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Major Depressive Disorder (MDD) is a leading global health challenge, affecting nearly 5% of the population. Mounting evidence suggests that systemic low-grade chronic inflammation (SLGCI) plays a central role in the development and progression of MDD. This persistent inflammatory state results from unresolved immune activation and sustained exposure to modern lifestyle factors, such as sedentary behavior, poor diet, inadequate sleep, and psychological stress. Regular physical activity (PA), particularly exercise, has been shown to modulate inflammatory processes and improve depressive symptoms. This narrative review examines the complex interactions between inflammation and MDD, focusing on the role of PA and exercise in mitigating SLGCI and neuroinflammation. This is approached through an evolutionary lens, exploring how the mismatch between ancestral and modern activity levels may contribute to the rise of MDD. In addition, it highlights the potential risks of excessive exercise, including overtraining and its association with depressive symptoms. Finally, this work proposes a practical framework for optimizing PA and exercise as preventive and therapeutic tools for MDD by aligning modern PA patterns with ancestral behavioral norms.
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1 Introduction

Major Depressive Disorder (MDD) is a significant public health concern, affecting nearly 5% of the population worldwide (Malhi and Mann, 2018). Alarmingly, its prevalence appears to be rising, with several studies reporting increasing incidence rates over the past decades (GBD 2019 Mental Disorders Collaborators, 2022; Goodwin et al., 2022). While MDD is more prevalent in women (Li S. et al., 2023), it affects individuals across sexes (GBD 2019 Mental Disorders Collaborators, 2022) and age groups (Ghandour et al., 2019; Juul et al., 2021; GBD 2019 Mental Disorders Collaborators, 2022). Although various psychological and environmental factors are important in the etiology of MDD, growing research points to the central involvement of biological mechanisms in both its onset and progression (Miller and Raison, 2016; Malhi and Mann, 2018; Correia et al., 2023; Hassamal, 2023). These mechanisms include neurotransmitter dysregulation, altered hypothalamic–pituitary–adrenal axis function, impaired neuroplasticity, oxidative stress, and notably, chronic inflammation (Miller and Raison, 2016; Correia et al., 2023; Hassamal, 2023).

Regarding inflammation, it serves as an evolutionarily conserved mechanism essential for host protection and the restoration of homeostasis (Medzhitov, 2021; Meizlish et al., 2021). Under normal circumstances, it typically resolves once these functions are achieved (Furman et al., 2019). However, when inflammatory responses fail to resolve—due to intrinsic dysregulation or persistent exposure to stressors—they may evolve into a state of systemic low-grade chronic inflammation (SLGCI) (Furman et al., 2019). SLGCI is now recognized as a shared mechanism underlying several chronic diseases, such as cancer, autoimmune diseases, non-alcoholic fatty liver disease, type 2 diabetes, cardiovascular disease (CVD), chronic kidney disease, osteoporosis, sarcopenia, neurodegenerative diseases, and psychiatric disorders such as MDD (Haapakoski et al., 2015; Köhler et al., 2017; Arteaga-Henríquez et al., 2019; Furman et al., 2019; Osimo et al., 2019; Bai et al., 2020; Costanza et al., 2024; Vöckel et al., 2024; Yin et al., 2024).

A variety of intrinsic and extrinsic modifiable factors contribute to SLGCI, including smoking, environmental pollutants, psychological stress, sleep disturbances and circadian disruption, poor diets, excessive adiposity, and physical inactivity (Furman et al., 2019; Burini et al., 2020; Valenzuela et al., 2023). Interestingly, the advent of most of these stressors postdates the Neolithic and, particularly, the Industrial Revolution, representing a relatively short period on the evolutionary timeline for human physiology to fully adapt (Cordain et al., 2005; Carrera-Bastos et al., 2011; Ruiz-Núñez et al., 2013; Burini et al., 2020; Chaudhary and Salali, 2022). It can, therefore, be argued that the rapid emergence of various ‘diseases of civilization’—including MDD—may reflect a mismatch between our ancestral physiology and modern lifestyles (Carrera-Bastos et al., 2011; Ruiz-Núñez et al., 2013; Burini et al., 2020; Chaudhary and Salali, 2022). Among these modifiable factors, sedentary behavior and physical inactivity stand out due to their widespread prevalence (Guthold et al., 2018, 2020) and its numerous pleiotropic effects (Burini et al., 2020; Kerr and Booth, 2022; Pinto et al., 2023).

From an evolutionary perspective, most of the human genome evolved under conditions characterized by high physical activity (PA) (Cordain et al., 1998; Boullosa et al., 2013; Booth et al., 2017). Virtually all hominins, including Homo sapiens—which arose approximately 200,000–300,000 years ago (Hublin et al., 2017; Richter et al., 2017; Schlebusch et al., 2017; Vidal et al., 2022)—depended on PA for survival, i.e., hunting and gathering, fleeing predators, digging, carrying loads, and other tasks involving both low- and high-intensity physical activities (Boullosa et al., 2013; Booth et al., 2017). However, after the Industrial Revolution and the advent of the Modern era, drastic changes in lifestyle occurred, reducing the need for PA at any intensity and increasing sedentary behavior (Eaton and Eaton, 2003). These lifestyle changes may have a pivotal role in contributing to diseases of civilization, such as MDD (Booth et al., 2017). Conversely, as will be discussed in subsequent sections, there is extensive evidence supporting the role of high levels of PA and regular exercise in reducing inflammation, as well as in preventing and ameliorating MDD. Notably, while pharmacological and psychotherapeutic approaches remain the mainstay of MDD treatment, current evidence suggests that exercise has antidepressant effects that are, in magnitude, comparable to traditional MDD therapies (Fabiano et al., 2025). Nevertheless, while these effect sizes are similar, exercise should not be seen as a replacement for conventional interventions but as an adjunctive therapeutic strategy (Fabiano et al., 2025). Interestingly, the mental health benefits of exercise appear to follow an inverted U-shaped curve, with very high levels of PA—exhibited typically by athletes, manual laborers, and individuals with exercise dependence—being associated with depressive-like symptoms (Armstrong and VanHeest, 2002; Gouttebarge et al., 2019; Golding et al., 2020; Golshani et al., 2021).

This narrative review explores how evolutionary insights can guide the use of PA and exercise in MDD prevention and treatment. We examine the interplay between inflammation and depression, the dual-edged nature of exercise, and how ancestral activity patterns may inform optimal PA prescriptions in modern settings.



2 Inflammation and depression

As previously mentioned, inflammation is a biologically-essential process that protects the host from pathogens, toxins, and other insults, while also facilitating tissue repair and restoring homeostasis (Medzhitov, 2021; Meizlish et al., 2021). However, this process involves metabolic and neuroendocrine changes that, if left unchecked, can impair survival and reproductive capacity (Straub and Schradin, 2016). Therefore, under normal conditions, inflammation is a time-limited acute response that resolves upon achieving its protective goals (Furman et al., 2019). Nevertheless, failures in the resolution of inflammation—due to impaired anti-inflammatory signaling, insufficient clearance of apoptotic cells, defects in efferocytosis, or chronic exposure to inflammatory stimuli—can lead to persistent immune activation (Kourtzelis et al., 2020; Doran, 2022; Panezai and Van Dyke, 2022; Collins et al., 2023). This sustained, dysregulated state is referred to as SLGCI, characterized by mildly elevated circulating inflammatory biomarkers and associated with a range of chronic degenerative conditions (Furman et al., 2019), including MDD (Arteaga-Henríquez et al., 2019; Costanza et al., 2024; Yin et al., 2024).

From an evolutionary standpoint, inflammation is tied to the concept of sickness behavior—an adaptive response featuring lethargy, anhedonia, social withdrawal, and reduced appetite, aimed at conserving energy to prioritize immune functions and recovery (Straub et al., 2010; Dooley et al., 2018). These behavioral and metabolic adaptations likely conferred survival advantages in ancestral environments where acute threats were common (Straub and Schradin, 2016). However, in modern contexts marked by persistent stressors and lower pathogen exposure, these once protective pathways can drive SLGCI, contributing to the onset and progression of MDD (Miller and Raison, 2016). In this sense, SLGCI does not appear to be a normal or expected physiological state from an evolutionary perspective. Human physiology seems to have evolved to cope with acute, well-regulated inflammatory responses—not with persistent, low-grade inflammation (Furman et al., 2019; McDade, 2023). Supporting this notion, studies in traditional and non-industrialized populations—including the Melanesian horticulturalists of Kitava in Papua New Guinea (Carrera-Bastos et al., 2020), subsistence-agriculturalists in rural Ghana (Eriksson et al., 2013), the Shuar forager-horticulturalists of the Ecuadorian Amazon (McDade et al., 2012), and rural Filipinos (McDade, 2023)—have consistently documented extremely low baseline levels of C-reactive protein (CRP), despite frequent exposure to infectious agents and limited access to modern sanitation or medical care. These findings suggest that the low-grade chronic inflammatory state commonly observed in industrialized societies likely reflects a mismatch between modern environments and our evolutionary heritage.


2.1 Neuroinflammation

Neuroinflammation, a localized inflammatory response within the central nervous system (CNS), appears to be an important mechanism linking chronic inflammation to MDD. It is primarily mediated by glial cells, especially microglia—the brain’s resident immune cells (Yang and Zhou, 2019; Li et al., 2024). Upon activation by stress, trauma, or peripheral inflammatory signals resulting from SLGCI, microglia adopt a pro-inflammatory phenotype, releasing inflammatory cytokines, such as tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), and interleukin-6 (IL-6) (Li et al., 2024). These molecules can disrupt neuronal communication and impair neuroplasticity (Li et al., 2024; Pape et al., 2019). Moreover, they activate endothelial cells of the blood–brain barrier (BBB), increasing its permeability and facilitating the infiltration of peripheral immune cells—including monocytes, neutrophils, and T-cells—into the CNS (Felger, 2018; Lee and Giuliani, 2019; Beurel et al., 2020). This amplifies neuroinflammation by increasing the burden of pro-inflammatory molecules and further activating glial cells, which release reactive oxygen species (ROS) and nitric oxide (Beurel et al., 2020; Serafini et al., 2023; Kouba et al., 2024; Yin et al., 2024). The resulting oxidative and nitrosative stress impairs synaptic plasticity and disrupts the fronto-limbic network, which is critical for mood regulation (Kouba et al., 2024; Maas et al., 2017; Han and Ham, 2021).

Pro-inflammatory cytokines also affect neurotransmitter metabolism through activation of indoleamine 2,3-dioxygenase (IDO) (Seo and Kwon, 2023; Yin et al., 2024), which diverts tryptophan from serotonin synthesis toward kynurenine production (Seo and Kwon, 2023). Kynurenine is metabolized into neurotoxic compounds, such as quinolinic acid, which activate N-methyl-D-aspartate (NMDA) receptors and promote glutamate excitotoxicity (Kouba et al., 2024; Yin et al., 2024). This sequence of events impairs neuroplasticity, reduces hippocampal neurogenesis, and disrupts serotonin and dopamine signaling, contributing to anhedonia, motivational deficits, and other core symptoms of MDD (Cui et al., 2024). Additionally, chronic inflammation reduces levels of brain-derived neurotrophic factor (BDNF) (Yap et al., 2021), a key modulator of synaptic plasticity and neuronal resilience (Xiong et al., 2024), further impairing brain areas central to mood regulation, including the prefrontal cortex, amygdala, and hippocampus (Poletti et al., 2024).



