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Abstract 

Background

Depression is one of the most common mental illnesses worldwide and is a major 

burden for those affected. As conventional therapies do not always work and are also 

associated with side effects, alternative treatment methods are urgently indicated. In 

the past, exercise has established itself as a seemingly good alternative treatment 

method. The aim of this work is to provide a state of the art review and to check 

whether there are new findings since the publication of the article by Wegner and 

colleagues 10 years ago.

Methods

A systematic literature search was conducted. This included searching for appropri-

ate literature in databases such as PsycINFO, PsychARTICLES, PubMed, CINAHL 

Complete, SocINDEX, SPORTDiscus and Psyndex. Effect sizes calculation and eval-

uation of the methodological characteristics (AMSTAR 2) were carried out. Finally, the 

neurobiological explanations for the effect of exercise on depression are discussed.

Results

Eleven meta-analyses met the inclusion criteria, with the total sample consisting of 

16.255 participants and 229 individual studies. The most frequently implemented 

intervention was aerobic exercise, while the intervention in the control groups was 
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usually no treatment, waiting list, or attention/activity placebo. The pooled results 

indicate a moderate clinical effect, suggesting the positive effect of exercise and 

physical activity in reducing depressive symptoms (SMD = -0.61, 95% CI [− 0.78; 

-0.43], p = <0.01).

Conlcusion

The medium but consistently positive effects that were found in the present study 

place exercise/ physical activity as a promising and helpful alternative for adults with 

depression. The positive effect of exercise and physical activity could potentially be 

explained by neurological changes. However, the exact mechanisms underlying the 

antidepressant effects are still unclear.

1.  Introduction

The World Health Organization (WHO) not only considers physical inactivity to 
be the epidemic of the 21st century, it is also the fourth most important risk factor 
for mortality and is associated with the spread of noncommunicable diseases [1]. 
According to the World Obesity Federation (WOF), it is estimated that 51% of the 
world’s population will be overweighted by 2035 [2]. According to the Behavioral Risk 
Factor Surveillance System (BRFSS) reports, only 48.8% of adults in the US reach 
the minimum level of physical activity (PA) required for good health. This places a 
major burden on the healthcare system [3].

The relationship between PA as well as exercise and health outcomes is widely 
known [4]. Measures to promote PA have contributed significantly to the alleviation 
of physical complaints. Similar effects can be observed for mental health: People 
who exercise regularly suffer less from anxiety, fatigue, and cognitive impairment 
[3,5].

Although mental illnesses such as depression have the potential to significantly 
impair quality of life depressive disorders have become a widespread health problem 
worldwide [6,7]. The statistics show that between 2015 and 2019, the prevalence of 
depression increased significantly without a corresponding increase in the number 
of treatments. Although more and more time is passing, the problem is getting worse 
[8]. The treatment of depression, whether pharmacological or cognitive behavioral 
therapy, has various problems. Current studies on the efficacy of CBT for depression 
show a medium effect [9], however, it is suggested that the effects in some studies 
may be simply an overestimation due to a publication bias [10]. Furthermore, it is 
pointed out that cognitive insights, self and identity are often neglected in CBT [11]. 
One problem about pharmaco treatment is the concern about drug-related side 
effects (such as constipation, diarrhea, dizziness, headaches, insomnia, nausea, 
decreased sexual desire and drowsiness or the social stigma associated with mental 
disorders) [12,13]. These can significantly impair the acceptance of treatment and 
adherence to therapy [13]. Although there are many effective antidepressants, over 
50% of patients do not respond to the first prescribed treatment, and around 30% 
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show no improvement even after several treatment attempts [14]. This highlights the need for more cost-effective, acces-
sible and alternative treatments for depressive disorders.

One of such intervention that has been suggested is physical exercise (E)/ physical activity (PA) [15,16]. It should be 
critically noted that many reviews do not define what is meant by E or PA and the terms are often used interchangeably 
[17–19]. It can be stated that exercise is always physical activity but physical activity is not necessarily exercise [20]. The 
key difference between the two terms is that exercise is planned and structured [17]. The American College of Sports 
Medicine (ACSM) defines PA as any physical activity that is produced by the contraction of skeletal muscle and results in 
a significant increase in caloric expenditure compared to energy expenditure at rest. PA was also included in the search in 
this review, as many studies use the terms synonymously [20].

It has been known for a long time that E and PA can reduce depressive symptoms and improve the quality of life of 
people with depression [15,21,22]. Exercise may also impact indicators of well-being in this population and may influence 
depressive symptoms through a variety of psychosocial and biological mechanisms [3,4]. Clinical practice guidelines in 
the USA, the UK, and Australia recommend PA as part of the treatment of depression. Despite the research and findings 
of recent years, it is still unclear what mechanism lies behind this and what type of E/PA is particularly beneficial [4,15,23]. 
In 2014, Wegner et al. [24] published a paper to summarize the existing meta-analyses on the anxiolytic and depression-
reducing effects of E [24]. The meta-analyses considered in Wegner’s paper consistently show a positive effect of E on 
anxiety and depression. The overall effect size found for the effect of E on depression was moderate, ES = 0.56 [24]. It 
was also shown that E is no less effective than pharmacological or psychotherapeutic treatments [24]. PA can lead to 
an increased expression of various growth factors in the brain, which has a positive effect on brain plasticity and health. 
These effects can counteract atrophic changes in the hippocampus. In summary, this suggests that regular PA can play an 
important role in the prevention and treatment of brain-related disorders [24].

More than 10 years have passed since the publication of these meta-analyses. Although these results provide evidence 
for the alleviation of depressive symptoms by E, these studies can be criticized for including studies of low methodological 
quality, such as quasi-experimental and cross-sectional studies [13,15,20,23,25]. Careful consideration of the characteris-
tics of meta-analytic studies revealed methodological aspects that could confirm previous assumptions. For example, the 
diagnosis of depression in a number of studies was not based on valid diagnostic criteria [7].

In addition, the way in which the subjects were recruited and whether they were clinical or non-clinical subjects seems to 
be decisive [26]. The problem here is that it is often not possible to prove the specific effects of the intervention used [27]. For 
example, the positive effects of meditation can also result from spending a lot of time with a carer, so the improvements in 
the meditation group could also be partly attributable to these non-specific effects (i.e., not directly to the meditation itself). It 
is therefore advisable to include a control condition for non-specific effects in non-inferiority studies that are matched in terms 
of time and attention [27]. It was found that such activities can also improve symptoms of depression. This raises questions 
about the actual antidepressant effects of this sham interventions and may lead to wrong conclusions [7,25,27].

Over the past 10 years, an increasing number of studies suggest that the relationship between PA and improvements in 
depressive symptoms may be influenced by mediators, and it is still unclear how much and what type of PA and E is bene-
ficial [4,13,15,28]. The age of the patients could also influence the relationship between PA and depression [29]. Older 
depressed adults appear to show greater relief from depression through E [7].

Research of the last ten years showed that the positive effects of PA on depression cannot be explained by a single, 
isolated mechanism [15]. Rather, the effects are most likely due to the interplay of several mechanisms that manifest 
themselves on a psychological (e.g., mood, sense of coping, self-efficacy) and neurobiological level (e.g., neurogenesis in 
the hippocampus, regulation of the hypothalamic-pituitary-adrenal axis, modulation of neurotransmitters) [30–32]. Current 
research raises the question of whether the findings reported in the 2014 review by Wegner et al. [24] can be confirmed or 
whether more recent research provides new insights. The present work is intended as an update to the report by Wegner 
et al. [24].
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1.1.  Characteristics of depression

Depression is a serious mental disorder characterized by a high burden of symptoms [28 Liang]. This disorder can have serious 
consequences, including the possibility of suicidal thoughts or actions [12,33]. Second-generation antidepressants are still the 
first choice in the treatment of depression [16]. Previous research has shown that many adults with depression go untreated 
and do not seek help for their symptoms [15]. Particularly in low- and middle-income countries, more than 75% of people do 
not receive appropriate support despite the existence of known and effective treatment methods for mental disorders [12]. 
This is still due to insufficient investment in mental health care, a lack of trained healthcare professionals and the social stigma 
associated with mental disorders [12]. During a depressive episode, a person experiences a depressed mood that manifests 
itself through sadness, irritability, or emptiness. In addition, they may lose pleasure or interest in activities [34]. This episode is 
very different from normal mood swings as it lasts most of the day, almost every day, for a period of at least two weeks [12,13]. 
Despite appropriate treatment, many patients still do not experience sufficient relief of their symptoms [22,35]. Even though 
awareness of depression and its treatment options has increased since 2014, the problems described with conventional ther-
apies such as antidepressants and psychotherapy show that there are still major challenges in terms of treatment options and 
effectiveness. A more accessible and accepted treatment method with fewer side effects would be desirable.

1.2.  Prevalence depression

Around 280 million people worldwide are affected by depressive disorders, making them one of the main causes of the 
global health burden [23]. Between 2015 and 2019, the prevalence of depression increased significantly, but without a 
corresponding increase in treatment [8]. In 2020, almost ten per cent of the American population and almost a fifth of 
adolescents and young adults were affected by depression within the last twelve months [8,36]. An estimated 3.8% of the 
population is affected by depression, with 5% of adults (4% of men and 6% of women) and 5.7% of adults over the age of 
60 belonging to this group [12]. Major depressive disorder (MDD) is the most common form of depression, with a lifetime 
prevalence of 6–15% [37]. This indicates an increasing trend since the work of Wegner et al. [24]. The average age of 
onset of major depressive disorder is 40 years, with 50% of all patients falling ill between the ages of 20 and 50 [4,38]. 
Every year, over 700,000 people lose their lives to suicide, with suicide being the fourth most common cause of death for 
people aged 15–29 [12,13].

2.  Methods

The studies by Wegner et al. [20,24] were used as a guide for the methodology, as this current work is an update of 
the 2014 study conducted 10 years ago. However, this paper focuses exclusively on the effects of E/PA on depression. 
Unlike the paper from 2014 the effects of anxiety are not addressed here. All meta-analytic reviews for the present article 
were identified via databases such as PsycINFO, PsychARTICLES, PubMed, CINAHL Complete, SocINDEX, SPORT-
Discus and Psyndex. Meta-analyses published after July 2014 were included only. The search terms used for the online 
resources were, “meta-analy*, “depression” and “depressive disorder”, and “exercise” and “physical activity”. Only sources 
published in peer-reviewed journals in English were considered. The preliminary search yielded 1586 results with the 
keywords (meta-analysis or meta-analytic) AND (depression or depressive disorder) AND (exercise or physical activity or 
physical training). To obtain only relevant hits, the Boolean operator “title” was used for the search. The search process 
was as follows: TI (meta-analysis, meta-analysis) AND TI (depression or depressive disorder) AND TI (exercise or physi-
cal activity physical training). The search resulted in 288 hits.

