independently of weight loss [62]. These benefits reflect 
coordinated adaptations across skeletal muscle, adipose tissue, and liver [87]. 
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7.2. Exercise Modalities and Physiological Adaptations 

Different exercise modalities elicit distinct but complementary physiological responses. Aerobic 
exercise enhances cardiorespiratory fitness, mitochondrial function, and metabolic flexibility while 
improving glucose and lipid metabolism [88]. Resistance training increases muscle mass and 
strength, supports basal metabolic rate, and improves glycemic control and insulin sensitivity [89]. 
Combined aerobic and resistance training generally yields the greatest overall metabolic benefit. 
High-intensity interval training (HIIT) offers a time-efficient strategy to improve cardiorespiratory 
fitness and metabolic health, though its superiority over moderate-intensity continuous training for 
glycemic outcomes remains variable [90]. 

7.3. FITT-VP Framework for Exercise Prescription 

Exercise interventions are often structured according to the FITT-VP principle: frequency, 
intensity, time, type, volume, and progression, which provides a practical framework for 
individualized prescription [83,91]. 

• Frequency: Aerobic exercise is recommended 3–5 days per week, avoiding prolonged 
inactivity (>2 consecutive days), particularly in individuals with diabetes. 

• Intensity: Moderate intensity corresponds approximately to 40–59% of VO₂ reserve, while 
vigorous intensity corresponds to 60–84%. 

• Time and Volume: Weekly targets of 150–300 minutes of moderate-intensity or 75–150 
minutes of vigorous-intensity activity can be accumulated through continuous or intermittent 
sessions. 

• Type: A combination of aerobic activities (e.g., walking, cycling, swimming) and resistance 
training (multi-joint exercises using free weights, machines, or bodyweight) is recommended. 

• Progression: Gradual increases in intensity, duration, or frequency are essential to sustain 
adaptation while minimizing injury risk. 

Programs should be individualized based on baseline fitness, comorbidities, age, and patient 
preferences to maximize adherence and long-term effectiveness. 

7.4. Clinical Implementation and Safety Considerations 

Effective exercise implementation requires attention to safety and patient-specific factors. Pre-
exercise medical evaluation is recommended for individuals with cardiovascular disease, diabetes, 
or other high-risk conditions. Patients with diabetes should monitor blood glucose before and after 
exercise and adjust medications or carbohydrate intake to reduce the risk of hypoglycemia [92], and 
individuals with markedly elevated blood glucose (e.g., >16 mmol/L) should avoid vigorous exercise 
until glycemic control is achieved [84]. 

Exercise prescriptions should be modified for individuals with complications such as peripheral 
neuropathy, retinopathy, or frailty. Resistance training should avoid the Valsalva maneuver, and 
balance or mobility limitations should be considered when selecting exercise modalities [94]. In 
addition to structured exercise, reducing sedentary behavior and increasing daily physical activity 
contribute significantly to metabolic health [95]. 

Multidisciplinary approaches involving clinicians, exercise physiologists, and allied health 
professionals improve adherence, safety, and long-term outcomes. 

7.5. Emerging and Adjunct Approaches 

Physiological and environmental modifiers can influence exercise-induced metabolic 
adaptations. For example, hypoxic training may induce transient oxidative stress, followed by 
adaptive improvements in mitochondrial efficiency and metabolic resilience [96]. Acute exercise also 
increases circulating cell-free DNA, reflecting immune activation and potential interactions with 
inflammatory pathways [97]. 
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Alternative exercise modalities, including dance- or group-based programs, have demonstrated 
improvements in cardiometabolic risk factors and may enhance adherence through enjoyment and 
social engagement [98]. Tailoring exercise interventions to individual preferences and behavioral 
factors supports long-term sustainability. 

8. Challenges and Future Directions 

Despite the well-established benefits of exercise for preventing and managing metabolic 
disorders, translating this evidence into sustained real-world practice remains difficult. Barriers arise 
at individual, clinical, and societal levels, limiting both the initiation and long-term adherence to 
physical activity interventions. 

8.1. Barriers to Implementation and Adherence 

At the individual level, adherence is often hindered by limited time, low motivation, fatigue, 
and physical discomfort—challenges that are especially pronounced in individuals with obesity or 
chronic disease. Psychological factors such as depression, low self-efficacy, and fear of hypoglycemia 
in diabetes further reduce engagement, while insufficient knowledge about safe and effective exercise 
practices contributes to avoidance. 

Within healthcare settings, exercise counseling remains underutilized. Many clinicians lack the 
time, training, or resources needed to deliver individualized exercise prescriptions, resulting in 
generalized rather than structured guidance [99]. Broader environmental and social determinants, 
including limited access to safe exercise spaces, inadequate infrastructure, and lack of social support, 
also suppress participation [100]. Weight stigma and bias may further discourage engagement and 
undermine effective clinical communication [101]. 

Emerging approaches should focus on precision exercise prescription and the integration of 
multi-omics with digital phenotyping to guide individualized responses and variability. 

8.2. Inter-Individual Variability and the Need for Personalization 

A major challenge in exercise therapy is the substantial inter-individual variability in metabolic 
responses. Individuals completing similar exercise regimens may show markedly different 
improvements in insulin sensitivity, body composition, and cardiovascular fitness, reflecting 
differences in genetics, baseline metabolic status, age, sex, comorbidities, and environmental 
exposures [102]. 