2.2 Evidence linking chronic inflammation to depression

Multiple lines of evidence support the role of SLGCI in MDD. In animal models, systemic inflammatory triggers (e.g., endotoxins, cytokines) induce depressive-like behaviors and disrupt neurotransmitter regulation (Remus and Dantzer, 2016; Rhie et al., 2020; Yin et al., 2023). These models have elucidated specific inflammatory pathways involved in CNS dysfunction, such as the activation of IDO and its downstream effects. Epidemiological studies have consistently shown that elevated levels of inflammatory biomarkers are associated with increased depression risk (Smith et al., 2018; Li X. et al., 2023; Ji et al., 2024). Mendelian randomization analyses provide additional evidence by demonstrating a causal link between genetically predicted elevations in inflammatory biomarkers—such as CRP and IL-6—and increased susceptibility to depression (Khandaker et al., 2020).

Further support comes from meta-analyses and systematic reviews showing that patients with MDD exhibit higher concentrations of inflammatory biomarkers (Haapakoski et al., 2015; Köhler et al., 2017; Osimo et al., 2019; Li X. et al., 2023), which are also predictive of poor response to pharmacological antidepressant treatment (Arteaga-Henríquez et al., 2019). Moreover, these biomarkers are associated, in multiple epidemiological studies, with increased cardiovascular risk (Ridker, 2016; Li Y. et al., 2017; Li H. et al., 2017; Ni et al., 2020; Georgakis et al., 2021; Ridker et al., 2023, 2024a, 2024b; Khan et al., 2024), reinforcing the shared inflammatory underpinnings of MDD and CVD. In fact, recent meta-analytical evidence has associated MDD with a higher risk of cardiovascular mortality (Krittanawong et al., 2023).

Nevertheless, the most compelling evidence for the role of chronic inflammation in the etiology of MDD comes from randomized controlled trials (RCTs), which demonstrate the efficacy of anti-inflammatory agents—such as cytokine antagonists, nonsteroidal anti-inflammatory drugs, and omega-3 fatty acids—in reducing depressive symptoms in patients with MDD (Bai et al., 2020; Vöckel et al., 2024). Collectively, these findings support the role of inflammation as both a contributor to and a potential therapeutic target in MDD.




3 Physical activity, depression and inflammation

The inverse association between PA and MDD is supported by extensive epidemiological and clinical evidence. Individuals with depression consistently report lower PA levels and are approximately 50% less likely to meet public health guidelines recommending 150 min per week of moderate-to-vigorous PA compared to their age- and sex-matched peers (Schuch et al., 2017). In fact, they spend less time in all intensities of PA and more time in sedentary behavior (Schuch et al., 2017). Conversely, greater engagement in leisure-time PA is consistently associated with a lower risk of incident depression (Schuch et al., 2018; Werneck et al., 2023). Longitudinal studies, including those spanning several years, confirm these relationships (Schuch et al., 2018). In individuals already diagnosed with MDD, even acute bouts of exercise have been shown to enhance mood and increase feelings of vigor and wellbeing (Bourke et al., 2022).

Exercise interventions—a structured subset of PA designed to improve or sustain one or more physical fitness valences, such as muscular strength or cardiorespiratory capacity—have consistently shown efficacy in reducing depressive symptoms in individuals with either clinical or subclinical depression (Heissel et al., 2023). A recent systematic review and meta-analysis of RCTs by Heissel et al. concluded that both endurance training (also known as aerobic exercise) and resistance training (also referred to as strength or weight training) produce moderate-to-large effect sizes (Heissel et al., 2023). Moreover, higher-intensity exercise interventions were associated with greater reductions in depressive symptoms than lower-intensity protocols (Heissel et al., 2023). These findings apply to both aerobic and resistance exercise modes. The main results from the Heissel et al. meta-analysis are summarized in Table 1. At the population level, prospective cohort studies have also shown an inverse curvilinear association between PA and depression risk: complete physical inactivity corresponds to the highest incidence of depression, while the risk steadily decreases as PA levels increase (Pearce et al., 2022). This graded pattern may partially reflect the cumulative physiological benefits of increased PA levels and regular exercise, including its capacity to modulate inflammation and enhance neurobiological resilience.


TABLE 1 Effects of exercise on depressive symptoms: subgroup analyses by intensity and type.


	Analysis
	Number of RCTs
	Meta analysis



	SMD
	95%CI
	p-value

 

 	Main analysis 	41 	−0.946 	−1.179 	−0.714 	<0.001


 	Exercise intensity 	 	 	 	 	


 	Light 	2 	−1.041 	−2.528 	0.445 	0.170


 	Moderate 	26 	−1.132 	−1.453 	−0.811 	<0.001


 	Vigorous 	10 	−0.924 	−1.472 	−0.376 	0.001


 	Exercise type 	 	 	 	 	


 	Aerobic 	30 	−1.156 	−1.461 	−0.850 	<0.001


 	Resistance 	7 	−1.042 	−1.865 	−0.218 	0.013


 	Mixedc 	10 	−0.455 	−0.797 	−0.113 	0.009





Summary of results from the systematic review and meta-analysis by Heissel et al. (2023), examining the effects of exercise interventions on depressive symptoms across different intensities and types. The analysis demonstrates that moderate and vigorous intensity exercise are associated with significant reductions in depressive symptoms, with aerobic and resistance training showing the largest effect sizes (Heissel et al., 2023).

Bold p-values indicate statistically significant results (p < 0.05). c refers to mixed exercise interventions combining aerobic and resistance modalities.

RCT, Randomized Controlled Trial; SMD, Standardized Mean Difference; CI, Confidence Interval.
 

Despite the robust antidepressant effects of exercise, the underlying neurobiological mechanisms remain incompletely understood (Schuch et al., 2016; Stubbs and Schuch, 2019; Sun W. et al., 2023). A prominent hypothesis posits that exercise modulates several immune pathways, leading to long-term adaptations in the inflammatory response (Nieman and Wentz, 2019; Antunes et al., 2020; Scheffer and Latini, 2020; Sun S. et al., 2023; Langston and Mathis, 2024). Acute bouts of exercise initially elicit a transient pro-inflammatory response due to tissue stress and damage, especially in the cardiovascular and musculoskeletal systems (Cornish and Cordingley, 2024; Langston and Mathis, 2024). This response is required to clear cellular debris and facilitate tissue repair, thus leading to morphological adaptations (Langston and Mathis, 2024). Subsequently, an anti-inflammatory cascade is activated to restore homeostasis and promote the resolution of acute inflammation (Beiter et al., 2015; Docherty et al., 2022; Langston and Mathis, 2024). With consistent exercise training, this biphasic response becomes more efficient, and exercise contributes to long-term reductions in inflammation—not only at the skeletal muscle level but across various organs and systems, including the CNS (Scheffer and Latini, 2020; Di Ludovico et al., 2024).

However, findings from studies specifically examining the effects of exercise on inflammatory biomarkers in individuals with MDD remain limited and sometimes conflicting. A recent meta-analysis of 10 studies investigating the inflammatory response to exercise in people with MDD found no significant acute effects of diverse exercise interventions on IL-6, IL-10, or IL-8. In contrast, chronic exercise was associated with a small but statistically significant increase in TNF-α levels (Standardized Mean Difference = 0.296; 0.03–0.562, p = 0.029), while no significant chronic effects were observed for IL-6 or IL-1β (Guimarães et al., 2024). These results must be interpreted with caution due to methodological heterogeneity, the confounding anti-inflammatory effects of antidepressants (Patel et al., 2023), and a high risk of bias across studies. Additional high-quality trials are needed to clarify these findings and further evaluate the role of inflammatory modulation in the antidepressant effects of exercise.



4 Excessive exercise, overtraining and depression-like conditions

While regular physical activity and exercise confer significant benefits for mental health, excessive exercise may paradoxically lead to adverse psychological outcomes, including depression-like symptoms or even clinical depression. In such cases, individuals often experience persistent fatigue, mood disturbances, and performance decrements that require extended recovery periods. This maladaptive state, known as overreaching, is commonly conceptualized as a continuum, ranging from “functional overreaching” (FOR) to “non-functional overreaching” (NFOR) and, ultimately, “overtraining syndrome” (OTS) (Kellmann et al., 2018; Brenner et al., 2024). FOR, when strategically incorporated into training cycles, temporarily impairs performance but may ultimately enhance fitness. However, recent evidence challenges the necessity of FOR, suggesting that it may not be required for performance enhancement and could even be detrimental to health (Bellinger, 2020). In contrast, NFOR reflects a failure of adaptation characterized by negative psychological and physical changes and persistent performance deficits (Kellmann et al., 2018).

With prolonged exercise stress, insufficient recovery, and the compounding effects of additional factors, such as background stress, poor sleep, and inadequate nutritional status (Stellingwerff et al., 2021), athletes may progress from NFOR to a state of staleness or even burnout. This more severe condition—often referred to as OTS—has been described as “athletes’ depression” (Raglin et al., 2000; Armstrong and VanHeest, 2002). Unfortunately, no unified definition exists for these terms, and there is a lack of consensus across the literature. Moreover, the bidirectional relationship between depression and PA (Roshanaei-Moghaddam et al., 2009) complicates the differentiation between causation and correlation. As a result, recent literature has emphasized the need for greater conceptual clarity and standardization in this field (Kellmann et al., 2018; Eklund and DeFreese, 2021; Madigan, 2021). In line with these challenges, there is increasing recognition that “sport burnout” shares many psychological and physiological features with clinical depression (Armstrong and VanHeest, 2002). Burnout in exercise and sport contexts is often associated with reduced enjoyment and pleasure during exercise (Nixdorf et al., 2023). More than two decades ago, Armstrong and VanHeest identified multiple similarities between OTS and depression, including depressed mood, lack of motivation, changes in body composition, insomnia, appetite disturbances, and feelings of irritability and restlessness (Armstrong and VanHeest, 2002). In a study involving high-level adolescent Swiss athletes, burnout scores were significantly correlated with depressive symptoms (r = 0.40) (Gerber et al., 2018). Similarly, very high levels of exercise have been linked to worse mental health outcomes (Chekroud et al., 2018). In elite athletes, Grasdalsmoen et al. (2022) reported that such negative outcomes were primarily observed in female athletes training more than 14 h per week. Collectively, these findings underscore the shared mechanisms between OTS and depression and highlight the importance of prevention strategies and individualized training protocols.

Burnout, NFOR, OTS, and depression all share conceptual and mechanistic roots within the paradigm of chronic stress (Kenttä and Hassmén, 1998; Nixdorf et al., 2023). Smith, as early as 1986, was among the first to explicitly define burnout as a maladaptive response to chronic stress exposure (Smith, 1986). However, the specific mechanisms by which prolonged stress leads to burnout and OTS remain complex and incompletely understood. One proposed mechanism is that chronic psychological stress can interfere with physical recovery following strenuous or high-intensity exercise, potentially leading to delayed recovery of muscular function and reduced physical performance (Stults-Kolehmainen and Bartholomew, 2012; Stults-Kolehmainen et al., 2014a). In addition, high levels of psychological and life stress are well-established risk factors for the onset of depression (Turner and Lloyd, 2004; Hammen, 2005; Stults-Kolehmainen et al., 2014b). Individuals exposed to both physical and psychological stressors display varying degrees of resilience, depending on factors such as mental health status, physical fitness, and social support. Nonetheless, each individual has a finite threshold beyond which accumulated stress can exceed adaptive capacity and trigger maladaptive outcomes.