2.1.  Protocol and registration

The protocol of this systematic review was registered on May 23, 2024 in PROSPERO (International prospective register 
of systematic reviews) at www.crd.york.ac.uk under the PROSPERO-ID CRD42024549007.

www.crd.york.ac.uk
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2.2.  Eligibility criteria

To determine whether a meta-analysis was suitable for this article, the included individual studies had to fulfil the eligibility 
criteria shown in Table 1. The PICOS approach [20,39] was used to structure the eligibility criteria, including population, 
intervention, comparison group, outcome, and study design. Only meta-analyses were considered, including longitudinal 
studies with control groups. The results of these studies are usually set in relation to a baseline value collected at the 
beginning of the study, which allows a comprehensive understanding of the extent and direction of change over time [20].

In contrast to Wegner et al. [24], participants with concomitant diseases such as cancer (or cancer survivors), chronic 
diseases, heart problems or postpartum depression were excluded from this study. Depression should be the main focus. 
The hormonal changes during pregnancy and childbirth can trigger strong changes in affective state [40,41]. Due to the 
abrupt and dramatic changes in hormone levels after childbirth, some studies emphasise the role of hormonal factors in 
postpartum depression [42]. However, the extent to which these affective changes can be attributed to the altered hor-
mone levels is still largely unknown [40]. These forms of depression were therefore excluded from this study.

In contrast to Wegner et al. [24], studies focussing only on children or older adults were excluded. Since an Umbrella 
Review on the effects of exercise on depression in older adults was published in 2016 and a “Systematic Review of 
Meta-Analyses on Exercise Effects on Depression in Children and Adolescents” in 2020, only studies in which at least 
80% of the participants were between 18 and 59 years old were included in this study [20,43].

2.3.  Data analysis

In all included meta-analyses, the standardized mean difference (SMD = M1 - M2/SDpooled) was used as a measure of 
effect size. The reported effect sizes of each included meta-analysis were pooled to calculate and discuss an overall effect 
size [24]. If the calculation of the effect size in a study deviates from this measure, the respective estimate may have to 
be converted. However, Hedges’ g and the standardised mean difference (SMD) are equivalent in many contexts, espe-
cially if the sample size is large enough. Therefore, the one study [7] that specified an effect size corrected according to 
Hedges’ g did not need to be converted [44,45].

A total of 11 studies (k = 11) were included in this meta-analysis. All analyses were conducted using the R meta pack-
age, with inverse variance weighting applied to the effect sizes. Given the substantial heterogeneity between the studies, 
a random-effects model was employed. Additionally, a prediction interval was calculated to estimate the potential range of 
effects in future studies.

Variance estimation (tau²) was performed using the Restricted Maximum Likelihood (REML) method, and confidence 
intervals for tau² and tau were determined via the Q-profile method. Heterogeneity was quantified using the Cochran-Q 
test, as well as I² and H statistics. Funnel plot asymmetry was assessed with Egger’s test, and the trim-and-fill method 

Table 1.  Eligibility criteria by category (PICOS).

Category Eligibility criteria

Population Otherwise healthy adults witha)	 a clinical diagnosis of depression 
diagnosed using clinical recognized diagnostic criteria or

b)	depression or depressive symptoms assessed using any recognized 
diagnostic criteria

Intervention Intervention consisting of physical exercise or physical activity

Comparator Control group

Outcome Benefits of physical exercise/activity
Effect size reported

Study design Only meta-analyses were considered, including randomized controlled 
trials, cluster randomized controlled trials, controlled trials, longitudinal 
studies

https://doi.org/10.1371/journal.pone.0317610.t001

https://doi.org/10.1371/journal.pone.0317610.t001
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Table 2.  General characteristics of included meta-analyses.

Authors Studies Sample Age Design Population Depression 
measurement

Intervention Control group Effect 
Size

1. Mor-
res et al. 
[7]

11 455 18-65 
years

RCT Depressed adults (18–
65 years) recruited 
through mental health 
services with a referral 
or clinical diagnosis of 
major depression

HAM-D-17
BDI-I; BDI-II

Aerobic training: 
running, swimming, 
jogging, walking, or 
bicycling.

Yes, nonexercise 
comparators

-0.79

2. Cor-
reia et 
al. [4]

10 956 18-69 
years

RCT Participants with 
a diagnosis of 
depression

BDI-II
MADRS
PHQ-9
DASS-21

Aerobic training, com-
bined training (aerobics 
and flexibility, aerobics 
and resistance)

Yes -0.76

3. 
Heissel 
et al. 
[22]

41 2264 18-88 
years

RCT Participants aged 18 
years or older with 
a diagnosis of major 
depressive disorder 
or with depressive 
symptoms

BDI
HAM-D

Exercise intervention 
(aerobic and/or resis-
tance training

Yes, non-exercising 
control group, such as 
usual-care, wait-list control 
conditions or placebo pills

-0.946

4. Rec-
chia et 
al. [16]

25 2551 < 60 
years

RCT Adults with non-severe 
depression, defined as 
a Diagnosis of major 
depressive disorder 
with mild-to-moderate 
symptoms

HAM-D Exercise Yes, placebo, attention 
control, stretching, no 
intervention and waitlist

-0.45

5. 
Jazayeri 
et al. 
[28]

24 1015 20-50 
years

RCT Participants with 
a diagnosis of 
depression

BDI
SPMSQ
GDS
CES-D
HDRS

Resistance1 and endur-
ance2 exercise

Yes, no intervention 
control

-0.141

-0.162

6. Ju et 
al. [50]

18 827 17-78 Female with depres-
sive symptoms or 
depressive disorders

HADS-D
CDSS
BDI
GHQ-12
EPDS

Pilates Yes, usual nursing 
approaches, such as 
taking medications for 
antidepressants

-0.71

7. Bailey 
et al. 
[32]

18 711 12-25 
years

RCT Participants with 
a diagnosis of 
depression

BDI
CDI-2
CES-D
CDSR-R
DSM
HAM-D
QIDS-A-C17
QIDS-A-SR

All physical activity 
interventions were 
eligible

Yes, no-treatment (NT), 
wait-list (WL) and atten-
tion/activity placebo (AP) 
conditions, no-treatment 
(NT), wait-list (WL) and 
attention/activity placebo 
(AP) conditions

-0.82

8. 
Pérez-
López et 
al. [49]

11 1943 47-65 
years

RCT Otherwise, healthy 
women aged 40 or 
depressive mood, 
depressive mood as 
assessed by specific 
validated question-
naires or similar 
tools that include 
a subscale for the 
quantitative evaluation 
of depressive mood or 
depressive symptom

BDI
PHQ
WHQ
BSI
GDS

A program of exercise 
for at least 6 weeks 
(e.g., walking, Yoga, 
Aerobic, cardiovascular 
training session)

Yes, women who did not 
participate in the exercise 
program.

-0.36

(Continued)
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was applied to correct for potential publication bias [46]. Sensitivity analysis was conducted using a leave-one-out 
approach.

2.4.  Quality assessment

To assess the methodological quality of the included systematic reviews with meta-analyses, two researchers inde-
pendently completed the AMSTAR-2 checklist (A Measurement Tool to Assess Systematic Reviews) [20,47].

The final agreement between the two independent researchers on the results obtained with the AMSTAR 2 checklist 
regarding the methodological quality of the meta-analyses is as follows: [16,22,48] = high quality review; [7,49] = moder-
ate quality review; [4,32] = low quality review; [28,50–52] = critically low quality review.

2.5.  Risk of bias

The methodological quality of the selected studies was independently
assessed by three authors. The following Cochrane Risk of Bias [53] categories were applied: (1) ASM: Allocation 

Sequence Generation, (2) AC: Allocation Concealment, (3) BPP: Blinding of Participants and Personnel, (4) BOA: Blinding 
of Outcome Assessors, (5) IOD: Incomplete Outcome Data, (6) SOR: Selective Outcome Reporting. We calculated the 
mean value of the risk of bias ratings assigned by the authors for the individual studies in the respective meta-analyses. If 
the original meta-analysis evaluated low quality we assigned the number 1, for high risk of bias we assigned the number 
3. Thus, the overall risk of bias for each meta-analysis in each risk of bias category (1) – (6) could be evaluated with 1: 
low, 2: medium, and 3: high risk of bias (also see Table 3 in the results section).

2.6.  Methodological weaknesses and strengths

It should be noted that only two of the eleven meta-analyses were of high quality. While six of the reviews were rated 
as low or even critically low (see sections 2.4 Quality assessment, and 2.5 Risk of Bias). It should also be noted 

Authors Studies Sample Age Design Population Depression 
measurement

Intervention Control group Effect 
Size

9. Lee et 
al. [51]

22 1025 19-92 
years

RCT Participants with 
a diagnosis of 
depression

HAM-D
BDI
MADRS

Both aerobic and resis-
tance exercise (or their 
combination) in any 
format (home-based, 
structured individual 
exercise, or group 
exercise programs)

Yes, e.g., waitlist control 
and active comparator

-0.62

10. Guo 
et al. 
[52]

14 2010 NR RCT College students with 
depression

SDS
HAM-D
BDI

Tai Chi, Yoga
volleyball, Dancing, 
Running, Basketball, 
Badminton

Yes -1.13

11. 
Krogh et 
al. [48]

35 2498 21-71 
years

RCT Participants with a 
diagnosis of major 
depression

BDI
MADRS
HAM-D
SCL-D
PHQ-9

Aerobic, non-aerobic, 
physical activity, phys-
ical fitness, walking, 
jogging, running, 
bicycling, swimming, 
strength or resistance

Yes, no intervention or 
treatment as usual or an 
attention control using 
light exercise) or using 
exercise as an add-on 
treatment

-0.66

Total/ 
Mean 
(SD)

229 16255

https://doi.org/10.1371/journal.pone.0317610.t003

Table 2.  (Continued)

https://doi.org/10.1371/journal.pone.0317610.t003
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that the effects found in favor of exercise shrink when the analyses are limited to studies with a low risk of bias [22]. 
Krogh et al. [48] reported that studies with less than high risk of bias yielded significantly lower effect estimates for the 
impact of exercise on depression. This suggests that exercise interventions have only small antidepressant effects, 
depending on how much of the effect is due to bias and how much is due to the intervention. However, Recchia et 
al. [16] restricted their analyses to studies with a low risk of bias and were still able to demonstrate a medium effect 
(SMD = -0.66). Consequently, there is a need for more robust, rigorous and high-quality studies to allow a realistic 
comparison of data between meta-analyses. On a positive note, all included meta-analyses were based on random-
ized controlled trials. The importance of conducting randomized controlled trials to investigate the effects of interest 
lies in their high quality [20,54,55].

