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Abstract

Depression is a multifactorial affective disorder with an unclear patho-
genesis.  However, recent studies have revealed an association between
neuroinflammation and depression, primarily manifested through the interplay
between neuroinflammatory processes and the pathogenic mechanisms of
depression, including abnormalities in cerebral monoamine neurotransmitters,
hypothalamic-pituitary-adrenal (HPA) axis dysregulation, and dysfunctional
neurogenesis. Currently, exercise as an antidepressant intervention has
garnered widespread attention.  Therefore, this review analyzes relevant
literature to summarize how exercise alleviates neuroinflammation through its
anti-inflammatory effects, thereby ameliorating depression via emotion-related
pathways, and investigates the influence of different exercise prescriptions on
the anti-inflammatory efficacy of exercise, aiming to provide novel scientific
perspectives for the treatment of neuroinflammation-associated depression.

Full Text

Preamble

Research Progress on the Anti-inflammatory Effects of Exercise in
Improving Neuroinflammation-Related Depression

Abstract: Depression is a multifactorial affective disorder with unclear patho-
genesis. Recent studies have revealed an association between neuroinflammation
and depression, primarily manifested in the interaction between neuroinflam-
matory processes and depression pathogenesis, including abnormalities in brain
monoamine neurotransmitters, HPA axis dysfunction, and impaired neurogene-
sis. Currently, exercise has garnered widespread attention as an antidepressant
intervention. This review analyzes relevant literature to summarize how exer-
cise alleviates neuroinflammation through its anti-inflammatory effects, thereby
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improving depression via emotion-related pathways, and explores how different
exercise prescriptions influence these anti-inflammatory effects. The aim is to
provide novel scientific insights for treating neuroinflammation-related depres-
sion.

Keywords: exercise, anti-inflammatory, neuroinflammation, depression, exer-
cise prescription

Depression is one of the most common psychiatric disorders, characterized pri-
marily by low mood, anhedonia, and social impairment. Globally, 14.3% of
deaths—approximately 8 million annually—are attributable to mental disorders,
with depression serving as a major cause of suicide and disability and contribut-
ing significantly to the global disease burden [1]. Pathological mechanisms as-
sociated with depression include abnormalities in brain monoamine neurotrans-
mitters, HPA axis dysfunction, and impaired neurogenesis. Recent research
has identified links between neuroinflammation and various neurological and
psychiatric disorders, with notable connections to depression pathogenesis that
warrant investigation.

Currently, pharmacotherapy remains the primary treatment for depression, yet
long-term medication use causes significant side effects and imposes substan-
tial economic burdens on patients. Appropriate physical activity helps delay
brain aging and improve neurodegenerative diseases such as Alzheimer’ s dis-
ease and multiple sclerosis. Most importantly, exercise has proven effective in
treating depression, with studies demonstrating its anti-inflammatory properties.
Therefore, this review examines the intervention effects of exercise in improving
neuroinflammation-related depression through anti-inflammatory mechanisms
and discusses how different exercise modalities, intensities, and frequencies in-
fluence these effects, providing scientific evidence for developing exercise pre-
scriptions to alleviate depressive symptoms.

1. Depression Pathogenesis: Neuroinflammation

Depression is a multifactorial psychiatric disorder with unclear pathogenesis.
However, recognized neurobiological alterations in depression primarily involve
the monoamine neurotransmitter system, hypothalamic-pituitary-adrenal
(HPA) axis, neurogenesis system, and neuroinflammation. Among these, neu-
roinflammation represents a critical factor that interacts with the other three
neurobiological components of depression. Dysregulated neuroinflammation
affects other neurobiological processes in depression, such as causing depletion
of brain serotonin, HPA axis dysfunction, and impaired neurogenesis, thereby
directly or indirectly influencing depression onset and progression [2], making
it particularly noteworthy.

Neuroinflammation refers to the protective innate immune response in the cen-
tral nervous system (CNS). However, persistent infection, psychological or physi-
cal stress-induced damage, or indirect peripheral stimulation can activate brain
innate immune cells such as microglia, initiating inflammatory cascades that
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release large quantities of inflammatory cytokines—including interleukin-145 (IL-
15), interleukin-6 (IL-6), and tumor necrosis factor-a (TNF-a)—which exert
neurotoxic effects leading to depression [3]. Inflammatory cytokines released
peripherally can signal to the brain through molecular, cellular, and neural
pathways, thereby amplifying neuroinflammation [4]. Consequently, reducing
peripheral inflammatory cytokine levels can also alleviate neuroinflammation.