According to the “resources versus demands” model of stress, athletes who encounter excessive physical or emotional demands without adequate recovery resources—such as rest, sleep, nutritional support, or social–emotional buffering—are at higher risk of burnout and are less able to sustain the demands of training and competition (Brenner et al., 2024). The consequences often include loss of enjoyment, declining motivation, overuse injuries, and eventual withdrawal from sport (Raglin et al., 2000; Meeusen et al., 2006; DiFiori et al., 2014). Dysregulation of inflammatory pathways has been proposed as a possible link between prolonged stress exposure and the development of depressive-like conditions in this context, though conclusive evidence is still lacking (Kim et al., 2022; Hassamal, 2023).

From an evolutionary perspective, it is plausible that prolonged exposure to excessive stressors triggers a shift toward energy-conserving states, manifesting as depression-like behaviors aimed at reducing further physical, psychological, or metabolic strain. Alternatively, stress-induced depression may represent a more fundamental biological strategy to preserve homeostasis by withdrawing from unsustainable environmental demands (Beck and Bredemeier, 2016).



5 An evolutionary approach to exercise as a treatment for MDD through the reduction of inflammation

Based on the current evidence, two complementary evolutionary perspectives can guide the use of PA and exercise in the prevention and treatment of MDD: (1) modeling patients’ PA patterns—including exercise—after those of ancestral human populations, and (2) selecting exercise modalities that specifically target SLGCI and neuroinflammation. Although exercise has demonstrated effects comparable to pharmacological and psychotherapeutic treatments for MDD (Fabiano et al., 2025), there is no consensus on the most effective types, intensities, or durations of exercise interventions (Heissel et al., 2023). By applying an evolutionary framework, exercise modalities can be selected not only for their anti-inflammatory properties but also for their compatibility with human physiology shaped by millennia of physically demanding lifestyles. This approach may provide broader physical and mental health benefits and extend to both prevention and treatment of MDD within a holistic, lifestyle-based perspective. In doing so, it may also enhance ecological validity and adherence to exercise-based interventions.

The available evidence supports a tentative recommendation for combining diverse forms of exercise within a context of reduced sedentary behavior—consistent with ancestral PA patterns. This would involve daily low-to-moderate PA interspersed with less frequent bouts of high-intensity activity (Boullosa et al., 2013). These activity levels exceed those typically observed in industrialized populations but are well within the physiological range of modern hunter-gatherer groups (Raichlen et al., 2017; Pontzer et al., 2018). This distinction is critical because excessive exercise—such as ultra-endurance training—has been associated with increased cardiovascular risk, potentially mediated by SLGCI (Celeski et al., 2024). Importantly, although individuals in both industrialized and ancestral societies may spend similar time resting, the latter use active resting postures (e.g., squatting), which promote greater muscle activation and favor musculoskeletal health (Raichlen et al., 2020).

Of note, the effectiveness of exercise interventions may be enhanced when performed in environments that optimize both mental and physical wellbeing—such as natural settings—and ideally involve social interactions with family or friends. These contexts have been shown to improve stress management (Antonelli et al., 2019; Bramwell et al., 2023), enhance enjoyment (Davis et al., 2021), and increase vitamin D levels via sun exposure (Wacker and Holick, 2013)—all factors associated with reduced depressive symptoms and systemic inflammation (Hansen et al., 2017; Gorman et al., 2019; Burns et al., 2021; Yeon et al., 2021; Kuczynski et al., 2022; Moslemi et al., 2022; Lin et al., 2023; Mikola et al., 2023; Siah et al., 2023; Wang et al., 2023).

When selecting exercise modalities to decrease SLGCI and neuroinflammation, two primary therapeutic targets emerge: (1) improvement in key physical fitness components—such as aerobic capacity and muscular strength—and (2) favorable changes in body composition. With respect to the first target, it is now well established that regular exercise elicits a cascade of physiological and molecular adaptations that directly counteract inflammatory processes. These include increased fluid shear stress, the release of exerkines (e.g., IL-6 with anti-inflammatory properties, BDNF), improved mitochondrial function, and modulation of both innate and adaptive immunity (Gleeson et al., 2011; Fiuza-Luces et al., 2013; Casuso and Huertas, 2021; Gao et al., 2024; Zhou et al., 2024; Chatzigeorgiou et al., 2025). Together, these adaptations may reduce peripheral and central inflammation (Hu et al., 2024), enhance neuroplasticity via neurogenesis, synaptogenesis, dendritic arborization, and angiogenesis (Morland et al., 2017; Lin et al., 2018; Xie et al., 2021), and alleviate depressive symptoms (Xie et al., 2021). These mechanisms offer a biological rationale for how improvements in aerobic capacity and muscular strength may help downregulate inflammatory activity and alleviate depressive symptoms. Supporting this, multiple controlled trials and systematic reviews have shown that both aerobic and resistance training—individually or in combination—can significantly reduce pro-inflammatory biomarkers (Fedewa et al., 2017; Bautmans et al., 2021; Kanthajan et al., 2024). Moreover, preliminary evidence suggests these modalities may also attenuate neuroinflammation (Hu et al., 2024), although more high-quality trials are needed to confirm these effects.

The second therapeutic target concerns body composition, with particular emphasis on reducing visceral adipose tissue (VAT), a depot known to play a central role in SLGCI (Valenzuela et al., 2023). Located within the abdominal cavity and surrounding internal organs, VAT is more metabolically active than subcutaneous fat and exhibits greater lipolytic activity (Hill et al., 2018; Cypess, 2022; Valenzuela et al., 2023). As VAT expands in the context of obesity, it becomes prone to hypoxia due to inadequate vascularization and limited angiogenic capacity (Gealekman et al., 2011). This hypoxic microenvironment promotes oxidative stress, adipocyte fibrosis, and cell death, which in turn trigger inflammatory gene expression in tissue-resident immune cells (Valenzuela et al., 2023), especially macrophages (Guria et al., 2023). These cells release pro-inflammatory cytokines, such as TNF-α and IL-6, thereby sustaining local inflammation and contributing to SLGCI (Valenzuela et al., 2023). Consistent with this, several observational studies have reported a positive association between VAT and circulating CRP levels (Forouhi et al., 2001; Saijo et al., 2004; Park et al., 2010; Tsuriya et al., 2011). Encouragingly, exercise—even as a standalone intervention—has been shown to reduce both subcutaneous (Yarizadeh et al., 2021) and visceral fat stores (Vissers et al., 2013; Sabag et al., 2017), with aerobic training, particularly at high intensities, appearing especially effective in targeting VAT (Ismail et al., 2012; Chen et al., 2024; Poon et al., 2024).

In addition to reducing VAT, exercise may also influence brown adipose tissue (BAT), a thermogenic and metabolically active tissue involved in energy homeostasis (Dong et al., 2023). Compared to white adipose tissue, BAT appears less prone to inflammatory signaling and may exert local anti-inflammatory effects (Omran and Christian, 2020). Preclinical studies suggest that exercise can enhance BAT activity, potentially improving metabolic and inflammatory profiles (Dong et al., 2023; Stroh and Stanford, 2023). However, findings from human studies remain inconsistent—with some RCTs, such as the ACTIBATE trial, showing no change in BAT volume or activation following 24 weeks of exercise in young sedentary adults (Martinez-Tellez et al., 2022). While promising, current evidence is insufficient to conclude that BAT activation is a key mechanism by which exercise impacts SLGCI or MDD.

Taken together regularly incorporating a variety of aerobic and resistance exercises into a routine aligned with ancestral activity patterns—while minimizing sedentary behavior—may provide a practical and physiologically-relevant strategy to reduce SLGCI and depressive symptoms through simultaneous improvements in physical fitness components, including body composition.

Further reinforcing this strategy, alternative exercise protocols such as short sprint interval training (sSIT) have also demonstrated promise. Recent findings by Ribeiro et al. (2024) showed that sSIT led to significant reductions in depressive symptoms, along with improvements in aerobic power, lower limb muscle power, body composition, and incidental PA levels in women with MDD—all achieved with less than 1 hour of total exercise over 2 weeks (Ribeiro et al., 2024). These preliminary findings underscore the potential of innovative, time-efficient exercise modalities that merit further investigation alongside more established exercise interventions for the treatment of MDD.

Figure 1 provides an overview of the proposed mechanisms linking exercise to reductions in inflammation and depressive symptoms.

[image: ]

FIGURE 1
 Conceptual framework illustrating how chronic inflammation contributes to Major Depressive Disorder (MDD), and how exercise and lifestyle factors may counteract it. On the left side, chronic low-grade inflammation (↑ SLGCI) is fueled by modern lifestyle factors such as poor diet, sedentary behavior, smoking, alcohol consumption, inadequate sleep, and psychosocial stress. This leads to increased systemic levels of proinflammatory molecules (e.g., IL-1β, IL-6, TNF-α), which can cross the blood–brain barrier and activate microglia. Activated microglia release additional cytokines and neurotoxic metabolites (e.g., quinolinic acid) via the kynurenine pathway, contributing to neuroinflammation, impaired serotonin signaling, glutamatergic excitotoxicity, reduced BDNF levels, and ultimately, the development of MDD or depressive symptoms. On the right side, regular exercise and healthy lifestyle habits—such as physical activity in natural environments, social interaction, adequate sunlight exposure, stress management, and a nutrient-rich diet—are associated with reduced systemic inflammation (↓ SLGCI). Exercise promotes anti-inflammatory effects through various pathways, including shear stress-induced production of exerkines (e.g., IL-6 with anti-inflammatory action, BDNF), improved mitochondrial function, and modulation of immune responses. These adaptations help decrease peripheral and central inflammation, enhance neuroplasticity, and alleviate depressive symptoms. BDNF, Brain-derived neurotrophic factor; IDO, indoleamine 2,3-dioxygenase; KYN, Kynurenine; MDD, Major Depressive Disorder. NF-κB, Nuclear Factor kappa-light-chain-enhancer of activated B cell; PGC1-α, Peroxisome proliferator-activated receptor gamma coactivator 1-alpha; QUIN, Quinolinic acid; SLGCI, Systemic low-grade chronic inflammation. Created with BioRender.com.




6 Limitations and future perspectives

The approach proposed in this narrative review is not without limitations. Our framework is informed by a diverse body of evidence, including observational, mechanistic, and interventional studies—such as RCTs—examining the effects of PA and exercise on SLGCI and depressive symptoms. However, many of the specific associations discussed remain correlational, particularly regarding the interaction between evolutionary mismatches, SLGCI, and depression. Moreover, the potential role of other associated pathophysiological processes—such as gut microbiota dysbiosis (Van Baalen et al., 2025)—should not be overlooked, although they fall outside the scope of the present review.

Furthermore, while our model draws on ancestral activity patterns to inform modern interventions, these patterns are inferred from archeological data and ethnographic studies of contemporary hunter-gatherer populations who are themselves influenced by modern environments. Accordingly, although it is conceptually sound to align PA and exercise strategies with evolutionary insights, empirical testing of these hypotheses in humans remains a challenge. Nevertheless, targeted and well-designed RCTs can assess the effects of specific exercise modalities and training loads—particularly when embedded within lifestyle interventions—on neuroinflammatory and depressive outcomes.