3.  Results

3.1.  Study selection

A total of 1.586 studies were identified in the literature search process to seek out systematic reviews with meta-analysis 
focused in this field. After removing duplicates, two independent researchers reviewed 1.298 titles and abstracts. A con-
sensus was reached and ended in a total of 68 potentially relevant studies. Those 68 studies were reviewed in full text. 
Eleven studies met the eligibility criteria and were included in this review (see the Flow chart of the selection process, Fig 
1). For a detailed list of excluded studies see supplemental material (S1 Table).

3.2.  Characteristics of the studies

Meta-analyses were included if they examined either randomized controlled trials (RCT), cluster randomized con-
trolled trials, controlled trials, or longitudinal studies. Eleven meta-analytic reviews with reported effect sizes were 
found on the effect of exercise and physical activity on depression. A total of 16.255 participants and 229 individual 
studies were included in all reviewed analyses. All articles focused exclusively on randomised controlled trials. Of the 
eleven articles, all dealt with patients with depression and two reviews included only women. Various control groups 
were used in the studies to evaluate the effect of the interventions. These included comparison groups without inter-
vention, such as usual care approaches, waiting list control conditions and placebo pills. Non-intervention control 

Table 3.  Evaluation of Risk of Bias according to six Cochrane criteria [53].

ASG AC BPP BOA IOD SOR Overall

Morres et al. [7] Med

Correia et al. [4] Low Low Med Med Low Low Low

Heissel et al. [22] Low Low Med Med High

Recchia et al. [16] Med

Jazayeri et al. [28] – – – – – – –

Ju et al. [50] Low Low High Low Low Low Low

Bailey et al. [32] Low Low High High Med Med Med

Pérez-López et al. [49] Med Med Low Low Low Low Low

Lee et al. [51] Low Low High Low Med Low-Med Med

Guo et al. [52] Low Low Low Low Low Low Low

Krogh et al. [48] Low Low High Med Med Low Med

Note. (1) ASG: Allocation Sequence Generation, (2) AC: Allocation Concealment, (3) BPP: Blinding of Participants and Personnel, (4) BOA: Blinding of 
Outcome Assessors, (5) IOD: Incomple Outcome Data, (6) SOR: Selective Outcome Reporting [53]. Mean value of the risk of bias ratings assigned by 
the authors for the individual studies in the respective meta-analyses; 1: Low, 2: Medium, 3: High overall risk of bias. -:No assessment of Risk of Bias

https://doi.org/10.1371/journal.pone.0317610.t002

https://doi.org/10.1371/journal.pone.0317610.t002
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groups, such as usual medication for depression, were also used. Other control conditions were no treatment (NT), 
waiting list (WL) and active-placebo (AP). In other cases, light exercise was used as an attention control or exercise 
as an additional treatment. The general characteristics information is summarized in Table 2. For the table with all 
extracted data see supplemental material (S2 Table).

Fig 1.  Flow chart of the selection process.

https://doi.org/10.1371/journal.pone.0317610.g001

https://doi.org/10.1371/journal.pone.0317610.g001
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3.3.  Risk of bias

Eight of the available meta-analyses used the Cochrane Collaboration’s Risk of Bias tool [53] for analysis. All studies 
were assessed according to the six categories (1) Allocation Sequence Generation (ASG), (2) Allocation Conceal-
ment (AC), (3) Blinding of Participants and Personnel (BPP), (4) Blinding of Outcome Assessors (BOA), (5)  
Incomplete Outcome Data (IOD), and (6) Selective Outcome Reporting (SOR) either directly in the article or in 
supplemental material. Two meta-analyses [7,50] used the PEDro scale. One meta-analysis [28] did not perform a 
Risk of Bias analysis. Table 3 illustrates the overall assessment of risk of bias in the eleven studies. If the authors 
attributed a low risk of bias in the original meta-analysis, it was assigned a weight of 1 in the current paper, for high 
risk of bias it was assigned a weight of 3. If the calculation across all original studies in the respective meta-analyses 
resulted in a value around 2, the label medium risk of bias was assigned. The overall score in Table 3 is also the 
average of all six categories.

Overall, four meta-analyses evaluated the studies with low risk of bias, five with medium risk of bias and one with high 
risk of bias. On average, we can speak of a medium risk of bias based on the available studies. Due to the type of inter-
vention of exercise and physical activity (sometimes in group settings), there are high risks of bias, particularly for the two 
criteria (3) blinding of participants and personnel and (4) blinding of outcome assessors [53,56].

3.4.  Meta-analytical findings for the effect of E/PA on depression

Recently, several authors have conducted comprehensive meta-analyses to investigate the effects of E/PA on depression, 
examining various factors that may moderate this effect [20,24]. A total of eleven meta-analyses on the depression-reducing 
effect of E and PA were included in this review. The results of these analyses are summarized below. The effect of inter-
vention versus control was a SMD of -0.61 (95% CI [− 0.78; -0.43], p = <0.01). Effect size calculations can be found in the 
forest plot (Fig 2).

The common-effect model estimated an effect size of -0.1704 (95% CI: [-0.1842, -0.1565]), which was statistically 
significant (z = -24.10, p < 0.0001). Accounting for heterogeneity, the random-effects model showed a stronger negative 
effect of -0.6056 (95% CI: [-0.7813, -0.4299], z = -6.76, p < 0.0001). The prediction interval ranged from [-1.2800, 0.0688], 
indicating that future studies might show effects ranging from strongly negative to null or weak. Heterogeneity was high, 
with tau² = 0.0836 (95% CI: [0.0360, 0.2512]), I² = 95.3%, and H = 4.63. (Fig 2.).

The Cochran-Q test was significant (Q = 236.15, df = 11, p < 0.0001), confirming non-random variability among the 
study results.

Egger’s test indicated significant funnel plot asymmetry (t = -9.35, df = 10, p < 0.0001), suggesting potential publication 
bias, with an estimated bias of -5.1456 (SE = 0.5502) (Fig 3).

After applying the trim-and-fill method, the random-effects model estimated a reduced effect size of -0.2383 (95% CI: 
[-0.5231, 0.0466]; S1 Fig.), which was not statistically significant (z = -1.64, p = 0.1011). Heterogeneity remained high 
even after adjusting for publication bias (tau² = 0.3642, tau = 0.6035, I² = 96.0%, H = 5.00), and the Cochran-Q test 
remained significant (Q = 425.21, df = 17, p < 0.0001). The leave-one-out analysis showed that the overall effect size 
remained robust, with estimates ranging from -0.56 to -0.65, indicating that no single study had a major influence on the 
overall results (S2 Fig.). For visualization see supplemental material.

Randomized controlled trials (RCT).  In contrast to Wegner et al. [24], only meta-analyses with randomized controlled 
trials are included in the present study. Wegner et al. [24] reported that the meta-analyses that tended to use randomized 
controlled trials had higher effect sizes (ES = -0.65) than studies that did not exclusively use randomized controlled trials 
(ES = -0.45). This must be taken into account when discussing the results of the present study. The ES determined here 
(-0.61) is therefore more comparable with the ES (-0.65) of the studies in Wegner et al. [24], comparing the randomized-
controlled-trials effect to less rigid study designs.

Measures of depression.  The Beck Depression Inventory (BDI) and the Hamilton Depression Scale (HAM-D) are the 
most frequently used questionnaires in the meta-analyses examined [22], The Center for Epidemiologic Studies Depression 
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Scale (CES-D) and the Hamilton Depression Rating Scale (HAM-D) are among the other measures of depression cited [32]. 
In many studies depression is diagnosed using the DSM or the ICD-10 [48]. For a detailed list, see Table 2.

Comparison with other therapies.  Research to date shows great variability in the minimum duration, intensity, 
and type of PA/ E in its effect on depressive symptoms. While some studies investigated the general effect of PA on 
depression other analyses focused on the direct effect of specific chronic E on depression.

Fig 2.  Forest Plot of Standardized Mean Differences (SMD).

https://doi.org/10.1371/journal.pone.0317610.g002

Fig 3.  Funnel Plot of Standardized Mean Differences (SMD) and Standard Errors.

https://doi.org/10.1371/journal.pone.0317610.g003

https://doi.org/10.1371/journal.pone.0317610.g002
https://doi.org/10.1371/journal.pone.0317610.g003
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Physical activity is defined here as planned, structured, repetitive and purposeful physical activity to improve or main-
tain physical fitness [16,22]. There was a moderate to large significant effect of E compared to no intervention (ES = -0.76 
to -1.24) [4,7,22]. In addition, E had a significant effect compared to usual care (ES = -0.48 to -0.82) (usual care, waiting 
list control conditions, or placebo pills) [32]. Back in the days, there was no consensus as to whether physical exercise 
has a greater impact on the symptoms and cognitive functions of depression compared to taking antidepressants [57]. 
Recchia et al. [16] observe the efficacy of E, antidepressants, and combined treatments on depressive symptoms in adults 
with non-severe depression. The results suggest that all treatments had similar positive effects on depressive symp-
toms compared to the control groups, with no treatment being superior to the other [16]. Wegner et al. [24] also found no 
benefit of exercise compared to psychosocial interventions, low-intensity exercise, or relaxation interventions. Lee et al. 
[51], on the other hand, report that exercise as an adjunct to standard treatment (e.g., pharmacotherapy, psychotherapy, 
electroconvulsive therapy; ECT) has a moderate antidepressant effect compared to standard treatment alone. They also 
provide new evidence that exercise in combination with standard treatment has a significant moderate antidepressant 
effect compared to standard treatment alone. Furthermore, Lee et al. [51] report that the addition of exercise to standard 
treatment did not have a negative effect on acceptability. Some studies have even shown that the combination of exercise 
and standard treatment improves medication adherence and compliance with treatment protocols. In addition, the results 
suggest that exercise positively influences the response to treatment and the course of symptom worsening [51]. Wegner 
et al. [24] reported in their paper that several authors were unable to find any difference between exercise programs and 
cognitive therapy in de-pressed patients. These results can be confirmed in the present study [7].