Clinical data demonstrate that pro-inflammatory markers such as C-reactive
protein (CRP), TNF-q, IL-13, and IL-6 are significantly elevated in peripheral
and central nervous systems of depressed patients compared to healthy indi-
viduals [5]. The causes of chronic low-grade inflammation observed in some
depressed patients remain unclear. Current evidence suggests that infection,
stress, autoimmune dysregulation, and unhealthy lifestyle factors (such as seden-
tary behavior, poor diet, and sleep disturbances) may trigger or enhance inflam-
matory responses [6]. Subsequent pro-inflammatory signals activate numerous
downstream biological effects in neuroendocrine, monoaminergic, and oxidative
stress systems [7], leading to “sickness behaviors” (such as low mood, fatigue, and
appetite loss) that may progress to clinical depression. These depression-related
sickness behaviors further reinforce unhealthy lifestyles, creating a vicious cy-
cle that generates additional inflammatory responses and worsening depressive
Symptoms.

2. Biological Mechanisms of Exercise-Regulated Neuroin-
flammation in Improving Depression

Neuroinflammation can influence multiple emotion-related processes to induce
depressive symptoms. First, inflammatory cytokines affect the production
and metabolism of emotion-related neurotransmitters, representing one
mechanism underlying neuroinflammation-related depression. For example,
pro-inflammatory cytokines increase indoleamine-2,3-dioxygenase (IDO) activ-
ity, affecting tryptophan metabolism and resulting in reduced serotonin (5-HT)
synthesis and increased kynurenine. Under neuroinflammatory influence, this
leads to imbalanced kynurenine metabolism in microglia and astrocytes, increas-
ing neurotoxic compounds (such as 3-hydroxykynurenine and quinolinic acid)
that promote neuroinflammation-related depression [8]. Studies have found
that exercise can suppress pro-inflammatory factor expression, reduce IDO
enzyme activity, and thereby increase 5-HT concentration, exerting potential
anti-inflammatory and antidepressant effects [9]. Additionally, exercise-induced
peroxisome proliferator-activated receptor-v coactivator lae (PGC-1a) produced
in skeletal muscle regulates peripheral kynurenine metabolism by shunting it
toward kynurenic acid, which cannot cross the blood-brain barrier, thereby
preventing kynurenine’ s toxic central effects [10]. Furthermore, PGC-1« itself
possesses anti-inflammatory properties [11].

Second, neuroinflammation affects neuronal growth and survival. Pro-
inflammatory cytokines enhance oxidative stress, damaging glial cells in
emotion-related brain regions such as the prefrontal cortex and amygdala
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[12]. Additionally, cytokine-induced glutamate dysregulation causes excito-
toxicity, reducing production of neurotrophic factors such as brain-derived
neurotrophic factor (BDNF) [13]. Preclinical studies have shown that neu-
roinflammation decreases BDNF in the prefrontal cortex and hippocampus,
inducing depressive-like phenotypes in rodents [14]. Exercise can modulate
neuroinflammation-related signaling pathways in microglia to promote neuronal
repair; for instance, exercise activates the TLR4/miR-223/NLRP3 signaling
pathway, exerting anti-inflammatory effects that alleviate neuroinflammation
and promote repair of damaged hippocampal tissue [15]. Moreover, exercise not
only inhibits pro-inflammatory factor release but also increases concentrations
of antioxidants and anti-inflammatory factors, enhancing brain antioxidant
capacity. Additionally, skeletal muscle PGC-la induces FNDC5 cleavage
to release irisin, which crosses the blood-brain barrier and induces BDNF
upregulation in the hippocampus [16], improving synaptic plasticity and
promoting neuroregeneration, ultimately alleviating depressive-like behaviors.

Finally, neuroinflammation causes HPA axis feedback dysfunction. Large quan-
tities of pro-inflammatory cytokines produced during neuroinflammation overac-
tivate the HPA axis and disrupt glucocorticoid receptor function and expression,
causing massive glucocorticoid release. High glucocorticoid concentrations ele-
vate pro-inflammatory cytokines in depressed patients, triggering uncontrolled
neuroinflammatory responses that further worsen depressive symptoms [17]. Ex-
ercise can improve hippocampal mitochondrial function and oxidative balance
while reducing circulating glucocorticoid levels, restoring dysfunctional HPA
axis feedback [18] and helping alleviate depressive symptoms.

In summary, the biological mechanisms through which exercise improves
neuroinflammation-related depression can be explained by its anti-inflammatory
effects.