Lifestyle change is inherently complex and nonlinear, and its success depends on a constellation of behavioral, environmental, and individual factors. While Homo sapiens may have partially adapted to more sedentary living since the Neolithic era, the evolutionary argument for an active lifestyle remains compelling. Still, generalizations based on ancestral patterns may not apply universally. Therefore, exercise-based interventions should be tailored to the individual’s physiological, psychological, and social context, ideally through a holistic strategy that targets priority lifestyle factors.

Importantly, humans did not evolve to “exercise” as a discrete activity (MacDonald et al., 2025), but to remain consistently active as part of daily life (Boullosa et al., 2013; Fiuza-Luces et al., 2018). Thus, lifestyle interventions should aim to identify the optimal combination of PA levels, reduced sedentary time, and intentional exercise that promotes long-term adherence through positive affective experiences. Future studies should explore how different exercise interventions—integrated within realistic, sustainable lifestyle strategies—can best modulate chronic inflammation and depressive symptoms across diverse populations and clinical contexts.



7 Conclusion

There is growing recognition that MDD is intricately connected to SLGCI, a condition driven and exacerbated by modern lifestyle factors that deviate from ancestral patterns of PA and environmental exposure. PA and, more specifically, exercise offer a robust, evidence-based intervention for modulating inflammation and improving depressive symptoms. Viewed through an evolutionary lens, aligning exercise patterns with those of our hunter-gatherer ancestors—characterized by regular low-to-moderate activities interspersed with occasional high-intensity efforts—emerges as a promising therapeutic strategy. This approach not only addresses some of the root causes of MDD but also provides broader benefits for general health and physiological resilience.

This narrative review highlights the dual role of PA and exercise as both preventive and therapeutic modalities for MDD, targeting key mechanisms such as SLGCI and neuroinflammation. While current evidence is encouraging, future research should focus on refining exercise protocols to maximize their efficacy, particularly for individuals with diverse backgrounds or comorbid conditions. Findings from the overtraining literature suggest that exercise may follow an optimal dose–response curve, in which excessively high levels could be counterproductive. In parallel, understanding the long-term effects of exercise on both mental and physical health in MDD populations remains a critical research priority.

Adopting a holistic perspective that integrates conventional treatment (e.g., anti-depressant medications) with exercise and other lifestyle modifications—including improved sleep hygiene, stress management, and dietary interventions—may offer the most comprehensive and sustainable approach for mitigating the global burden of MDD. By bridging ancestral behavioral patterns with contemporary science, exercise can reclaim its place as a cornerstone of mental health care, offering accessible, safe, and effective support for individuals worldwide.



Author contributions

PC-B: Conceptualization, Writing – original draft, Writing – review & editing. BB: Conceptualization, Writing – original draft, Writing – review & editing. MS-K: Conceptualization, Writing – original draft, Writing – review & editing. FS: Writing – original draft, Writing – review & editing. FM-O: Validation, Visualization, Writing – review & editing. PM: Writing – original draft, Writing – review & editing. J-RB: Writing – original draft, Writing – review & editing. DB: Conceptualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. FS was supported by CAPES (Finance Code 001) and by a research grant (314105/2023-9) from CNPq (Brazil). PM was supported by a productivity research grant PQ2 (302812/2022-9) from CNPq (Brazil). DB was supported by Grant RYC2021-031098-I funded by MCIN/AEI/10.13039/501100011033, by the European Union NextGenerationEU/PRTR, and by a productivity research grant PQ1-D (317126/2021-0) from CNPq (Brazil), as well as by support from the UFMS/PROPP PIBIC Program (Edital UFMS/PROPP No. 107/2022).



Acknowledgments

We thank Bianca Zubicov, Vilma Lima, and Higor Oliveira for their valuable contributions to an earlier version of this manuscript.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Correction note

This article has been corrected with minor changes. These changes do not impact the scientific content of the article.