Type of exercise.  Morres et al. [7] focused exclusively on the effect of aerobic E (e.g., running, swimming, jogging, 
walking, or bicycling) on depression in their study. In this review, E was found to have a significantly large antidepressant 
effect in adult patients recruited through mental health services who had a referral or clinical diagnosis of major 
depression. Compared to antidepressants, it showed a strong antidepressant effect [7]. Similar effects were observed 
when the effect of aerobic E was compared with psychological treatments, either as monotherapy or as part of a multi-
therapeutic program. What is also worth mentioning is that aerobic E was preferred over psychological treatments or 
antidepressants/TAU [7]. There are also other reviews that report the superior effect of aerobic E compared to other forms 
of E such as resistance or flexibility training [4,22].

Some reviews excluded studies that used yoga, tai chi or other mental/physical activities [16,22]. The reason for this 
is that these mind-body interventions focus on behavioral techniques. These include deep breathing, meditation/mindful-
ness, and self-awareness, among others, and thus a range of behavioral techniques that could interfere with the effect of 
physical E [16,22] or should be studied with a sham condition [27]. Guo et al. [52], on the other hand, compared seven 
different exercise interventions, including tai chi. The results showed that tai chi and yoga reduced depression in students 
more than badminton or basketball [52]. Jazayeri et al. [28] focused on the effect of endurance and resistance training on 
depression. On the one hand, they found that both types of training were effective in reducing depression compared to 
the control group; on the other hand, there was no difference in the effectiveness of the two interventions. Both reduced 
depressive symptoms equally [28]. Heissel et al. [22] and Correia et al. [4] agree that chronic aerobic exercise as a single 
intervention has a greater effect than mixed interventions (e.g., in combination with resistance training). Recchia et al. [16] 
also report that a combination therapy has no greater positive effect on depressive symptoms than either treatment alone. 
This is in contrast to the findings of Wegner et al. [24], who report a superior effect of combination training.

In summary, several studies concluded that moderate-intensity interventions have a more positive effect compared to 
high-intensity interventions [4,16,22,49]. Only Krogh et al. [48] report on the superior effect of high-intensity/high-dose 
exercise. In addition, group interventions appear to be preferable to individual training sessions [4,22,51]. It can be con-
cluded that participants seem to benefit more from interventions with a shorter weekly duration [22,48].

Gender.  In general, women and men appear to benefit from E to reduce their depressive symptoms, but women are 
more likely to suffer from depression [4,12,49]. The reasons for this are not clear [49]. In a meta-analysis that focused 
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exclusively on women, it was found that programmed exercise significantly reduced depressive symptoms in middle-
aged to older women (47–65 years). The benefit appeared to be independent of whether the training intensity was low 
or moderate [49]. Ju et al. [50] found a significant improvement in depressive symptoms in women as a result of Pilates. 
However, this was not a comparative study; the effect of Pilates on depressive symptoms in men was not investigated 
[50].

3.5.  Neurobiological explanations

Taking a closer look at the neurobiology of depressed people, dysfunction of the hypothalamic-pituitary-adrenal (HPA) 
axis, increased secretion of corticotropin-releasing hormone (CRH), decreased responsiveness to glucocorticoids, and 
increased pituitary size and activity, among others, can be observed [58]. Despite 10 years have passed, it is still (and 
will properly remain impossible) to account the positive effect of E and PA to one neurologoical change. The exact mech-
anisms underlying the antidepressant effects of PA in MDD are still unclear, speculative, and largely based on animal 
studies or results from studies conducted in humans without MDD [35,59–61]. On this basis, the efficacy of PA and E in 
depressive disorders is attributed to physiological changes in monoamine metabolism, hypothalamic-pituitary-adrenal 
(HPA) axis function, neuro-trophic factors and neuroinflammation, among others [58,59].

It is important to note a still important cause of depression thought to be a dysfunction of the serotonin system 
(5-hydroxytryptamine; 5HT) [14]. Conventional antidepressants for the treatment of depression are typically designed 
to block the reuptake or degradation of monoamines such as 5-hydroxytryptamine (5-HT or serotonin) and noradrenalin 
(NA). Selective serotonin reuptake inhibitors (SSRIs) are still the most commonly prescribed drugs for the treatment of 
depression [14,59]. Nevertheless, depressive disorder is a complex disease with changes in several biomarkers that go 
beyond monoamines. The cause of depression is not a simple deficiency of key monoamines alone [59]. Therefore, it is 
not surprising that treatment with common antidepressants, which mainly target monoamines, often shows limited ther-
apeutic effect [59]. Various systematic reviews have described the influence of PA on the serotonergic system and the 
function of the HPA axis [62]. It is assumed that PA could improve the efficiency of the response of the monoamine system 
and normalize the HPA axis in depressed patients [59].

HPA axis activity and cortisol.  Natural stress, whether physical or psychological, activates two main response 
systems in the body: the sympatho-adrenomedullary system, which triggers an alarm and increases the heart and 
respiratory rate, and the hypothalamic-pituitary-adrenal axis (HPA axis), which releases cortisol, a key hormone for 
stress reduction [63]. Depressed patients often show changes in the HPA system, leading to impaired regulation and an 
increase in cortisol in the blood [62,64]. These changes can contribute to hyperactivity of the HPA axis, which in turn can 
exacerbate the symptoms of depression. Overall, research suggests that HPA axis activity plays an important role in the 
regulation of mood and that dysregulation of this system may contribute to the development of mental disorders [62]. This 
suggests that the relationship between the HPA axis and cortisol levels could play an important role in the development 
and progression of depression.

The HPA axis responds to environmental stress by activating the release of serotonin, noradrenaline, and dopamine 
from various brain regions such as the amygdala and the hippocampus [62]. This leads to the synthesis of corticotropin-
releasing hormone in the hypothalamus, which binds to receptors in the anterior lobe of the hypophysis and triggers the 
release of adrenocorticotropin (ACTH) into the bloodstream. ACTH in turn stimulates the adrenal glands to produce and 
release cortisol [14,62].

To maintain homeostasis, there are negative feedback mechanisms in which the glucocorticoids bind to glucocorticoid 
receptors (GR) to inhibit the further release of corticotropin-releasing hormone. In people with major depressive disorder 
(MDD), the sensitivity of these glucocorticoid receptors is impaired, resulting in reduced negative feedback. The result is 
excessive secretion of the corticotropin-releasing hormone and increased production of glucocorticoids such as cortisol 
[14].
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Acute physical exertion is a direct stressor that affects hormone production, including cortisol. Cortisol levels typically 
rise approximately 20–30 minutes after the termination of stress [65,66]. However, chronic stress can lead to patholog-
ical changes if the organism is unable to end the stress response [63,67]. This also applies to mental illnesses such as 
depression, whose pathophysiology is closely linked to the endocrine stress system. In addition, studies suggest that 
increased chronic PA promotes the lowering of catabolic cortisol [59] and the neuroplasticity of certain brain structures 
[67]. This is associated with an improvement in synaptogenesis, neurogenesis, the release of neurotrophins, and neu-
roendocrinological changes. The changes may be associated with benefits for cognitive and affective functions, and this 
may translate into a reduction in psychosocial stress symptoms in the long term [61]. However, these results should be 
interpreted with caution due to the small number and heterogeneity of the studies [68]. In addition, the study found a large 
reduction in cortisol levels in MDD individuals for training at a frequency of five times per week, while there was a mod-
erate effect at three times per week and a small effect at twice per week [68]. Fernandes et al. [60] also investigated the 
decline in cortisol levels in depressed people. One group received only antidepressants, while the other group also com-
pleted aerobic training. Over a period of four weeks, it was observed that cortisol levels decreased regardless of whether 
or not sertraline was combined with E. It was also found that clinical remission was achieved more frequently in the group 
that combined antidepressants and PA [60]. Although the study did not detect changes in cortisol levels or interleukins in 
people with MDD when PA was used as an adjunct to antidepressants, this research suggests that cortisol is the bio-
marker most sensitive to antidepressant treatment [60]. The most important physiological factor determining the neuroen-
docrine stress response appears to be the intensity and duration of activity [69]. Therefore, E should be differentiated into 
acute E (one-time exercise) and chronic E (repeated exercise or exercise training). This means that chronic endurance 
training can be used both as a preventative and therapeutic instrument to reduce the level of cortisol [63]. A study com-
paring different chronic interventions indicates that coordinative training can lead to a greater reduction in cortisol concen-
tration and stress levels compared to chronic endurance training [70]. However, other results suggest that not all people 
suffering from depression show a change in the HPA axis. Therefore, not everybody would benefit from treatment that 
specifically targets components of the HPA axis [14].

Monoamine levels.  Studies still show that people suffering from depression often show reduced levels of 
5-hydroxyindoleacetic acid (5HIAA), the most important metabolite of 5HT (serotonin). In addition, reduced tryptophan 
levels in plasma, a low tryptophan-to-amino acid ratio, and abnormalities in 5HT function are frequently observed [24,56]. 
Carneiro et al. [59] investigated the influence of chronic PA as monoamine responses in women with depressive disorders. 
It was assumed that the training group showed a significant increase in monoamine levels compared to the control group. 
Surprisingly, the training group showed a slight decrease in dopamine levels compared to the control group. The decrease 
in serotonin levels in the training group contradicts the hypothesis that PA could cause an increase in serotonin levels and 
thus have a positive effect on depressive symptoms. These results suggest that the biological mechanisms mediating the 
effects of E on depressive disorders are more complex than previously thought [59].