3. Clinical Intervention Effects of Exercise on Depression
and Neuroinflammation

Regular exercise provides numerous health benefits, including improved car-
diovascular and respiratory function, reduced coronary risk factors, enhanced
mood, and elevated cognitive performance. For patients with mild to moderate
depression, exercise demonstrates efficacy comparable to classic antidepressant
medications [19]. Although the biological mechanisms underlying exercise’ s an-
tidepressant effects remain unclear, studies indicate that exercise can regulate
inflammatory factor levels in peripheral or central nervous systems to exert anti-
inflammatory effects. For example, in a rat depression model induced by chronic
unpredictable mild stress (CUMS), exercise alleviated depressive-like behaviors
and downregulated CUMS-related peripheral and central inflammatory markers
[20]. In a rat model of Alzheimer’ s disease, exercise improved depressive-like be-
haviors, reduced brain TNF-« levels associated with depression, and increased
IL-10 in the prefrontal cortex and BDNF in the hippocampus [21]. Importantly,
changes in pro-inflammatory cytokine concentrations such as IL-6, IL-13, and
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TNF-« correlate with depressive symptom severity [22, 23]. While many stud-
ies demonstrate exercise’ s anti-inflammatory effects, these can be influenced
by factors including disease type and severity, exercise modality, intensity, and
frequency. Therefore, we discuss how exercise form, intensity, and frequency
affect intervention outcomes in neuroinflammation-related depression.

3.1.1. Aerobic Exercise

Aerobic exercise refers to activity powered primarily by aerobic metabolism,
including running, brisk walking, cycling, and swimming. A meta-analysis
identified aerobic exercise as the optimal intervention for improving depres-
sion, as it enhances cardiopulmonary function, promotes circulation, improves
cognitive function, and reduces depression risk [24]. Studies show aerobic ex-
ercise significantly reduces TNF-a and IL-6 concentrations while increasing
the anti-inflammatory factor IL-10 in sedentary elderly individuals [25]. In
chronic hemodialysis patients, an 18-week cycling intervention improved depres-
sive symptoms and significantly reduced IL-6 and IL-18 concentrations, with
these changes correlating with symptom improvement [26]. Thus, long-term cy-
cling exercise can ameliorate depressive symptoms in hemodialysis patients by
modulating IL-6 and IL-18 levels. Similarly, a six-week aerobic exercise program
in patients with mood disorders reduced TNF-a concentrations and alleviated
depressive symptoms [27]. Nitric oxide (NO), a gaseous neurotransmitter, repre-
sents an important neuroinflammatory mediator whose synthesis increases due
to inflammation-induced nitric oxide synthase (iNOS). High NO concentrations
cause nucleic acid nitrosylation and neuronal damage. A study of depressed
elderly patients over 50 found that 12 weeks of low-intensity aquatic exercise
effectively reduced depression and anxiety by decreasing protein carbonylation-
mediated oxidative stress and reducing NO concentrations [28].

Yoga, an ancient mind-body practice incorporating meditation and physical ac-
tivity popular among women, has been identified through meta-analysis as an
effective exercise modality for depression [29]. Research demonstrates yoga sig-
nificantly reduces IL-6 concentrations and improves depression in patients with
major depressive disorder [29], consistent with findings in rheumatoid arthritis
patients with comorbid depression [30]. Additionally, a study comparing Tai
Chi as an adjunctive treatment to medication alone found that adding Tai Chi
produced greater improvements in cognitive function and depressive symptoms
along with more significant reductions in the inflammatory marker CRP [31].
Tai Chi also reduces depression risk in elderly individuals by lowering IL-6 con-
centrations [32]. Furthermore, other aerobic activities including Qigong [33] and
Pilates [34] have been shown to significantly reduce inflammatory factor levels
and improve depressive symptoms.

In summary, aerobic exercise effectively modulates inflammatory factor levels
and positively impacts depressive symptom improvement.
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3.1.2. Resistance Exercise

Resistance exercise improves muscle strength, physical balance, and reduces fat
accumulation, with muscle strength correlating inversely with depression risk.
Studies demonstrate resistance exercise increases muscle strength and improves
depressive symptoms in elderly individuals while reducing serum TNF-« and IL-
6 concentrations [35]. A 24-week resistance training program in sedentary men
significantly improved depressive mood and increased serum insulin-like growth
factor 1 (IGF-1) levels [36]. IGF-1 is typically associated with neuroprotection
in the central nervous system, but research also indicates anti-inflammatory ef-
fects in the brain, possibly by inhibiting astrocyte responses to inflammatory
stimuli and modulating microglial phenotypes [37]. However, an eight-week
moderate-intensity resistance exercise program in patients over 90 years old nei-
ther improved cognitive function nor reduced serum TNF-« concentrations [38],
possibly due to advanced age and short intervention duration. When compar-
ing resistance exercise to aerobic exercise, both modalities effectively improve
depressive symptoms and reduce serum TNF-« in elderly individuals, though
resistance exercise shows less significant reductions in serum CRP, IL-6, and IL-
18 compared to aerobic exercise [39]. Conversely, a short-term 10-week study in
sedentary individuals found resistance training reduced CRP levels by 32.8% ver-
sus only 16.1% with aerobic exercise [40]. Combining both modalities improves
depressive symptoms and cognitive function in elderly patients with major de-
pression while reducing IL-6 levels [41].