Generative AI statement

The author(s) declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 Antonelli, M., Barbieri, G., and Donelli, D. (2019). Effects of forest bathing (shinrin-yoku) on levels of cortisol as a stress biomarker: a systematic review and meta-analysis. Int. J. Biometeorol. 63, 1117–1134. doi: 10.1007/s00484-019-01717-x 
	 Antunes, B. M., Rosa-Neto, J. C., Batatinha, H. A. P., Franchini, E., Teixeira, A. M., and Lira, F. S. (2020). Physical fitness status modulates the inflammatory proteins in peripheral blood and circulating monocytes: role of PPAR-gamma. Sci. Rep. 10:14094. doi: 10.1038/s41598-020-70731-6 
	 Armstrong, L. E., and VanHeest, J. L. (2002). The unknown mechanism of the overtraining syndrome: clues from depression and psychoneuroimmunology. Sports Med. 32, 185–209. doi: 10.2165/00007256-200232030-00003 
	 Arteaga-Henríquez, G., Simon, M. S., Burger, B., Weidinger, E., Wijkhuijs, A., Arolt, V., et al. (2019). Low-grade inflammation as a predictor of antidepressant and anti-inflammatory therapy response in MDD patients: a systematic review of the literature in combination with an analysis of experimental data collected in the EU-MOODINFLAME consortium. Front. Psych. 10:458. doi: 10.3389/fpsyt.2019.00458 
	 Bai, S., Guo, W., Feng, Y., Deng, H., Li, G., Nie, H., et al. (2020). Efficacy and safety of anti-inflammatory agents for the treatment of major depressive disorder: a systematic review and meta-analysis of randomised controlled trials. J. Neurol. Neurosurg. Psychiatry 91, 21–32. doi: 10.1136/jnnp-2019-320912 
	 Bautmans, I., Salimans, L., Njemini, R., Beyer, I., Lieten, S., and Liberman, K. (2021). The effects of exercise interventions on the inflammatory profile of older adults: a systematic review of the recent literature. Exp. Gerontol. 146:111236. doi: 10.1016/j.exger.2021.111236 
	 Beck, A. T., and Bredemeier, K. (2016). A unified model of depression: integrating clinical, cognitive, biological, and evolutionary perspectives. Clin. Psychol. Sci. 4, 596–619. doi: 10.1177/2167702616628523
	 Beiter, T., Hoene, M., Prenzler, F., Mooren, F. C., Steinacker, J. M., Weigert, C., et al. (2015). Exercise, skeletal muscle and inflammation: ARE-binding proteins as key regulators in inflammatory and adaptive networks. Exerc. Immunol. Rev. 21, 42–57 
	 Bellinger, P. (2020). Functional overreaching in endurance athletes: a necessity or cause for concern? Sports Med. 50, 1059–1073. doi: 10.1007/s40279-020-01269-w 
	 Beurel, E., Toups, M., and Nemeroff, C. B. (2020). The bidirectional relationship of depression and inflammation: double trouble. Neuron 107, 234–256. doi: 10.1016/j.neuron.2020.06.002 
	 Booth, F. W., Roberts, C. K., Thyfault, J. P., Ruegsegger, G. N., and Toedebusch, R. G. (2017). Role of inactivity in chronic diseases: evolutionary insight and pathophysiological mechanisms. Physiol. Rev. 97, 1351–1402. doi: 10.1152/physrev.00019.2016 
	 Boullosa, D. A., Abreu, L., Varela-Sanz, A., and Mujika, I. (2013). Do Olympic athletes train as in the Paleolithic era? Sports Med. 43, 909–917. doi: 10.1007/s40279-013-0086-1 
	 Bourke, M., Patten, R. K., Klamert, L., Klepac, B., Dash, S., and Pascoe, M. C. (2022). The acute affective response to physical activity in people with depression: a meta-analysis. J. Affect. Disord. 311, 353–363. doi: 10.1016/j.jad.2022.05.089 
	 Bramwell, R. C., Streetman, A. E., and Besenyi, G. M. (2023). The effect of outdoor and indoor group exercise classes on psychological stress in college students: a pilot study with randomization. Int. J. Exerc. Sci. 16, 1012–1024. doi: 10.70252/EERP4920 
	 Brenner, J. S., Watson, A., Council on Sports Medicine and Fitness, Brooks, M. A., Carl, R. L., Briskin, S. M., et al. (2024). Overuse injuries, overtraining, and burnout in young athletes. Pediatrics 153:e2023065129. doi: 10.1542/peds.2023-065129 
	 Burini, R. C., Anderson, E., Durstine, J. L., and Carson, J. A. (2020). Inflammation, physical activity, and chronic disease: an evolutionary perspective. Sports Med. Health Sci. 2, 1–6. doi: 10.1016/j.smhs.2020.03.004 
	 Burns, A. C., Saxena, R., Vetter, C., Phillips, A. J. K., Lane, J. M., and Cain, S. W. (2021). Time spent in outdoor light is associated with mood, sleep, and circadian rhythm-related outcomes: a cross-sectional and longitudinal study in over 400,000 UK biobank participants. J. Affect. Disord. 295, 347–352. doi: 10.1016/j.jad.2021.08.056 
	 Carrera-Bastos, P., Fontes-Villalba, M., Gurven, M., Muskiet, F. A. J., Åkerfeldt, T., Lindblad, U., et al. (2020). C-reactive protein in traditional melanesians on Kitava. BMC Cardiovasc. Disord. 20:524. doi: 10.1186/s12872-020-01812-7 
	 Carrera-Bastos, P., Fontes-Villalba, M., O’Keefe, J. H., Lindeberg, S., and Cordain, L. (2011). The western diet and lifestyle and diseases of civilization. RRCC 2, 15–35. doi: 10.2147/RRCC.S16919
	 Casuso, R. A., and Huertas, J. R. (2021). Mitochondrial functionality in inflammatory pathology-modulatory role of physical activity. Life (Basel) 11:61. doi: 10.3390/life11010061 
	 Celeski, M., Di Gioia, G., Nusca, A., Segreti, A., Squeo, M. R., Lemme, E., et al. (2024). The spectrum of coronary artery disease in elite endurance athletes-a long-standing debate: state-of-the-art review. J. Clin. Med. 13:5144. doi: 10.3390/jcm13175144 
	 Chatzigeorgiou, A., Moustogiannis, A., Christopoulos, P. F., Vlachogiannis, N. I., Michopoulos, F., Verrou, K.-M., et al. (2025). Exercise induces anti-inflammatory reprogramming in macrophages via Hsp60. bioRxiv, 2025.03.03.640779. doi: 10.1101/2025.03.03.640779
	 Chaudhary, N., and Salali, G. D. (2022). “Hunter-gatherers, mismatch and mental disorder” in Evolutionary psychiatry. eds. R. Abed and P. S. John-Smith (Cambridge University Press), 64–83. doi: 10.1017/9781009030564.007
	 Chekroud, S. R., Gueorguieva, R., Zheutlin, A. B., Paulus, M., Krumholz, H. M., Krystal, J. H., et al. (2018). Association between physical exercise and mental health in 1·2 million individuals in the USA between 2011 and 2015: a cross-sectional study. Lancet Psychiatry 5, 739–746. doi: 10.1016/S2215-0366(18)30227-X 
	 Chen, X., He, H., Xie, K., Zhang, L., and Cao, C. (2024). Effects of various exercise types on visceral adipose tissue in individuals with overweight and obesity: a systematic review and network meta-analysis of 84 randomized controlled trials. Obes. Rev. 25:e13666. doi: 10.1111/obr.13666 
	 Collins, G., De Souza Carvalho, J., and Gilroy, D. W. (2023). The translation potential of harnessing the resolution of inflammation. J. Allergy Clin. Immunol. 152, 356–358. doi: 10.1016/j.jaci.2023.06.008 
	 Cordain, L., Eaton, S. B., Sebastian, A., Mann, N., Lindeberg, S., Watkins, B. A., et al. (2005). Origins and evolution of the Western diet: health implications for the 21st century. Am. J. Clin. Nutr. 81, 341–354. doi: 10.1093/ajcn.81.2.341 
	 Cordain, L., Gotshall, R. W., Eaton, S. B., and Eaton, S. B. (1998). Physical activity, energy expenditure and fitness: an evolutionary perspective. Int. J. Sports Med. 19, 328–335. doi: 10.1055/s-2007-971926 
	 Cornish, S. M., and Cordingley, D. M. (2024). Inflammatory pathway communication with skeletal muscle—does aging play a role? A topical review of the current evidence. Physiol. Rep. 12:e16098. doi: 10.14814/phy2.16098 
	 Correia, A. S., Cardoso, A., and Vale, N. (2023). Oxidative stress in depression: the link with the stress response, neuroinflammation, serotonin, neurogenesis and synaptic plasticity. Antioxidants (Basel) 12:470. doi: 10.3390/antiox12020470 
	 Costanza, A., Amerio, A., Aguglia, A., Magnani, L., Parise, A., Nguyen, K. D., et al. (2024). Inflammatory pathology in depression and suicide: a mechanistic distillation of clinical correlates. Front. Immunol. 15:1479471. doi: 10.3389/fimmu.2024.1479471 
	 Cui, L., Li, S., Wang, S., Wu, X., Liu, Y., Yu, W., et al. (2024). Major depressive disorder: hypothesis, mechanism, prevention and treatment. Sig. Transduct. Target Ther. 9:30. doi: 10.1038/s41392-024-01738-y 
	 Cypess, A. M. (2022). Reassessing human adipose tissue. N. Engl. J. Med. 386, 768–779. doi: 10.1056/NEJMra2032804 
	 Davis, A. J., MacCarron, P., and Cohen, E. (2021). Social reward and support effects on exercise experiences and performance: evidence from parkrun. PLoS One 16:e0256546. doi: 10.1371/journal.pone.0256546 
	 Di Ludovico, A., La Bella, S., Ciarelli, F., Chiarelli, F., Breda, L., and Mohn, A. (2024). Skeletal muscle as a pro- and anti-inflammatory tissue: insights from children to adults and ultrasound findings. J. Ultrasound 27, 769–779. doi: 10.1007/s40477-024-00917-5 
	 DiFiori, J. P., Benjamin, H. J., Brenner, J., Gregory, A., Jayanthi, N., Landry, G. L., et al. (2014). Overuse injuries and burnout in youth sports: a position statement from the American Medical Society for Sports Medicine. Clin. J. Sport Med. 24, 3–20. doi: 10.1097/JSM.0000000000000060
	 Docherty, S., Harley, R., McAuley, J. J., Crowe, L. A. N., Pedret, C., Kirwan, P. D., et al. (2022). The effect of exercise on cytokines: implications for musculoskeletal health: a narrative review. BMC Sports Sci. Med. Rehabil. 14:5. doi: 10.1186/s13102-022-00397-2 
	 Dong, H., Qin, M., Wang, P., Li, S., and Wang, X. (2023). Regulatory effects and mechanisms of exercise on activation of brown adipose tissue (BAT) and browning of white adipose tissue (WAT). Adipocytes 12:2266147. doi: 10.1080/21623945.2023.2266147 
	 Dooley, L. N., Kuhlman, K. R., Robles, T. F., Eisenberger, N. I., Craske, M. G., and Bower, J. E. (2018). The role of inflammation in core features of depression: insights from paradigms using exogenously-induced inflammation. Neurosci. Biobehav. Rev. 94, 219–237. doi: 10.1016/j.neubiorev.2018.09.006 
	 Doran, A. C. (2022). Inflammation resolution: implications for atherosclerosis. Circ. Res. 130, 130–148. doi: 10.1161/CIRCRESAHA.121.319822 
	 Eaton, S. B., and Eaton, S. B. (2003). An evolutionary perspective on human physical activity: implications for health. Comp. Biochem. Physiol. A Mol. Integr. Physiol. 136, 153–159. doi: 10.1016/S1095-6433(03)00208-3 
	 Eklund, R. C., and DeFreese, J. D. (2021). “Fatigue, overtraining, and burnout” in Sport, exercise and performance psychology. eds. E. Filho and I. Basevitch (New York: Oxford University Press), 278–292.
	 Eriksson, U. K., van Bodegom, D., May, L., Boef, A. G. C., and Westendorp, R. G. J. (2013). Low C-reactive protein levels in a traditional West-African population living in a malaria endemic area. PLoS One 8:e70076. doi: 10.1371/journal.pone.0070076 
	 Fabiano, N., Puder, D., and Stubbs, B. (2025). The evidence is clear, exercise is not better than antidepressants or therapy: it is crucial to communicate science honestly. J. Phys. Act. Health 22, 161–162. doi: 10.1123/jpah.2024-0743 
	 Fedewa, M. V., Hathaway, E. D., and Ward-Ritacco, C. L. (2017). Effect of exercise training on C reactive protein: a systematic review and meta-analysis of randomised and non-randomised controlled trials. Br. J. Sports Med. 51, 670–676. doi: 10.1136/bjsports-2016-095999 