Adaptation in neuronal structures.  The brain-derived neurotrophic factor (BDNF) is a neurotrophin that plays a 
central role in the regulation of neuronal plasticity of synaptic activity, hippocampal function, and the learning process, 
among others [37,61]. BDNF expression can be stimulated by serotonin [62]. There is a link between low circulating levels 
of BDNF and affective/emotional dysregulation as seen in depressive disorders [37,71]. BDNF is a potential biomarker for 
the success of depression therapy, as research increasingly suggests that BDNF may play a role in improving depressive 
behaviors through E [35,61]. Studies conducted with outpatients with MDD and persistent depression showed that both 
acute and regular E caused an increase in BDNF [37,61]. Higher BDNF levels are associated with better cognitive and 
psychiatric status in both depressed patients and healthy individuals [62]. The improvement in the biomarker caused by E 
is associated with a decrease in depressive symptoms [37]. Previous studies have concluded that both endurance training 
and short-term high-intensity anaerobic exercise can lead to an increase in BDNF levels in both healthy and depressed 
patients [62,72,73].
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Murawska-Ciałowicz et al. [74] investigated the effects of nine weeks of training with four different types of high-
intensity on the resting concentration of BDNF. The results showed that the resting concentration of BDNF did not change 
significantly or was even reduced [74]. One meta-analysis found that chronic aerobic exercise in individuals with MDD was 
not associated with an increase in resting concentrations of BDNF in the periphery blood [75]. The meta-analysis by Kure-
bayashi and Otaki reports that E did not significantly increase BDNF levels in patients with MDD [76]. Although the study 
by Szuhany and Otto [77] confirms that physical activity leads to a significant increase in BDNF levels in both depressed 
and healthy adults, no significant correlation was found between changes in BDNF levels and improvement in depressive 
symptoms. One study investigated the effects of aerobic exercise on BDNF and cortisol levels in people with depression. 
However, it was not possible to establish an interaction between aerobic training and the concentration of BDNF and 
cortisol. The reasons for this are speculative [78]. Therefore, there is some evidence to suggest that BDNF may not be the 
best or only biomarker for the positive effect of exercise on depression [75,77].

Plasticity.  Wang et al. [71] report that six months of moderate-intensity aerobic training leads to a significant increase 
in the volume of grey matter in the prefrontal cortex in patients with depression. Reduced grey matter volume is an 
important physiological sign of depression. The increase was directly proportional to the amount of training. One study 
has shown that acute aerobic exercise can cause changes in brain connections in people with depression, particularly 
between the prefrontal cortex and the temporal cortical region associated with mood regulation [79]. The results showed 
that both moderate endurance training and high-intensity interval training improved the mood of the participants. This 
improvement in mood was associated with a stronger influence of the prefrontal cortex compared to the temporal cortical 
regions [79].

Cannabinoids.  An alternative explanation gaining more and more interest is that during moderate PA, the 
concentrations of circulating endocannabinoids increase in people with depressive disorders. Endocannabinoids are 
lipids involved in processes such as pain, mood and memory and are associated with the acute affective responses 
during physical activity in people with depression [80,81]. Numerous studies point to the role of cannabinoid receptors 
in influencing mental illnesses such as depression. There is several evidence that endocannabinoid levels are 
disturbed in depression [82]. Cannabinoid receptor activation leads to depression-like behavior [83]. On the other 
hand, CB1 cannabinoid receptor antagonists show antidepressant effects. Mice lacking the CB1 cannabinoid receptor 
exhibit abnormal behavioral patterns associated with mood disorders. These behavioral changes include impaired 
molecular functions and dysregulation of neurotransmitter systems associated with depression [82]. Experimental 
and clinical studies analyzing the endocannabinoids AEA (anandamide) and 2-AG (2-arachidonoylglycerol) have 
shown that these lipids are present at lower levels in people with depression. This is consistent with pharmacological 
studies indicating that modulation of the endocannabinoid system by enhancers or inhibitors of AEA or 2-AG may have 
positive therapeutic effects in mental disorders [82]. Thus, it can be hypothesized that pharmacological manipulation 
of endogenous endocannabinoid levels represents a new possibility for various medical treatments for depression. 
However, studies are needed to understand the exact mechanism of action by which the endocannabinoid system 
modulates depression [83].

4.  Discussion

4.1.  Summary of evidence

The aim of this article was to update the findings by Wegner et al. [24]. For this purpose, meta-analyses focusing on the 
effects of physical activity in adults on measures of depressive outcomes were reviewed. The overall effect size of the 
included meta-analyses was medium regarding the alleviation of depressive symptoms by physical exercise. The effect of 
intervention versus control was SMD = -0.61. These results are comparable to those of Wegner et al. [24]. They reported 
a moderate overall effect size for the effect of exercise on depression (ES = -0.56). As mentioned above, the ES was 
slightly higher for studies that focused exclusively on randomized controlled trials (ES = -0.65).
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In summary, what Wegner et al. [24] reported can be confirmed in the present up-dated analysis. The effect of E/PA on 
depression is not demonstrably more beneficial compared to other interventions. However, it has been shown to be no 
less effective, even when compared to antidepressant medication or psychotherapy. There seems to be a consensus that 
E/PA is superior to no treatment and the combination of E/PA with conventional therapies seems to have a superior effect.

This result suggests that exercise is a promising intervention for depression in adults. Similar results were also 
observed in children (d = -0.50) [20]. In older adults, an umbrella review reported a small effect in favor of exercise on 
depression [43]. Given these results, physical exercise can be considered a relevant treatment option for depression in all 
age groups.

Due to the limited and inconsistent E types, E duration and E frequency, the dose-response relationships are difficult 
to discern [4]. However, there was a difference between 2014 and now. Wegner et al. [24] reported that either combined 
exercise programs or strength, weight, or resistance training alone were more effective than aerobic exercise. The most 
common intervention used in this work was aerobic exercise. Positive effects were consistently found for this intervention 
type. However, other types of exercise such as endurance and strength training also provide promising results [22,28]. 
Wegner et al. [24] came to the conclusion that the results regarding the dosage of the exercises varied greatly and do not 
allow any conclusive recommendations to be made for practice. The optimal duration and frequency of physical interven-
tions is still not clear. However, the average duration for which a positive effect of exercise has been observed appears 
to be around 45 minutes, three times a week, at moderate intensity [4,7,16,31,50]. Various meta-analyses and system-
atic reviews have shown that physical exercise can be similarly effective as psychotherapy and pharmacotherapy in the 
treatment of mild to moderate depression [4,22]. This has also been reported by Wegner et al. [20,24]. The antidepres-
sant effect of PA/E could be used as an inexpensive and easy-to-implement measure for the prevention and treatment of 
depression [23]. Furthermore, physical exercise is a less stigmatizing treatment option for people with depression. The 
importance of rapid access to treatment is underlined by the fact that prognosis worsens as the duration of depression 
increases. In addition, more than half of people with depression worldwide receive no treatment at all [35].

In order to implement physical interventions effectively, a well thought-out exercise and training concept is crucial. 
Exercise and training must be individually adapted and controlled, similar to medication. Due to the different physiological 
responses to physical interventions, which depend on many factors, individualization is important. This approach aims to 
maximize the effectiveness of the intervention by taking into account the differences between individuals [84]. Physical 
interventions should be prescribed and monitored considering specific markers of internal stress. Adjustment of internal 
loading requires careful and individualized adjustment of external loading. The optimal exercise and training prescription 
is likely to emerge from empirical evidence and interdisciplinary collaboration that integrates the perspectives of patients, 
medical experts, sports scientists, and practitioners [85].

Ten years have passed since the publication of Wegner et al. [24] and it is still not possible (and will remain so) to 
attribute the positive effect of E and PA to specific neurobiological changes. The exact mechanisms underlying the anti-
depressant effects of PA in MDD are still unclear, speculative, and largely based on animal studies or results from studies 
conducted in humans without MDD [35,59–61].

Limitations

The aim of this systematic review was to update the status of meta-analyses in the area of exercise and depression and 
to report the overall effectiveness. As the individual meta-analyses do not clearly distinguish between endurance or resis-
tance exercise or other types of exercise, it was unfortunately not possible to calculate separate analyses for the respec-
tive exercise types. Interested readers are referred to the evaluations of the respective authors of the meta-analyses. 
Heissel et al. [22], for example, conducted such sub-analyses.

The substantial heterogeneity observed in this analysis, along with the possible presence of publication bias, limits the 
reliability of the overall effect estimate. Additionally, the lower methodological quality of some included studies may have 
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contributed to the heterogeneity, further complicating interpretation. These findings should therefore be interpreted with 
caution. High-quality, rigorously designed studies are needed to provide more definitive conclusions on the effect size and 
its consistency across different contexts.

As a guide for implementation, it can be said that an individually tailored training plan should be based on a thorough 
assessment of physical and psychological needs. Aerobic activities such as running or cycling and strength training 
show positive effects. About 45 minutes of moderate exercise, three times a week, is recommended. Continuous moni-
toring allows for adjustments for optimal results. For moderate to severe depression, exercise should be combined with 
psychotherapy or medication. Long-term success is promoted by motivation and social support tailored to the needs of 
participants.

In summary, research shows that physical exercise has small to moderate, but consistently positive effects on depres-
sive symptoms in adults. The effect is comparable to that of psychotherapy and pharmacotherapy, while providing a 
non-stigmatizing, easily accessible and cost-effective treatment option. Especially in light of this last point, physical exer-
cise should be considered a promising complementary intervention to address mental health problems in all age groups. 
The type, intensity and frequency of exercise should be tailored to the physiological and psychological needs of the 
individual, similar to the prescription of medication. To optimize the antidepressant effect of physical activity, internal and 
external stress markers should be monitored regularly. Further research in this area is of great importance. Future studies 
should further explore the effects of these exercise interventions to support the development of targeted medical interven-
tions and to determine the optimal dose-response relationship.

Supporting information

S1 Fig.  Funnel plot, adjusted with the trim-and-fill method. This figure shows the adjusted analysis of publication 
bias.
(DOCX)

S2 Fig.  Forest plot of the leave-one-out sensitivity analysis. The graph shows the impact of excluding individual stud-
ies on the overall effect.
(DOCX)

S1 Table.  List of excluded studies. This table lists studies that were excluded during the selection process, including 
the exclusion criteria.
(DOCX)

S2 Table.  Table with all extracted data from the primary studies for the systematic review and/or meta-analysis. 
This table contains a detailed list of all relevant data from the included studies.
(DOCX)

Author contributions

Conceptualization: Henning Budde, Anett Mueller-Alcazar, Bruna Velasques, Pedro Ribeiro, Sérgio Machado.

Formal analysis: Nina Dolz, Fabian Schacht.