In summary, resistance exercise exerts anti-inflammatory effects and improves
depressive symptoms, though limited research exists on its impact on inflamma-
tory factor levels in depressed patients, necessitating further evidence. There-
fore, combining resistance and aerobic exercise is recommended for patients.

Overall, aerobic exercise may represent a more effective training method for
reducing inflammatory factor levels and improving depressive symptoms, while
resistance exercise demonstrates promising anti-inflammatory and antidepres-
sant effects in some studies, though conclusions remain controversial. Patients
should select exercise modalities based on personal preferences. Importantly,
exercise’ s anti-inflammatory effects are influenced by factors including disease
type and baseline inflammatory levels, requiring further research, particularly
in depressed populations, to obtain more definitive conclusions.

3.2. Effects of Different Exercise Intensities on Depression and In-
flammatory Marker Levels

Exercise intensity represents one factor influencing intervention -efficacy.
Whether different intensities produce distinct improvements in depressive
symptoms remains unclear, with some studies indicating both moderate
and high-intensity exercise effectively reduce depression severity in moderate
depression, while very low-intensity exercise shows no effect [42]. Regarding
inflammatory levels, a six-week comparison of high-intensity versus moderate-
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intensity aerobic exercise found both improved depressive symptoms, but
high-intensity exercise increased perceived stress and TNF-a and IL-6 concen-
trations compared to moderate-intensity exercise, which reduced TNF-« levels
[43]. Thus, moderate-intensity exercise may represent the optimal intensity
for depression improvement. Another similar study found no cytokine changes
after low or moderate-intensity exercise [44], possibly due to different intensity
classification standards—one using maximum power calculations, the other
using the Borg 6-20 Rating of Perceived Exertion (RPE) scale. However,
exercise intensity may not be a critical factor for exercise’ s anti-inflammatory
effects in depressed patients, as research indicates low, moderate, and high
intensities all effectively reduce IL-6 concentrations and improve depressive
symptoms without significant differences in IL-6 level changes between intensi-
ties [23]. Additionally, most studies show low-intensity aerobic exercise such as
yoga and Ba Duan Jin also positively reduces inflammatory factor levels and
alleviates depression, with greater patient acceptability compared to moderate
or high-intensity exercise. In summary, while exercise exerts anti-inflammatory
effects to alleviate depressive symptoms, the importance of exercise intensity
remains unclear. Therefore, exercise intensity prescription should prioritize
patients’ functional capacity and cardiorespiratory fitness, incorporate personal
interests, and most importantly, follow progressive overload principles to avoid
injury.

3.3. Effects of Exercise Frequency and Duration on Depression and
Inflammatory Marker Levels

Exercise frequency and duration constitute another factor influencing interven-
tion efficacy. Research investigating exercise’ s anti-inflammatory effects typi-
cally considers intervention duration, categorized as single-session (acute) exer-
cise or repeated (chronic) exercise. Acute exercise acts as a stressor that triggers
acute inflammatory responses, primarily due to IL-6 release during muscle con-
traction. However, this acute, transient IL-6 elevation induces increases in anti-
inflammatory cytokines like IL-10 and inhibits pro-inflammatory TNF-« release,
indirectly exerting anti-inflammatory effects. Studies show that patients with
major depressive disorder do not experience exacerbated inflammation after a
single acute exercise session [45]. Furthermore, research demonstrates that 1L-6
reduction correlates with decreased depressive symptoms, and the number of ex-
ercise sessions completed during interventions shows significant correlation with
IL-6 reduction [46]. Therefore, sustained exercise programs are recommended
to better reduce pro-inflammatory status in depressed patients.

4. Summary and Outlook

Neuroinflammation represents a crucial pathogenic mechanism in depression
that interacts with other depression-related pathological processes. Exercise
serves as a therapeutic strategy for depression, either alone or as an adjunct to
other treatments, exerting anti-inflammatory effects by modulating peripheral
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or central inflammatory factor levels and signaling pathways to alleviate neu-
roinflammation and improve depressive symptoms. However, the influences of
exercise modality, intensity, duration, and frequency on these anti-inflammatory
effects require further investigation to develop optimal exercise prescriptions for
neuroinflammation-related depression.
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