	 Felger, J. C. (2018). “Role of inflammation in depression and treatment implications” in Antidepressants. eds. M. Macaluso and S. H. Preskorn (Cham: Springer International Publishing), 255–286.
	 Fiuza-Luces, C., Garatachea, N., Berger, N. A., and Lucia, A. (2013). Exercise is the real polypill. Physiology (Bethesda) 28, 330–358. doi: 10.1152/physiol.00019.2013
	 Fiuza-Luces, C., Santos-Lozano, A., Joyner, M., Carrera-Bastos, P., Picazo, O., Zugaza, J. L., et al. (2018). Exercise benefits in cardiovascular disease: beyond attenuation of traditional risk factors. Nat. Rev. Cardiol. 15, 731–743. doi: 10.1038/s41569-018-0065-1 
	 Forouhi, N. G., Sattar, N., and McKeigue, P. M. (2001). Relation of C-reactive protein to body fat distribution and features of the metabolic syndrome in Europeans and South Asians. Int. J. Obes. Relat. Metab. Disord. 25, 1327–1331. doi: 10.1038/sj.ijo.0801723 
	 Furman, D., Campisi, J., Verdin, E., Carrera-Bastos, P., Targ, S., Franceschi, C., et al. (2019). Chronic inflammation in the etiology of disease across the life span. Nat. Med. 25, 1822–1832. doi: 10.1038/s41591-019-0675-0 
	 Gao, X., Chen, Y., and Cheng, P. (2024). Unlocking the potential of exercise: harnessing myokines to delay musculoskeletal aging and improve cognitive health. Front. Physiol. 15:1338875. doi: 10.3389/fphys.2024.1338875 
	 GBD 2019 Mental Disorders Collaborators (2022). Global, regional, and national burden of 12 mental disorders in 204 countries and territories, 1990-2019: a systematic analysis for the global burden of disease study 2019. Lancet Psychiatry 9, 137–150. doi: 10.1016/S2215-0366(21)00395-3 
	 Gealekman, O., Guseva, N., Hartigan, C., Apotheker, S., Gorgoglione, M., Gurav, K., et al. (2011). Depot-specific differences and insufficient subcutaneous adipose tissue angiogenesis in human obesity. Circulation 123, 186–194. doi: 10.1161/CIRCULATIONAHA.110.970145 
	 Georgakis, M. K., de Lemos, J. A., Ayers, C., Wang, B., Björkbacka, H., Pana, T. A., et al. (2021). Association of circulating monocyte chemoattractant protein-1 levels with cardiovascular mortality: a meta-analysis of population-based studies. JAMA Cardiol. 6, 587–592. doi: 10.1001/jamacardio.2020.5392 
	 Gerber, M., Best, S., Meerstetter, F., Walter, M., Ludyga, S., Brand, S., et al. (2018). Effects of stress and mental toughness on burnout and depressive symptoms: a prospective study with young elite athletes. J. Sci. Med. Sport 21, 1200–1205. doi: 10.1016/j.jsams.2018.05.018 
	 Ghandour, R. M., Sherman, L. J., Vladutiu, C. J., Ali, M. M., Lynch, S. E., Bitsko, R. H., et al. (2019). Prevalence and treatment of depression, anxiety, and conduct problems in US children. J. Pediatr. 206, 256–267.e3. doi: 10.1016/j.jpeds.2018.09.021 
	 Gleeson, M., Bishop, N. C., Stensel, D. J., Lindley, M. R., Mastana, S. S., and Nimmo, M. A. (2011). The anti-inflammatory effects of exercise: mechanisms and implications for the prevention and treatment of disease. Nat. Rev. Immunol. 11, 607–615. doi: 10.1038/nri3041 
	 Golding, L., Gillingham, R. G., and Perera, N. K. P. (2020). The prevalence of depressive symptoms in high-performance athletes: a systematic review. Phys. Sportsmed. 48, 247–258. doi: 10.1080/00913847.2020.1713708 
	 Golshani, S., Najafpour, A., Hashemian, S. S., Goudarzi, N., Shahmari, F., Golshani, S., et al. (2021). When much is too much-compared to light exercisers, heavy exercisers report more mental health issues and stress, but less sleep complaints. Healthcare (Basel) 9:1289. doi: 10.3390/healthcare9101289 
	 Goodwin, R. D., Dierker, L. C., Wu, M., Galea, S., Hoven, C. W., and Weinberger, A. H. (2022). Trends in U.S. depression prevalence from 2015 to 2020: the widening treatment gap. Am. J. Prev. Med. 63, 726–733. doi: 10.1016/j.amepre.2022.05.014 
	 Gorman, S., De Courten, B., and Lucas, R. (2019). Systematic review of the effects of ultraviolet radiation on markers of metabolic dysfunction. CBR 40, 147–162. doi: 10.33176/AACB-19-00026 
	 Gouttebarge, V., Castaldelli-Maia, J. M., Gorczynski, P., Hainline, B., Hitchcock, M. E., Kerkhoffs, G. M., et al. (2019). Occurrence of mental health symptoms and disorders in current and former elite athletes: a systematic review and meta-analysis. Br. J. Sports Med. 53, 700–706. doi: 10.1136/bjsports-2019-100671 
	 Grasdalsmoen, M., Clarsen, B., and Sivertsen, B. (2022). Mental health in elite student athletes: exploring the link between training volume and mental health problems in Norwegian college and university students. Front. Sports Act. Living 4:817757. doi: 10.3389/fspor.2022.817757 
	 Guimarães, M. E. A., Derhon, V., Signori, L. U., Seiffer, B. A., Wolf, S., and Schuch, F. B. (2024). Acute and chronic effects of physical exercise in inflammatory biomarkers in people with depression: a systematic review with meta-analysis. J. Psychiatr. Res. 179, 26–32. doi: 10.1016/j.jpsychires.2024.08.025 
	 Guria, S., Hoory, A., Das, S., Chattopadhyay, D., and Mukherjee, S. (2023). Adipose tissue macrophages and their role in obesity-associated insulin resistance: an overview of the complex dynamics at play. Biosci. Rep. 43:BSR20220200. doi: 10.1042/BSR20220200 
	 Guthold, R., Stevens, G. A., Riley, L. M., and Bull, F. C. (2018). Worldwide trends in insufficient physical activity from 2001 to 2016: a pooled analysis of 358 population-based surveys with 1·9 million participants. Lancet Glob. Health 6, e1077–e1086. doi: 10.1016/S2214-109X(18)30357-7
	 Guthold, R., Stevens, G. A., Riley, L. M., and Bull, F. C. (2020). Global trends in insufficient physical activity among adolescents: a pooled analysis of 298 population-based surveys with 1·6 million participants. Lancet Child Adolesc. Health 4, 23–35. doi: 10.1016/S2352-4642(19)30323-2 
	 Haapakoski, R., Mathieu, J., Ebmeier, K. P., Alenius, H., and Kivimäki, M. (2015). Cumulative meta-analysis of interleukins 6 and 1β, tumour necrosis factor α and C-reactive protein in patients with major depressive disorder. Brain Behav. Immun. 49, 206–215. doi: 10.1016/j.bbi.2015.06.001 
	 Hammen, C. (2005). Stress and depression. Annu. Rev. Clin. Psychol. 1, 293–319. doi: 10.1146/annurev.clinpsy.1.102803.143938
	 Han, K.-M., and Ham, B.-J. (2021). How inflammation affects the brain in depression: a review of functional and structural MRI studies. J. Clin. Neurol. 17:503. doi: 10.3988/jcn.2021.17.4.503 
	 Hansen, M. M., Jones, R., and Tocchini, K. (2017). Shinrin-Yoku (Forest bathing) and nature therapy: a state-of-the-art review. Int. J. Environ. Res. Public Health 14:851. doi: 10.3390/ijerph14080851 
	 Hassamal, S. (2023). Chronic stress, neuroinflammation, and depression: an overview of pathophysiological mechanisms and emerging anti-inflammatories. Front. Psych. 14:1130989. doi: 10.3389/fpsyt.2023.1130989 
	 Heissel, A., Heinen, D., Brokmeier, L. L., Skarabis, N., Kangas, M., Vancampfort, D., et al. (2023). Exercise as medicine for depressive symptoms? A systematic review and meta-analysis with meta-regression. Br. J. Sports Med. 57, 1049–1057. doi: 10.1136/bjsports-2022-106282 
	 Hill, J. H., Solt, C., and Foster, M. T. (2018). Obesity associated disease risk: the role of inherent differences and location of adipose depots. Horm. Mol. Biol. Clin. Investig. 33. doi: 10.1515/hmbci-2018-0012 
	 Hu, J., Huang, B., and Chen, K. (2024). The impact of physical exercise on neuroinflammation mechanism in Alzheimer’s disease. Front. Aging Neurosci. 16:1444716. doi: 10.3389/fnagi.2024.1444716 
	 Hublin, J.-J., Ben-Ncer, A., Bailey, S. E., Freidline, S. E., Neubauer, S., Skinner, M. M., et al. (2017). New fossils from Jebel Irhoud, Morocco and the pan-African origin of Homo sapiens. Nature 546, 289–292. doi: 10.1038/nature22336 
	 Ismail, I., Keating, S. E., Baker, M. K., and Johnson, N. A. (2012). A systematic review and meta-analysis of the effect of aerobic vs. resistance exercise training on visceral fat. Obes. Rev. 13, 68–91. doi: 10.1111/j.1467-789X.2011.00931.x
	 Ji, Y., Wang, J., Chen, H., Li, J., and Chen, M. (2024). Association between hs-CRP and depressive symptoms: a cross-sectional study. Front. Psych. 15:1339208. doi: 10.3389/fpsyt.2024.1339208 
	 Juul, E. M. L., Hjemdal, O., and Aune, T. (2021). Prevalence of depressive symptoms among older children and young adolescents: a longitudinal population-based study. Scand. J. Child Adolesc. Psychiatr. Psychol. 9, 64–72. doi: 10.21307/sjcapp-2021-008 
	 Kanthajan, T., Pandey, M., AlQassab, O., Sreenivasan, C., Parikh, A., Francis, A. J., et al. (2024). The impact of exercise on C-reactive protein levels in hypertensive patients: a systematic review. Cureus 16:e68821. doi: 10.7759/cureus.68821 
	 Kellmann, M., Bertollo, M., Bosquet, L., Brink, M., Coutts, A. J., Duffield, R., et al. (2018). Recovery and performance in sport: consensus statement. Int. J. Sports Physiol. Perform. 13, 240–245. doi: 10.1123/ijspp.2017-0759 
	 Kenttä, G., and Hassmén, P. (1998). Overtraining and recovery. A conceptual model. Sports Med. 26, 1–16. doi: 10.2165/00007256-199826010-00001
	 Kerr, N. R., and Booth, F. W. (2022). Contributions of physical inactivity and sedentary behavior to metabolic and endocrine diseases. Trends Endocrinol. Metab. 33, 817–827. doi: 10.1016/j.tem.2022.09.002 
	 Khan, M. S., Talha, K. M., Maqsood, M. H., Rymer, J. A., Borlaug, B. A., Docherty, K. F., et al. (2024). Interleukin-6 and cardiovascular events in healthy adults: MESA. JACC Adv. 3:101063. doi: 10.1016/j.jacadv.2024.101063 
	 Khandaker, G. M., Zuber, V., Rees, J. M. B., Carvalho, L., Mason, A. M., Foley, C. N., et al. (2020). Shared mechanisms between coronary heart disease and depression: findings from a large UK general population-based cohort. Mol. Psychiatry 25, 1477–1486. doi: 10.1038/s41380-019-0395-3 
	 Kim, I.-B., Lee, J.-H., and Park, S.-C. (2022). The relationship between stress, inflammation, and depression. Biomedicines 10:1929. doi: 10.3390/biomedicines10081929 
	 Köhler, C. A., Freitas, T. H., Maes, M., de Andrade, N. Q., Liu, C. S., Fernandes, B. S., et al. (2017). Peripheral cytokine and chemokine alterations in depression: a meta-analysis of 82 studies. Acta Psychiatr. Scand. 135, 373–387. doi: 10.1111/acps.12698 
	 Kouba, B. R., de Araujo Borba, L., Borges de Souza, P., Gil-Mohapel, J., and Rodrigues, A. L. S. (2024). Role of inflammatory mechanisms in major depressive disorder: from etiology to potential pharmacological targets. Cells 13:423. doi: 10.3390/cells13050423 
	 Kourtzelis, I., Hajishengallis, G., and Chavakis, T. (2020). Phagocytosis of apoptotic cells in resolution of inflammation. Front. Immunol. 11:553. doi: 10.3389/fimmu.2020.00553 
	 Krittanawong, C., Maitra, N. S., Qadeer, Y. K., Wang, Z., Fogg, S., Storch, E. A., et al. (2023). Association of depression and cardiovascular disease. Am. J. Med. 136, 881–895. doi: 10.1016/j.amjmed.2023.04.036 
	 Kuczynski, A. M., Halvorson, M. A., Slater, L. R., and Kanter, J. W. (2022). The effect of social interaction quantity and quality on depressed mood and loneliness: a daily diary study. J. Soc. Pers. Relat. 39, 734–756. doi: 10.1177/02654075211045717
	 Langston, P. K., and Mathis, D. (2024). Immunological regulation of skeletal muscle adaptation to exercise. Cell Metab. 36, 1175–1183. doi: 10.1016/j.cmet.2024.04.001 