Methodology: Henning Budde, Nina Dolz, Mirko Wegner.

Supervision: Anett Mueller-Alcazar.

Visualization: Fabian Schacht.

Writing – original draft: Henning Budde, Nina Dolz, Anett Mueller-Alcazar, Bruna Velasques, Pedro Ribeiro, Sérgio 
Machado, Mirko Wegner.

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317610.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317610.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317610.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0317610.s004


PLOS One | https://doi.org/10.1371/journal.pone.0317610  May 5, 2025 18 / 21

Writing – review & editing: Henning Budde, Nina Dolz, Anett Mueller-Alcazar, Fabian Schacht, Bruna Velasques, Pedro 
Ribeiro, Sérgio Machado, Mirko Wegner.

References
	 1.	 World Health Organization. Global Recommendations on Physical Activity for Health. World Health Organization. 2010 Copyright ©

	 2.	 Regina de Sousa T, da Silva Alexandrino WG, Souza A, Faúndez-Casanova C, dos Santos Pascoini MJ, Mochi Awada MA, et al. Effects of 
physical activity in adults with severe obesity: a systematic review. Retos: Nuevas Perspectivas de Educación Física, Deporte y Recreación. 
2024;53:671–80.

	 3.	 Stults-Kolehmainen MA, Sinha R. The Effects of Stress on Physical Activity and Exercise. Sports Medicine. 2014;44(1):81–121. https://doi.
org/10.1007/s40279-013-0090-5 PMID: 24030837

	 4.	 Correia ÉM, Monteiro D, Bento T, Rodrigues F, Cid L, Vitorino A, et al. Analysis of the effect of different physical exercise protocols on 
depression in adults: systematic review and meta-analysis of randomized controlled trials. Sports Health. 2024;16(2):285–94. https://doi.
org/10.1177/19417381231210286 PMID: 37994044

	 5.	 Liu C, Liang X, Sit CHP. Physical Activity and Mental Health in Children and Adolescents With Neurodevelopmental Disorders: A Systematic 
Review and Meta-Analysis. JAMA Pediatr. 2024;178(3):247–57. https://doi.org/10.1001/jamapediatrics.2023.6251 PMID: 38285440

	 6.	 Chen Z, Huang H, Liu R, Tang Z. Effects of internet-based exercise intervention on depression and anxiety: A systematic review and meta-analysis. 
Medicine (Baltimore). 2024;103(8):e37373.

	 7.	 Morres ID, Hatzigeorgiadis A, Stathi A, Comoutos N, Arpin-Cribbie C, Krommidas C, et al. Aerobic exercise for adult patients with major depressive 
disorder in mental health services: A systematic review and meta-analysis. Depress Anxiety. 2019;36(1):39–53. https://doi.org/10.1002/da.22842 
PMID: 30334597

	 8.	 Goodwin RD, Dierker LC, Wu M, Galea S, Hoven CW, Weinberger AH. Trends in U.S. Depression Prevalence From 2015 to 2020: The Widening 
Treatment Gap. Am J Prev Med. 2022;63(5):726–33. https://doi.org/10.1016/j.amepre.2022.05.014 PMID: 36272761

	 9.	 Hofmann SG, Asnaani A, Vonk IJJ, Sawyer AT, Fang A. The Efficacy of Cognitive Behavioral Therapy: A Review of Meta-analyses. Cognit Ther 
Res. 2012;36(5):427–40. https://doi.org/10.1007/s10608-012-9476-1 PMID: 23459093

	10.	 Cuijpers P, Smit F, Bohlmeijer E, Hollon SD, Andersson G. Efficacy of cognitive-behavioural therapy and other psychological treatments for 
adult depression: meta-analytic study of publication bias. Br J Psychiatry. 2010;196(3):173–8. https://doi.org/10.1192/bjp.bp.109.066001 PMID: 
20194536

	11.	 Brewin CR. Identity - A critical but neglected construct in cognitive-behaviour therapy. J Behav Ther Exp Psychiatry. 2023;78:101808. https://doi.
org/10.1016/j.jbtep.2022.101808 PMID: 36435550

	12.	 WHO. Depressive disorder (depression). 2023. Available from: https://www.who.int/news-room/fact-sheets/detail/depression

	13.	 Pérez Bedoya ÉA, Puerta-López LF, López Galvis DA, Rojas Jaimes DA, Moreira OC. Physical exercise and major depressive disorder in adults: 
systematic review and meta-analysis. Sci Rep. 2023;13(1):13223. https://doi.org/10.1038/s41598-023-39783-2 PMID: 37580497

	14.	 Menke A. Is the HPA Axis as Target for Depression Outdated, or Is There a New Hope?. Front Psychiatry. 2019;10:101. https://doi.org/10.3389/
fpsyt.2019.00101 PMID: 30890970

	15.	 Noetel M, Sanders T, Gallardo-Gómez D, Taylor P, Del Pozo Cruz B, van den Hoek D, et al. Effect of exercise for depression: systematic review 
and network meta-analysis of randomised controlled trials. BMJ. 2024;384:e075847. https://doi.org/10.1136/bmj-2023-075847 PMID: 38355154

	16.	 Recchia F, Leung CK, Chin EC, Fong DY, Montero D, Cheng CP, et al. Comparative effectiveness of exercise, antidepressants and their com-
bination in treating non-severe depression: a systematic review and network meta-analysis of randomised controlled trials. Br J Sports Med. 
2022;56(23):1375–80. https://doi.org/10.1136/bjsports-2022-105964 PMID: 36113975

	17.	 Budde H, Schwarz R, Velasques B, Ribeiro P, Holzweg M, Machado S, et al. The need for differentiating between exercise, physical activity, and 
training. Autoimmunity Reviews. 2016;15(1):110–1. https://doi.org/10.1016/j.autrev.2015.09.004 PMID: 26384527

	18.	 Gronwald T, Velasques B, Ribeiro P, Machado S, Murillo-Rodríguez E, Ludyga S, et al. Increasing exercise’s effect on mental health: Exercise 
intensity does matter. Proc Natl Acad Sci U S A. 2018;115(51):E11890–1. https://doi.org/10.1073/pnas.1818161115 PMID: 30568027

	19.	 Gronwald T, de Bem Alves AC, Murillo-Rodríguez E, Latini A, Schuette J, Budde H. Standardization of exercise intensity and consideration of a 
dose-response is essential. Commentary on “Exercise-linked FNDC5/irisin rescues synaptic plasticity and memory defects in Alzheimer’s models”, 
by Lourenco et al., published 2019 in Nature Medicine. J Sport Health Sci. 2019;8(4):353–4. https://doi.org/10.1016/j.jshs.2019.03.006 PMID: 
31333889

	20.	 Wegner M, Amatriain-Fernández S, Kaulitzky A, Murillo-Rodriguez E, Machado S, Budde H. Systematic Review of Meta-Analyses: Exercise Effects 
on Depression in Children and Adolescents. Front Psychiatry. 2020;11:81. https://doi.org/10.3389/fpsyt.2020.00081 PMID: 32210847

	21.	 Rossi FE, Dos Santos GG, Rossi PAQ, Stubbs B, Barreto Schuch F, Neves LM. Strength training has antidepressant effects in people with depres-
sion or depressive symptoms but no other severe diseases: A systematic review with meta-analysis. Psychiatry Res. 2024;334:115805. https://doi.
org/10.1016/j.psychres.2024.115805 PMID: 38428290

https://doi.org/10.1007/s40279-013-0090-5
https://doi.org/10.1007/s40279-013-0090-5
http://www.ncbi.nlm.nih.gov/pubmed/24030837
https://doi.org/10.1177/19417381231210286
https://doi.org/10.1177/19417381231210286
http://www.ncbi.nlm.nih.gov/pubmed/37994044
https://doi.org/10.1001/jamapediatrics.2023.6251
http://www.ncbi.nlm.nih.gov/pubmed/38285440
https://doi.org/10.1002/da.22842
http://www.ncbi.nlm.nih.gov/pubmed/30334597
https://doi.org/10.1016/j.amepre.2022.05.014
http://www.ncbi.nlm.nih.gov/pubmed/36272761
https://doi.org/10.1007/s10608-012-9476-1
http://www.ncbi.nlm.nih.gov/pubmed/23459093
https://doi.org/10.1192/bjp.bp.109.066001
http://www.ncbi.nlm.nih.gov/pubmed/20194536
https://doi.org/10.1016/j.jbtep.2022.101808
https://doi.org/10.1016/j.jbtep.2022.101808
http://www.ncbi.nlm.nih.gov/pubmed/36435550
Available from: https://www.who.int/news-room/fact-sheets/detail/depression
https://doi.org/10.1038/s41598-023-39783-2
http://www.ncbi.nlm.nih.gov/pubmed/37580497
https://doi.org/10.3389/fpsyt.2019.00101
https://doi.org/10.3389/fpsyt.2019.00101
http://www.ncbi.nlm.nih.gov/pubmed/30890970
https://doi.org/10.1136/bmj-2023-075847
http://www.ncbi.nlm.nih.gov/pubmed/38355154
https://doi.org/10.1136/bjsports-2022-105964
http://www.ncbi.nlm.nih.gov/pubmed/36113975
https://doi.org/10.1016/j.autrev.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26384527
https://doi.org/10.1073/pnas.1818161115
http://www.ncbi.nlm.nih.gov/pubmed/30568027
https://doi.org/10.1016/j.jshs.2019.03.006
http://www.ncbi.nlm.nih.gov/pubmed/31333889
https://doi.org/10.3389/fpsyt.2020.00081
http://www.ncbi.nlm.nih.gov/pubmed/32210847
https://doi.org/10.1016/j.psychres.2024.115805
https://doi.org/10.1016/j.psychres.2024.115805
http://www.ncbi.nlm.nih.gov/pubmed/38428290


PLOS One | https://doi.org/10.1371/journal.pone.0317610  May 5, 2025 19 / 21

	22.	 Heissel A, Heinen D, Brokmeier LL, Skarabis N, Kangas M, Vancampfort D, et al. Exercise as medicine for depressive symptoms? A systematic 
review and meta-analysis with meta-regression. Br J Sports Med. 2023;57(16):1049-57.