Emerging precision-exercise approaches aim to address this variability by tailoring prescriptions 
to physiological and molecular characteristics. Objective physiological thresholds, such as ventilatory 
and lactate thresholds, offer more accurate intensity prescription than generalized heart-rate targets 
[103]. Integration of molecular biomarkers, including exerkines and metabolomic signatures, may 
further refine individualized strategies [104]. 

8.3. Technological Integration and Digital Health 

Advances in digital health technologies provide new opportunities to enhance adherence and 
safety. Wearable devices and mobile health applications now enable continuous monitoring of 
physical activity, heart rate, and glucose levels, offering real-time feedback and personalized 
adjustment of exercise intensity [105]. Artificial-intelligence systems are being developed to predict 
individual responses and mitigate risks such as exercise-induced hypoglycemia, transforming 
exercise prescription into a dynamic, data-driven intervention [106]. 

8.4. Mechanistic Gaps and Research Priorities 

Despite progress, key mechanistic questions remain unresolved. The relative contributions of 
inflammation, mitochondrial remodeling, exerkine signaling, and gut microbiota dynamics to the 
metabolic benefits of exercise are not fully delineated. The temporal coordination of these adaptations 
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and their cross-tissue interactions also require deeper investigation [107]. Emerging evidence 
suggests that cellular structures such as caveolae may participate in metabolic signaling, but their 
role in exercise-induced adaptations remains insufficiently characterized in humans [108]. Similarly, 
causal links between exercise-induced microbiome changes and metabolic improvements remain an 
active area of research [109]. 

Priority areas for future work include: 
- Longitudinal, well-controlled human studies 
- Integration of multi-omics approaches 
- Identification of causal pathways linking exercise to metabolic outcomes 

8.5. Integration with Multimodal Therapies 

Exercise is increasingly incorporated into multimodal therapeutic strategies. Combining exercise 
with pharmacological treatments, dietary interventions, or metabolic surgery may yield additive or 
synergistic benefits. Exercise-induced improvements in insulin sensitivity and mitochondrial 
function may complement glucose-lowering or lipid-modifying therapies. Understanding how 
exercise interacts with emerging pharmacotherapies, such as incretin-based agents, represents an 
important future direction. 

8.6. Public Health and Systems-Level Approaches 

At the population level, increasing physical activity requires structural and policy-level 
interventions. Urban design that promotes walkability, access to green spaces, and safe environments 
can facilitate behavioral change. Community-based programs and peer-support initiatives may 
further enhance engagement and long-term adherence. Within healthcare systems, greater 
integration of exercise medicine into routine care is needed. This includes improved clinician 
education, standardized exercise-prescription protocols, and incorporation of exercise professionals 
into multidisciplinary teams. Scalable models that combine digital health tools with community-
based support may offer effective pathways for broad implementation. 

Ultimately, advancing the role of exercise in metabolic health will require a shift from 
generalized recommendations to precision-based, mechanism-informed interventions. Integrating 
physiological, molecular, and behavioral data has the potential to transform exercise into a 
personalized therapeutic modality. Addressing the global burden of metabolic disorders will depend 
not only on mechanistic advances but also on the successful translation of exercise science into 
sustainable, accessible, and equitable interventions at both individual and population levels. 

Preprints.org (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 21 April 2026 doi:10.20944/preprints202604.1424.v1

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.

https://doi.org/10.20944/preprints202604.1424.v1
http://creativecommons.org/licenses/by/4.0/


 12 of 19 

 

 

Figure 1. Exercise and Metabolic Health: Exercise enhances metabolic health via caveolae-mediated signaling 
(AMPK, eNOS, PI3K–Akt) and exerkine-driven inter-organ communication. These adaptations improve insulin 
sensitivity, lipid metabolism, and mitochondrial function while reducing inflammation and oxidative stress. 
Tailored exercise modalities help prevent metabolic syndrome and related diseases, ultimately restoring 
metabolic homeostasis. 

9. Conclusions 

Metabolic disorders represent a complex and escalating global health burden driven by 
interconnected disturbances in energy metabolism, inflammation, oxidative stress, and inter-organ 
communication. Rather than discrete disease entities, conditions such as obesity, T2DM, 
dyslipidemia, metabolic syndrome, and MAFLD form a unified pathophysiological network in which 
dysfunction in one tissue propagates across multiple organ systems. 

Exercise represents a unique multisystem therapy capable of targeting the interconnected 
mechanisms underlying metabolic disorders. Its effects extend beyond energy balance to include 
coordinated molecular, cellular, and systemic adaptations. Through mechanisms including exerkine-
mediated signaling, modulation of inflammatory and stress-response pathways, enhancement of 
mitochondrial function, and remodeling of the gut microbiota, exercise restores metabolic flexibility 
and improves systemic metabolic homeostasis. 

Importantly, these benefits occur across a broad range of metabolic conditions and are often 
independent of substantial weight loss, highlighting exercise as a fundamental regulator of metabolic 
health. However, variability in individual responses and challenges in long-term adherence remain 
significant barriers to implementation. 

Future progress will depend on advancing precision exercise medicine through integration of 
physiological, molecular, and digital health approaches, and on embedding exercise more effectively 
within clinical care pathways. As a scalable and cost-effective intervention, sustained physical 
activity represents a cornerstone strategy for reducing the global burden of metabolic disease and 
improving population health. 
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