	 Lee, C.-H., and Giuliani, F. (2019). The role of inflammation in depression and fatigue. Front. Immunol. 10:1696. doi: 10.3389/fimmu.2019.01696 
	 Li, X., Huan, J., Lin, L., and Hu, Y. (2023). Association of systemic inflammatory biomarkers with depression risk: results from national health and nutrition examination survey 2005–2018 analyses. Front. Psych. 14:1097196. doi: 10.3389/fpsyt.2023.1097196 
	 Li, H., Liu, W., and Xie, J. (2017). Circulating interleukin-6 levels and cardiovascular and all-cause mortality in the elderly population: a meta-analysis. Arch. Gerontol. Geriatr. 73, 257–262. doi: 10.1016/j.archger.2017.08.007 
	 Li, Q., Xie, Y., Lin, J., Li, M., Gu, Z., Xin, T., et al. (2024). Microglia sing the prelude of neuroinflammation-associated depression. Mol. Neurobiol. 62, 5311–5332. doi: 10.1007/s12035-024-04575-w 
	 Li, S., Zhang, X., Cai, Y., Zheng, L., Pang, H., and Lou, L. (2023). Sex difference in incidence of major depressive disorder: an analysis from the global burden of disease study 2019. Ann. General Psychiatry 22:53. doi: 10.1186/s12991-023-00486-7 
	 Li, Y., Zhong, X., Cheng, G., Zhao, C., Zhang, L., Hong, Y., et al. (2017). Hs-CRP and all-cause, cardiovascular, and cancer mortality risk: a meta-analysis. Atherosclerosis 259, 75–82. doi: 10.1016/j.atherosclerosis.2017.02.003 
	 Lin, T.-W., Tsai, S.-F., and Kuo, Y.-M. (2018). Physical exercise enhances neuroplasticity and delays Alzheimer’s disease. Brain Plast. 4, 95–110. doi: 10.3233/BPL-180073 
	 Lin, J., Yang, H., Zhang, Y., Cao, Z., Li, D., Sun, L., et al. (2023). Association of time spent in outdoor light and genetic risk with the incidence of depression. Transl. Psychiatry 13:40. doi: 10.1038/s41398-023-02338-0 
	 Maas, D. A., Vallès, A., and Martens, G. J. M. (2017). Oxidative stress, prefrontal cortex hypomyelination and cognitive symptoms in schizophrenia. Transl. Psychiatry 7, –e1171. doi: 10.1038/tp.2017.138 
	 MacDonald, C., Bennekou, M., Midtgaard, J., Langberg, H., and Lieberman, D. (2025). Why exercise may never be effective medicine: an evolutionary perspective on the efficacy versus effectiveness of exercise in treating type 2 diabetes. Br. J. Sports Med. 59, bjsports-2024-108396–bjsports-2024-108125. doi: 10.1136/bjsports-2024-108396 
	 Madigan, D. (2021). “Diagnosing problems, prescribing solutions, and advancing athlete burnout research” in Essentials of exercise and sport psychology: an open access textbook. eds. Z. Zenko and L. Jones (Society for Transparency, Openness, and Replication in Kinesiology), 664–682. doi: 10.51224/B1028
	 Malhi, G. S., and Mann, J. J. (2018). Depression. Lancet 392, 2299–2312. doi: 10.1016/S0140-6736(18)31948-2 
	 Martinez-Tellez, B., Sanchez-Delgado, G., Acosta, F. M., Alcantara, J. M. A., Amaro-Gahete, F. J., Martinez-Avila, W. D., et al. (2022). No evidence of brown adipose tissue activation after 24 weeks of supervised exercise training in young sedentary adults in the ACTIBATE randomized controlled trial. Nat. Commun. 13:5259. doi: 10.1038/s41467-022-32502-x 
	 McDade, T. W. (2023). Three common assumptions about inflammation, aging, and health that are probably wrong. Proc. Natl. Acad. Sci. USA 120:e2317232120. doi: 10.1073/pnas.2317232120 
	 McDade, T. W., Tallman, P. S., Madimenos, F. C., Liebert, M. A., Cepon, T. J., Sugiyama, L. S., et al. (2012). Analysis of variability of high sensitivity C-reactive protein in lowland Ecuador reveals no evidence of chronic low-grade inflammation. Am. J. Hum. Biol. 24, 675–681. doi: 10.1002/ajhb.22296 
	 Medzhitov, R. (2021). The spectrum of inflammatory responses. Science 374, 1070–1075. doi: 10.1126/science.abi5200
	 Meeusen, R., Duclos, M., Gleeson, M., Rietjens, G., Steinacker, J., and Urhausen, A. (2006). The overtraining syndrome – facts & fiction. Eur. J. Sport Sci. 6:263. doi: 10.1080/17461390601151302
	 Meizlish, M. L., Franklin, R. A., Zhou, X., and Medzhitov, R. (2021). Tissue homeostasis and inflammation. Annu. Rev. Immunol. 39, 557–581. doi: 10.1146/annurev-immunol-061020-053734
	 Mikola, T., Marx, W., Lane, M. M., Hockey, M., Loughman, A., Rajapolvi, S., et al. (2023). The effect of vitamin D supplementation on depressive symptoms in adults: a systematic review and meta-analysis of randomized controlled trials. Crit. Rev. Food Sci. Nutr. 63, 11784–11801. doi: 10.1080/10408398.2022.2096560 
	 Miller, A. H., and Raison, C. L. (2016). The role of inflammation in depression: from evolutionary imperative to modern treatment target. Nat. Rev. Immunol. 16, 22–34. doi: 10.1038/nri.2015.5 
	 Morland, C., Andersson, K. A., Haugen, Ø. P., Hadzic, A., Kleppa, L., Gille, A., et al. (2017). Exercise induces cerebral VEGF and angiogenesis via the lactate receptor HCAR1. Nat. Commun. 8:15557. doi: 10.1038/ncomms15557 
	 Moslemi, E., Musazadeh, V., Kavyani, Z., Naghsh, N., Shoura, S. M. S., and Dehghan, P. (2022). Efficacy of vitamin D supplementation as an adjunct therapy for improving inflammatory and oxidative stress biomarkers: an umbrella meta-analysis. Pharmacol. Res. 186:106484. doi: 10.1016/j.phrs.2022.106484 
	 Ni, P., Yu, M., Zhang, R., Cheng, C., He, M., Wang, H., et al. (2020). Dose-response association between C-reactive protein and risk of all-cause and cause-specific mortality: a systematic review and meta-analysis of cohort studies. Ann. Epidemiol. 51, 20–27.e11. doi: 10.1016/j.annepidem.2020.07.005 
	 Nieman, D. C., and Wentz, L. M. (2019). The compelling link between physical activity and the body’s defense system. J. Sport Health Sci. 8, 201–217. doi: 10.1016/j.jshs.2018.09.009 
	 Nixdorf, R., Madigan, D. J., Kenttä, G., and Hassmén, P. (2023). “Depression, athlete burnout, and overtraining: a review of similarities and differences” in Routledge handbook of mental health in elite sport (New York: Routledge), 188–200.
	 Omran, F., and Christian, M. (2020). Inflammatory signaling and brown fat activity. Front. Endocrinol. (Lausanne) 11:156. doi: 10.3389/fendo.2020.00156 
	 Osimo, E. F., Baxter, L. J., Lewis, G., Jones, P. B., and Khandaker, G. M. (2019). Prevalence of low-grade inflammation in depression: a systematic review and meta-analysis of CRP levels. Psychol. Med. 49, 1958–1970. doi: 10.1017/S0033291719001454 
	 Panezai, J., and Van Dyke, T. E. (2022). Resolution of inflammation: intervention strategies and future applications. Toxicol. Appl. Pharmacol. 449:116089. doi: 10.1016/j.taap.2022.116089 
	 Pape, K., Tamouza, R., Leboyer, M., and Zipp, F. (2019). Immunoneuropsychiatry - novel perspectives on brain disorders. Nat. Rev. Neurol. 15, 317–328. doi: 10.1038/s41582-019-0174-4 
	 Park, J. S., Cho, M. H., Nam, J. S., Ahn, C. W., Cha, B. S., Lee, E. J., et al. (2010). Visceral adiposity and leptin are independently associated with C-reactive protein in Korean type 2 diabetic patients. Acta Diabetol. 47, 113–118. doi: 10.1007/s00592-009-0125-4
	 Patel, S., Keating, B. A., and Dale, R. C. (2023). Anti-inflammatory properties of commonly used psychiatric drugs. Front. Neurosci. 16:1039379. doi: 10.3389/fnins.2022.1039379 
	 Pearce, M., Garcia, L., Abbas, A., Strain, T., Schuch, F. B., Golubic, R., et al. (2022). Association between physical activity and risk of depression: a systematic review and meta-analysis. JAMA Psychiatry 79, 550–559. doi: 10.1001/jamapsychiatry.2022.0609 
	 Pinto, A. J., Bergouignan, A., Dempsey, P. C., Roschel, H., Owen, N., Gualano, B., et al. (2023). Physiology of sedentary behavior. Physiol. Rev. 103, 2561–2622. doi: 10.1152/physrev.00022.2022 
	 Poletti, S., Mazza, M. G., and Benedetti, F. (2024). Inflammatory mediators in major depression and bipolar disorder. Transl. Psychiatry 14:247. doi: 10.1038/s41398-024-02921-z 
	 Pontzer, H., Wood, B. M., and Raichlen, D. A. (2018). Hunter-gatherers as models in public health. Obes. Rev. 19, 24–35. doi: 10.1111/obr.12785 
	 Poon, E. T.-C., Li, H.-Y., Little, J. P., Wong, S. H.-S., and Ho, R. S.-T. (2024). Efficacy of interval training in improving body composition and adiposity in apparently healthy adults: an umbrella review with meta-analysis. Sports Med. 54, 2817–2840. doi: 10.1007/s40279-024-02070-9 
	 Raglin, J., Sawamura, S., Alexiou, S., Hassmén, P., and Kenttä, G. (2000). Training practices and staleness in 13–18-year-old swimmers: a cross-cultural study. Pediatr. Exerc. Sci. 12, 61–70. doi: 10.1123/pes.12.1.61
	 Raichlen, D. A., Pontzer, H., Harris, J. A., Mabulla, A. Z. P., Marlowe, F. W., Josh Snodgrass, J., et al. (2017). Physical activity patterns and biomarkers of cardiovascular disease risk in hunter-gatherers. Am. J. Hum. Biol. 29:e22919. doi: 10.1002/ajhb.22919 
	 Raichlen, D. A., Pontzer, H., Zderic, T. W., Harris, J. A., Mabulla, A. Z. P., Hamilton, M. T., et al. (2020). Sitting, squatting, and the evolutionary biology of human inactivity. Proc. Natl. Acad. Sci. USA 117, 7115–7121. doi: 10.1073/pnas.1911868117 
	 Remus, J. L., and Dantzer, R. (2016). Inflammation models of depression in rodents: relevance to psychotropic drug discovery. Int. J. Neuropsychopharmacol. 19:pyw028. doi: 10.1093/ijnp/pyw028 
	 Rhie, S. J., Jung, E.-Y., and Shim, I. (2020). The role of neuroinflammation on pathogenesis of affective disorders. J. Exerc. Rehabil. 16, 2–9. doi: 10.12965/jer.2040016.008 
	 Ribeiro, J. A., Schuch, F. B., Tonello, L., Meneghel Vargas, K. F., Oliveira-Junior, S. A., Müller, P. T., et al. (2024). Effectiveness of short sprint interval training in women with major depressive disorder: a proof-of-concept study. Front. Psych. 15:1356559. doi: 10.3389/fpsyt.2024.1356559 
	 Richter, D., Grün, R., Joannes-Boyau, R., Steele, T. E., Amani, F., Rué, M., et al. (2017). The age of the hominin fossils from Jebel Irhoud, Morocco, and the origins of the middle stone age. Nature 546, 293–296. doi: 10.1038/nature22335 
	 Ridker, P. M. (2016). A test in context: high-sensitivity C-reactive protein. J. Am. Coll. Cardiol. 67, 712–723. doi: 10.1016/j.jacc.2015.11.037
	 Ridker, P. M., Bhatt, D. L., Pradhan, A. D., Glynn, R. J., MacFadyen, J. G., Nissen, S. E., et al. (2023). Inflammation and cholesterol as predictors of cardiovascular events among patients receiving statin therapy: a collaborative analysis of three randomised trials. Lancet 401, 1293–1301. doi: 10.1016/S0140-6736(23)00215-5 
	 Ridker, P. M., Lei, L., Louie, M. J., Haddad, T., Nicholls, S. J., Lincoff, A. M., et al. (2024a). Inflammation and cholesterol as predictors of cardiovascular events among 13 970 contemporary high-risk patients with statin intolerance. Circulation 149, 28–35. doi: 10.1161/CIRCULATIONAHA.123.066213 
	 Ridker, P. M., Moorthy, M. V., Cook, N. R., Rifai, N., Lee, I.-M., and Buring, J. E. (2024b). Inflammation, cholesterol, lipoprotein(a), and 30-year cardiovascular outcomes in women. N. Engl. J. Med. 391, 2087–2097. doi: 10.1056/NEJMoa2405182 
	 Roshanaei-Moghaddam, B., Katon, W. J., and Russo, J. (2009). The longitudinal effects of depression on physical activity. Gen. Hosp. Psychiatry 31, 306–315. doi: 10.1016/j.genhosppsych.2009.04.002 