	23.	 Bidzan-Wiącek M, Błażek M, Antosiewicz J. The relationship between physical activity and depressive symptoms in males: A systematic review and 
meta-analysis. Acta Psychologica. 2024;243:104145. https://doi.org/10.1016/j.actpsy.2024.104145 PMID: 38245936

	24.	 Wegner M, Helmich I, Machado S, Nardi AE, Arias-Carrion O, Budde H. Effects of exercise on anxiety and depression disorders: review of 
meta-analyses and neurobiological mechanisms. CNS Neurol Disord Drug Targets. 2014;13(6):1002–14. https://doi.org/10.2174/18715273136661
40612102841 PMID: 24923346

	25.	 Schuch FB, Morres ID, Ekkekakis P, Rosenbaum S, Stubbs B. A critical review of exercise as a treatment for clinically depressed adults: time to get 
pragmatic. Acta Neuropsychiatr. 2017;29(2):65–71. https://doi.org/10.1017/neu.2016.21 PMID: 27145824

	26.	 Tobi P, Kemp P, Schmidt E. Cohort differences in exercise adherence among primary care patients referred for mental health versus physical 
health conditions. Prim Health Care Res Dev. 2017;18(5):463–71. https://doi.org/10.1017/S1463423617000214 PMID: 28653595

	27.	 Budde H, Amatriain-Fernández S, Trautmann S. Potential of Control Conditions for Nonspecific Treatment Effects in Noninferiority Trials. JAMA 
Psychiatry. 2023.

	28.	 Jazayeri D, Zanjani Z, Joekar S, Alvani SR, Molaei A. Comparison Study of the Effects of Resistance and Endurance Exercise Interventions for the 
Treatment of Depression: A Meta-Analytical Review. J Contemporary Psychotherapy. 2022;52:1–10. https://doi.org/10.1007/s10879-022-09537-8

	29.	 Budde H, Velasques B, Ribeiro P, Machado S, Emeljanovas A, Kamandulis S, et al. Does Intensity or Youth Affect the Neurobiological Effect of 
Exercise on Major Depressive Disorder? Neuroscience Biobehavioral Reviews. 2016;84.

	30.	 Alizadeh PH. Possible role of exercise therapy on depression: Effector neurotransmitters as key players. Behav Brain Res. 2024;459:114791. 
https://doi.org/10.1016/j.bbr.2023.114791 PMID: 38048912

	31.	 Gujral S, Aizenstein H, Reynolds CF, Butters MA, Erickson KI. Exercise effects on depression: Possible neural mechanisms. Gen Hosp Psychiatry. 
2017;49:2–10. https://doi.org/10.1016/j.genhosppsych.2017.04.012 PMID: 29122145

	32.	 Bailey AP, Hetrick SE, Rosenbaum S, Purcell R, Parker AG. Treating depression with physical activity in adolescents and young adults: a 
systematic review and meta-analysis of randomised controlled trials. Psychological Medicine. 2018;48(7):1068–83. https://doi.org/10.1017/
S0033291717002653 PMID: 28994355

	33.	 Liang J, He P, Wu H, Xu X, Ji C. Characteristics of Depression Clinical Trials Registered on ClinicalTrials.gov. Int J Gen Med. 2022; 15:8787-96.

	34.	 Organization WH. F32 Depressive episode. In: ICD-10 Version: 2019. 2019. Available from: https://icd.who.int/browse10/2019/en#/F32

	35.	 Kvam S, Kleppe CL, Nordhus IH, Hovland A. Exercise as a treatment for depression: A meta-analysis. J Affect Disord. 2016;202:67–86. https://doi.
org/10.1016/j.jad.2016.03.063 PMID: 27253219

	36.	 Olfson M, Blanco C, Marcus SC. Treatment of Adult Depression in the United States. JAMA Intern Med. 2016;176(10):1482–91. https://doi.
org/10.1001/jamainternmed.2016.5057 PMID: 27571438

	37.	 da Cunha LL, Feter N, Alt R, Rombaldi AJ. Effects of exercise training on inflammatory, neurotrophic and immunological markers and neu-
rotransmitters in people with depression: A systematic review and meta-analysis. J Affect Disord. 2023;326:73–82. https://doi.org/10.1016/j.
jad.2023.01.086 PMID: 36709828

	38.	 Jinghui W, Xiaohang W, Weiyi L, Erping L, Xiayin Z, Wangting L, et al. Prevalence of depression and depressive symptoms among outpatients: a 
systematic review and meta-analysis. BMJ Open. 2017;7(8):e017173. https://doi.org/10.1136/bmjopen-2017-017173 PMID: 28838903

	39.	 Methley AM, Campbell S, Chew-Graham C, McNally R, Cheraghi-Sohi S. PICO, PICOS and SPIDER: a comparison study of specificity and 
sensitivity in three search tools for qualitative systematic reviews. BMC Health Serv Res. 2014;14:579. https://doi.org/10.1186/s12913-014-0579-0 
PMID: 25413154

	40.	 Buckhaults K, Swack BD, Sachs BD. Estrogen administration and withdrawal in a model of hormone-simulated pregnancy lead to alterations in 
behavior and gene expression but do not induce depression-like phenotypes in mice. Physiol Behav. 2023;269:114288. https://doi.org/10.1016/j.
physbeh.2023.114288 PMID: 37414236

	41.	 Eisenlohr-Moul T, Swales DA, Rubinow DR, Schiff L, Schiller CE. Temporal dynamics of neurobehavioral hormone sensitivity in a scaled-down 
experimental model of early pregnancy and parturition. Neuropsychopharmacology. 2024;49(2):414–21. https://doi.org/10.1038/s41386-023-
01687-0 PMID: 37524753

	42.	 Hendrick V, Altshuler LL, Suri R. Hormonal changes in the postpartum and implications for postpartum depression. Psychosomatics. 
1998;39(2):93–101. https://doi.org/10.1016/S0033-3182(98)71355-6 PMID: 9584534

	43.	 Catalan-Matamoros D, Gomez-Conesa A, Stubbs B, Vancampfort D. Exercise improves depressive symptoms in older adults: An umbrella review 
of systematic reviews and meta-analyses. Psychiatry Res. 2016;244:202–9. https://doi.org/10.1016/j.psychres.2016.07.028 PMID: 27494042

	44.	 Borenstein M, Hedges LV, Higgins JPT, Rothstein HR. Introduction to Meta-Analysis. Wiley; 2011.

	45.	 Hedges L, Olkin I. Statistical Methods in Meta-Analysis. 201985.

	46.	 Egger M, Davey Smith G, Schneider M, Minder C. Bias in meta-analysis detected by a simple, graphical test. BMJ. 1997;315(7109):629. https://
doi.org/10.1136/bmj.315.7109.629 PMID: 9310563

	47.	 Shea BJ, Reeves BC, Wells G, Thuku M, Hamel C, Moran J, et al. AMSTAR 2: a critical appraisal tool for systematic reviews that include ran-
domised or non-randomised studies of healthcare interventions, or both. BMJ. 2017;358:j4008. https://doi.org/10.1136/bmj.j4008 PMID: 28935701

https://doi.org/10.1016/j.actpsy.2024.104145
http://www.ncbi.nlm.nih.gov/pubmed/38245936
https://doi.org/10.2174/1871527313666140612102841
https://doi.org/10.2174/1871527313666140612102841
http://www.ncbi.nlm.nih.gov/pubmed/24923346
https://doi.org/10.1017/neu.2016.21
http://www.ncbi.nlm.nih.gov/pubmed/27145824
https://doi.org/10.1017/S1463423617000214
http://www.ncbi.nlm.nih.gov/pubmed/28653595
https://doi.org/10.1007/s10879-022-09537-8
https://doi.org/10.1016/j.bbr.2023.114791
http://www.ncbi.nlm.nih.gov/pubmed/38048912
https://doi.org/10.1016/j.genhosppsych.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/29122145
https://doi.org/10.1017/S0033291717002653
https://doi.org/10.1017/S0033291717002653
http://www.ncbi.nlm.nih.gov/pubmed/28994355
https://icd.who.int/browse10/2019/en#/F32
https://doi.org/10.1016/j.jad.2016.03.063
https://doi.org/10.1016/j.jad.2016.03.063
http://www.ncbi.nlm.nih.gov/pubmed/27253219
https://doi.org/10.1001/jamainternmed.2016.5057
https://doi.org/10.1001/jamainternmed.2016.5057
http://www.ncbi.nlm.nih.gov/pubmed/27571438
https://doi.org/10.1016/j.jad.2023.01.086
https://doi.org/10.1016/j.jad.2023.01.086
http://www.ncbi.nlm.nih.gov/pubmed/36709828
https://doi.org/10.1136/bmjopen-2017-017173
http://www.ncbi.nlm.nih.gov/pubmed/28838903
https://doi.org/10.1186/s12913-014-0579-0
http://www.ncbi.nlm.nih.gov/pubmed/25413154
https://doi.org/10.1016/j.physbeh.2023.114288
https://doi.org/10.1016/j.physbeh.2023.114288
http://www.ncbi.nlm.nih.gov/pubmed/37414236
https://doi.org/10.1038/s41386-023-01687-0
https://doi.org/10.1038/s41386-023-01687-0
http://www.ncbi.nlm.nih.gov/pubmed/37524753
https://doi.org/10.1016/S0033-3182(98)71355-6
http://www.ncbi.nlm.nih.gov/pubmed/9584534
https://doi.org/10.1016/j.psychres.2016.07.028
http://www.ncbi.nlm.nih.gov/pubmed/27494042
https://doi.org/10.1136/bmj.315.7109.629
https://doi.org/10.1136/bmj.315.7109.629
http://www.ncbi.nlm.nih.gov/pubmed/9310563
https://doi.org/10.1136/bmj.j4008
http://www.ncbi.nlm.nih.gov/pubmed/28935701


PLOS One | https://doi.org/10.1371/journal.pone.0317610  May 5, 2025 20 / 21

	48.	 Krogh J, Hjorthøj C, Speyer H, Gluud C, Nordentoft M. Exercise for patients with major depression: a systematic review with meta-analysis and 
trial sequential analysis. BMJ Open. 2017;7(9):e014820. https://doi.org/10.1136/bmjopen-2016-014820 PMID: 28928174

	49.	 Pérez-López FR, Martínez-Domínguez SJ, Lajusticia H, Chedraui P. Effects of programmed exercise on depressive symptoms in midlife and 
older women: A meta-analysis of randomized controlled trials. Maturitas. 2017;106:38–47. https://doi.org/10.1016/j.maturitas.2017.09.001 PMID: 
29150165

	50.	 Ju M, Zhang Z, Tao X, Lin Y, Gao L, Yu W. The impact of Pilates exercise for depression symptoms in female patients: A systematic review and 
meta-analysis. Medicine (Baltimore). 2023;102(41):e35419. https://doi.org/10.1097/MD.0000000000035419 PMID: 37832060

	51.	 Lee J, Gierc M, Vila-Rodriguez F, Puterman E, Faulkner G. Efficacy of exercise combined with standard treatment for depression compared to 
standard treatment alone: A systematic review and meta-analysis of randomized controlled trials J Affect Disord. 2021;295:1494–511.