	 Ruiz-Núñez, B., Pruimboom, L., Dijck-Brouwer, D. A. J., and Muskiet, F. A. J. (2013). Lifestyle and nutritional imbalances associated with Western diseases: causes and consequences of chronic systemic low-grade inflammation in an evolutionary context. J. Nutr. Biochem. 24, 1183–1201. doi: 10.1016/j.jnutbio.2013.02.009 
	 Sabag, A., Way, K. L., Keating, S. E., Sultana, R. N., O’Connor, H. T., Baker, M. K., et al. (2017). Exercise and ectopic fat in type 2 diabetes: a systematic review and meta-analysis. Diabetes Metab. 43, 195–210. doi: 10.1016/j.diabet.2016.12.006 
	 Saijo, Y., Kiyota, N., Kawasaki, Y., Miyazaki, Y., Kashimura, J., Fukuda, M., et al. (2004). Relationship between C-reactive protein and visceral adipose tissue in healthy Japanese subjects. Diabetes Obes. Metab. 6, 249–258. doi: 10.1111/j.1462-8902.2003.0342.x 
	 Scheffer, D. D. L., and Latini, A. (2020). Exercise-induced immune system response: anti-inflammatory status on peripheral and central organs. Biochim. Biophys. Acta Mol. basis Dis. 1866:165823. doi: 10.1016/j.bbadis.2020.165823 
	 Schlebusch, C. M., Malmström, H., Günther, T., Sjödin, P., Coutinho, A., Edlund, H., et al. (2017). Southern African ancient genomes estimate modern human divergence to 350,000 to 260,000 years ago. Science 358, 652–655. doi: 10.1126/science.aao6266 
	 Schuch, F. B., Deslandes, A. C., Stubbs, B., Gosmann, N. P., Da Silva, C. T. B., and Fleck, M. P. D. A. (2016). Neurobiological effects of exercise on major depressive disorder: a systematic review. Neurosci. Biobehav. Rev. 61, 1–11. doi: 10.1016/j.neubiorev.2015.11.012 
	 Schuch, F., Vancampfort, D., Firth, J., Rosenbaum, S., Ward, P., Reichert, T., et al. (2017). Physical activity and sedentary behavior in people with major depressive disorder: a systematic review and meta-analysis. J. Affect. Disord. 210, 139–150. doi: 10.1016/j.jad.2016.10.050 
	 Schuch, F. B., Vancampfort, D., Firth, J., Rosenbaum, S., Ward, P. B., Silva, E. S., et al. (2018). Physical activity and incident depression: a meta-analysis of prospective cohort studies. AJP 175, 631–648. doi: 10.1176/appi.ajp.2018.17111194 
	 Seo, S.-K., and Kwon, B. (2023). Immune regulation through tryptophan metabolism. Exp. Mol. Med. 55, 1371–1379. doi: 10.1038/s12276-023-01028-7 
	 Serafini, G., Costanza, A., Aguglia, A., Amerio, A., Trabucco, A., Escelsior, A., et al. (2023). The role of inflammation in the pathophysiology of depression and suicidal behavior. Med. Clin. North Am. 107, 1–29. doi: 10.1016/j.mcna.2022.09.001 
	 Siah, C. J. R., Goh, Y. S., Lee, J., Poon, S. N., Ow Yong, J. Q. Y., and Tam, W. W. (2023). The effects of forest bathing on psychological well-being: a systematic review and meta-analysis. Int. J. Mental Health Nurs. 32, 1038–1054. doi: 10.1111/inm.13131 
	 Smith, R. E. (1986). Toward a cognitive-affective model of athletic burnout. J. Sport Psychol. 8, 36–50. doi: 10.1123/jsp.8.1.36
	 Smith, K. J., Au, B., Ollis, L., and Schmitz, N. (2018). The association between C-reactive protein, interleukin-6 and depression among older adults in the community: a systematic review and meta-analysis. Exp. Gerontol. 102, 109–132. doi: 10.1016/j.exger.2017.12.005 
	 Stellingwerff, T., Heikura, I. A., Meeusen, R., Bermon, S., Seiler, S., Mountjoy, M. L., et al. (2021). Overtraining syndrome (OTS) and relative energy deficiency in sport (RED-S): shared pathways, symptoms and complexities. Sports Med. 51, 2251–2280. doi: 10.1007/s40279-021-01491-0 
	 Straub, R. H., Cutolo, M., Buttgereit, F., and Pongratz, G. (2010). Energy regulation and neuroendocrine-immune control in chronic inflammatory diseases. J. Intern. Med. 267, 543–560. doi: 10.1111/j.1365-2796.2010.02218.x 
	 Straub, R. H., and Schradin, C. (2016). Chronic inflammatory systemic diseases: an evolutionary trade-off between acutely beneficial but chronically harmful programs. Evol. Med. Public Health 2016, 37–51. doi: 10.1093/emph/eow001 
	 Stroh, A. M., and Stanford, K. I. (2023). Exercise-induced regulation of adipose tissue. Curr. Opin. Genet. Dev. 81:102058. doi: 10.1016/j.gde.2023.102058 
	 Stubbs, B., and Schuch, F. (2019). “Physical activity and exercise as a treatment of depression: evidence and neurobiological mechanism” in Neurobiology of depression (Elsevier), 293–299. doi: 10.1016/B978-0-12-813333-0.00026-3
	 Stults-Kolehmainen, M. A., and Bartholomew, J. B. (2012). Psychological stress impairs short-term muscular recovery from resistance exercise. Med. Sci. Sports Exerc. 44, 2220–2227. doi: 10.1249/MSS.0b013e31825f67a0
	 Stults-Kolehmainen, M. A., Bartholomew, J. B., and Sinha, R. (2014a). Chronic psychological stress impairs recovery of muscular function and somatic sensations over a 96-hour period. J. Strength Cond. Res. 28, 2007–2017. doi: 10.1519/JSC.0000000000000335 
	 Stults-Kolehmainen, M. A., Tuit, K., and Sinha, R. (2014b). Lower cumulative stress is associated with better health for physically active adults in the community. Stress 17, 157–168. doi: 10.3109/10253890.2013.878329 
	 Sun, W., Lu, E. Y., Wang, C., and Tsang, H. W. H. (2023). Neurobiological mechanisms for the antidepressant effects of mind-body and physical exercises: a systematic review. Ment. Health Phys. Act. 25:100538. doi: 10.1016/j.mhpa.2023.100538
	 Sun, S., Ma, S., Cai, Y., Wang, S., Ren, J., Yang, Y., et al. (2023). A single-cell transcriptomic atlas of exercise-induced anti-inflammatory and geroprotective effects across the body. Innovation (Camb) 4:100380. doi: 10.1016/j.xinn.2023.100380 
	 Tsuriya, D., Morita, H., Morioka, T., Takahashi, N., Ito, T., Oki, Y., et al. (2011). Significant correlation between visceral adiposity and high-sensitivity C-reactive protein (hs-CRP) in Japanese subjects. Intern. Med. 50, 2767–2773. doi: 10.2169/internalmedicine.50.5908 
	 Turner, R. J., and Lloyd, D. A. (2004). Stress burden and the lifetime incidence of psychiatric disorder in young adults: racial and ethnic contrasts. Arch. Gen. Psychiatry 61, 481–488. doi: 10.1001/archpsyc.61.5.481 
	 Valenzuela, P. L., Carrera-Bastos, P., Castillo-García, A., Lieberman, D. E., Santos-Lozano, A., and Lucia, A. (2023). Obesity and the risk of cardiometabolic diseases. Nat. Rev. Cardiol. 20, 475–494. doi: 10.1038/s41569-023-00847-5 
	 Van Baalen, M., Van Der Velden, L., Van Der Gronde, T., and Pieters, T. (2025). Developing a translational research framework for MDD: combining biomolecular mechanisms with a spiraling risk factor model. Front. Psych. 15:1463929. doi: 10.3389/fpsyt.2024.1463929 
	 Vidal, C. M., Lane, C. S., Asrat, A., Barfod, D. N., Mark, D. F., Tomlinson, E. L., et al. (2022). Age of the oldest known Homo sapiens from eastern Africa. Nature 601, 579–583. doi: 10.1038/s41586-021-04275-8 
	 Vissers, D., Hens, W., Taeymans, J., Baeyens, J.-P., Poortmans, J., and Van Gaal, L. (2013). The effect of exercise on visceral adipose tissue in overweight adults: a systematic review and meta-analysis. PLoS One 8:e56415. doi: 10.1371/journal.pone.0056415 
	 Vöckel, J., Markser, A., Wege, L., Wunram, H. L., Sigrist, C., and Koenig, J. (2024). Pharmacological anti-inflammatory treatment in children and adolescents with depressive symptoms: a systematic-review and meta-analysis. Eur. Neuropsychopharmacol. 78, 16–29. doi: 10.1016/j.euroneuro.2023.09.006 
	 Wacker, M., and Holick, M. F. (2013). Sunlight and vitamin D: a global perspective for health. Dermatoendocrinol. 5, 51–108. doi: 10.4161/derm.24494 
	 Wang, J., Wei, Z., Yao, N., Li, C., and Sun, L. (2023). Association between sunlight exposure and mental health: evidence from a special population without sunlight in work. Risk Manag. Healthc. Policy 16, 1049–1057. doi: 10.2147/RMHP.S420018 
	 Werneck, A. O., Schuch, F. B., Vancampfort, D., Stubbs, B., Lotufo, P. A., Benseñor, I., et al. (2023). Physical activity domains and incident clinical depression: a 4-year follow-up analysis from the ELSA-Brasil cohort. J. Affect. Disord. 329, 385–393. doi: 10.1016/j.jad.2023.02.080 
	 Xie, Y., Wu, Z., Sun, L., Zhou, L., Wang, G., Xiao, L., et al. (2021). The effects and mechanisms of exercise on the treatment of depression. Front. Psych. 12:705559. doi: 10.3389/fpsyt.2021.705559 
	 Xiong, H.-Y., Hendrix, J., Schabrun, S., Wyns, A., Campenhout, J. V., Nijs, J., et al. (2024). The role of the brain-derived neurotrophic factor in chronic pain: links to central sensitization and neuroinflammation. Biomol. Ther. 14:71. doi: 10.3390/biom14010071 
	 Yang, Q.-Q., and Zhou, J.-W. (2019). Neuroinflammation in the central nervous system: symphony of glial cells. Glia 67, 1017–1035. doi: 10.1002/glia.23571 
	 Yap, N. Y., Toh, Y. L., Tan, C. J., Acharya, M. M., and Chan, A. (2021). Relationship between cytokines and brain-derived neurotrophic factor (BDNF) in trajectories of cancer-related cognitive impairment. Cytokine 144:155556. doi: 10.1016/j.cyto.2021.155556 
	 Yarizadeh, H., Eftekhar, R., Anjom-Shoae, J., Speakman, J. R., and Djafarian, K. (2021). The effect of aerobic and resistance training and combined exercise modalities on subcutaneous abdominal fat: a systematic review and meta-analysis of randomized clinical trials. Adv. Nutr. 12, 179–196. doi: 10.1093/advances/nmaa090 
	 Yeon, P.-S., Jeon, J.-Y., Jung, M.-S., Min, G.-M., Kim, G.-Y., Han, K.-M., et al. (2021). Effect of forest therapy on depression and anxiety: a systematic review and meta-analysis. Int. J. Environ. Res. Public Health 18:12685. doi: 10.3390/ijerph182312685 
	 Yin, Y., Ju, T., Zeng, D., Duan, F., Zhu, Y., Liu, J., et al. (2024). “Inflamed” depression: a review of the interactions between depression and inflammation and current anti-inflammatory strategies for depression. Pharmacol. Res. 207:107322. doi: 10.1016/j.phrs.2024.107322 
	 Yin, R., Zhang, K., Li, Y., Tang, Z., Zheng, R., Ma, Y., et al. (2023). Lipopolysaccharide-induced depression-like model in mice: meta-analysis and systematic evaluation. Front. Immunol. 14:1181973. doi: 10.3389/fimmu.2023.1181973 
	 Zhou, N., Gong, L., Zhang, E., and Wang, X. (2024). Exploring exercise-driven exerkines: unraveling the regulation of metabolism and inflammation. PeerJ 12:e17267. doi: 10.7717/peerj.17267 


Copyright
 © 2025 Carrera-Bastos, Bottino, Stults-Kolehmainen, Schuch, Mata-Ordoñez, Müller, Blanco and Boullosa. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Inflammation and depression: an evolutionary framework for the role of physical activity and exercise



		1 Introduction



		2 Inflammation and depression



		2.1 Neuroinflammation



		2.2 Evidence linking chronic inflammation to depression









		3 Physical activity, depression and inflammation



		4 Excessive exercise, overtraining and depression-like conditions



		5 An evolutionary approach to exercise as a treatment for MDD through the reduction of inflammation



		6 Limitations and future perspectives



		7 Conclusion



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Correction note



		Generative AI statement



		Publisher’s note



		References



















OPS/images/fpsyg-16-1554062-g001.jpg





OPS/images/cover.jpg
’ frontiers | Frontiers in Psychology

Inflammation and depression: an
evolutionary framework for the
role of physical activity and
exercise












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Psychology