	52.	 Guo S, Liu F, Shen J, Wei M, Yang Y. Comparative efficacy of seven exercise interventions for symptoms of depression in college students: A 
network of meta-analysis. Medicine (Baltimore). 2020;99(47):e23058. https://doi.org/10.1097/MD.0000000000023058 PMID: 33217806

	53.	 Higgins JPT, Altman DG, Gøtzsche PC, Jüni P, Moher D, Oxman AD, et al. The Cochrane Collaboration’s tool for assessing risk of bias in ran-
domised trials. BMJ. 2011;343:d5928. https://doi.org/10.1136/bmj.d5928 PMID: 22008217

	54.	 Kendall JM Designing a research project: randomised controlled trials and their principles. Emerg Med J. 2003;20(2):164–8

	55.	 Sibbald B, Roland M. Understanding controlled trials. Why are randomised controlled trials important? Bmj. 1998;316(7126):201.

	56.	 Maher CG, Sherrington C, Herbert RD, Moseley AM, Elkins M. Reliability of the PEDro scale for rating quality of randomized controlled trials. Phys 
Ther. 2003;83(8):713–21. https://doi.org/10.1093/ptj/83.8.713 PMID: 12882612

	57.	 Moura A, Lamego M, Paes F, Rocha N, Simões-Silva V, Rocha S, et al. Comparison Among Aerobic Exercise and Other Types of Interventions to 
Treat Depression: A Systematic Review. CNS Neurol Disord Drug Targets. 2015;14:. https://doi.org/10.2174/1871527315666151111120714 PMID: 
26556090

	58.	 Hu S, Tucker L, Wu C, Yang L. Beneficial Effects of Exercise on Depression and Anxiety During the Covid-19 Pandemic: A Narrative Review. Front 
Psychiatry. 2020;11:587557. https://doi.org/10.3389/fpsyt.2020.587557 PMID: 33329133

	59.	 Carneiro L, Mota M, Vieira-Coelho M, Alves R, Fonseca A, Vasconcelos-Raposo J. Monoamines and cortisol as potential mediators of the relation-
ship between exercise and depressive symptoms. Eur Arch Psychiatry Clin Neurosci. 2017;267:117–21. https://doi.org/10.1007/s00406-016-0719-
0 PMID: 27484978

	60.	 Fernandes BM, Siqueira CC, Vieira RM, Moreno RA, Soeiro-de-Souza MG. Physical activity as an adjuvant therapy for depression and influence 
on peripheral inflammatory markers: A randomized clinical trial. Mental Health and Physical Activity. 2022;22:100442. https://doi.org/10.1016/j.
mhpa.2022.100442

	61.	 Xie Y, Wu Z, Sun L, Zhou L, Wang G, Xiao L, et al. The Effects and Mechanisms of Exercise on the Treatment of Depression. Front Psychiatry. 
2021;12:705559. https://doi.org/10.3389/fpsyt.2021.705559

	62.	 Murawska-Ciałowicz E, Wiatr M, Ciałowicz M, Gomes de Assis G, Borowicz W, Rocha-Rodrigues S, et al. BDNF Impact on Biological Markers of 
Depression-Role of Physical Exercise and Training. Int J Environ Res Public Health. 2021;18(14):7553. https://doi.org/10.3390/ijerph18147553 
PMID: 34300001

	63.	 Budde H, Wegner M, Ahrens C, Velasques B, Ribeiro P, Machado S, et al. The Effects of Acute Coordinative vs. Acute Endurance Exercise on the 
Cortisol Concentration. Cortisol due to Coordinative or Endurance Exercise 2024.

	64.	 Fiksdal A, Hanlin L, Kuras Y, Gianferante D, Chen X, Thoma MV, et al. Associations between symptoms of depression and anxiety and cortisol 
responses to and recovery from acute stress. Psychoneuroendocrinology. 2019;102:44–52. https://doi.org/10.1016/j.psyneuen.2018.11.035 PMID: 
30513499

	65.	 Budde H, Machado S, Ribeiro P, Wegner M. The cortisol response to exercise in young adults. Front Behav Neurosci. 2015;9:13. https://doi.
org/10.3389/fnbeh.2015.00013 PMID: 25691863

	66.	 O’Leary CB, Hackney AC. Acute and chronic effects of resistance exercise on the testosterone and cortisol responses in obese males: a system-
atic review. Physiol Res. 2014;63(6):693–704.

	67.	 Kandola A, Ashdown-Franks G, Hendrikse J, Sabiston CM, Stubbs B. Physical activity and depression: Towards understanding the antidepressant 
mechanisms of physical activity. Neurosci Biobehav Rev. 2019;107:525–39. https://doi.org/10.1016/j.neubiorev.2019.09.040 PMID: 31586447

	68.	 Beserra AHN, Kameda P, Deslandes AC, Schuch FB, Laks J, Moraes HS. Can physical exercise modulate cortisol level in subjects with depres-
sion? A systematic review and meta-analysis. Trends Psychiatry Psychother. 2018;40(4):360–8.

	69.	 Athanasiou N, Bogdanis GC, Mastorakos G. Endocrine responses of the stress system to different types of exercise. Rev Endocr Metab Disord. 
2023;24(2):251–66. https://doi.org/10.1007/s11154-022-09758-1 PMID: 36242699

	70.	 Wegner M, Koutsandréou F, Müller-Alcazar A, Lautenbach F, Budde H. Effects of Different Types of Exercise Training on the Cortisol Awakening 
Response in Children. 2019

	71.	 Wang X, Cai Z-D, Jiang W-T, Fang Y-Y, Sun W-X, Wang X. Systematic review and meta-analysis of the effects of exercise on depression in adoles-
cents. Child Adolesc Psychiatry Ment Health. 2022;16(1):16. https://doi.org/10.1186/s13034-022-00453-2 PMID: 35227300

	72.	 Antunes BM, Rossi FE, Teixeira AM, Lira FS. Short-time high-intensity exercise increases peripheral BDNF in a physical fitness-dependent way in 
healthy men. Eur J Sport Sci. 2020;20(1):43–50. https://doi.org/10.1080/17461391.2019.1611929 PMID: 31057094

https://doi.org/10.1136/bmjopen-2016-014820
http://www.ncbi.nlm.nih.gov/pubmed/28928174
https://doi.org/10.1016/j.maturitas.2017.09.001
http://www.ncbi.nlm.nih.gov/pubmed/29150165
https://doi.org/10.1097/MD.0000000000035419
http://www.ncbi.nlm.nih.gov/pubmed/37832060
https://doi.org/10.1097/MD.0000000000023058
http://www.ncbi.nlm.nih.gov/pubmed/33217806
https://doi.org/10.1136/bmj.d5928
http://www.ncbi.nlm.nih.gov/pubmed/22008217
https://doi.org/10.1093/ptj/83.8.713
http://www.ncbi.nlm.nih.gov/pubmed/12882612
https://doi.org/10.2174/1871527315666151111120714
http://www.ncbi.nlm.nih.gov/pubmed/26556090
https://doi.org/10.3389/fpsyt.2020.587557
http://www.ncbi.nlm.nih.gov/pubmed/33329133
https://doi.org/10.1007/s00406-016-0719-0
https://doi.org/10.1007/s00406-016-0719-0
http://www.ncbi.nlm.nih.gov/pubmed/27484978
https://doi.org/10.1016/j.mhpa.2022.100442
https://doi.org/10.1016/j.mhpa.2022.100442
https://doi.org/10.3389/fpsyt.2021.705559
https://doi.org/10.3390/ijerph18147553
http://www.ncbi.nlm.nih.gov/pubmed/34300001
https://doi.org/10.1016/j.psyneuen.2018.11.035
http://www.ncbi.nlm.nih.gov/pubmed/30513499
https://doi.org/10.3389/fnbeh.2015.00013
https://doi.org/10.3389/fnbeh.2015.00013
http://www.ncbi.nlm.nih.gov/pubmed/25691863
https://doi.org/10.1016/j.neubiorev.2019.09.040
http://www.ncbi.nlm.nih.gov/pubmed/31586447
https://doi.org/10.1007/s11154-022-09758-1
http://www.ncbi.nlm.nih.gov/pubmed/36242699
https://doi.org/10.1186/s13034-022-00453-2
http://www.ncbi.nlm.nih.gov/pubmed/35227300
https://doi.org/10.1080/17461391.2019.1611929
http://www.ncbi.nlm.nih.gov/pubmed/31057094


PLOS One | https://doi.org/10.1371/journal.pone.0317610  May 5, 2025 21 / 21

	73.	 Rentería I, García-Suárez PC, Martínez-Corona DO, Moncada-Jiménez J, Plaisance EP, JiméNez-Maldonado A. Short-term high-Intensity interval 
training increases systemic brain-derived neurotrophic factor (BDNF) in healthy women. Eur J Sport Sci. 2020;20(4):516–24. https://doi.org/10.108
0/17461391.2019.1650120 PMID: 31386821

	74.	 Murawska-Ciałowicz E, de Assis GG, Clemente FM, Feito Y, Stastny P, Zuwała-Jagiełło J, et al. Effect of four different forms of high intensity 
training on BDNF response to Wingate and Graded Exercise Test. Sci Rep. 2021;11(1):8599. https://doi.org/10.1038/s41598-021-88069-y PMID: 
33883635

	75.	 Dinoff A, Herrmann N, Swardfager W, Gallagher D, Lanctôt KL. The effect of exercise on resting concentrations of peripheral brain-derived 
neurotrophic factor (BDNF) in major depressive disorder: A meta-analysis. J Psychiatric Res. 2018;105:123–31. https://doi.org/10.1016/j.jpsy-
chires.2018.08.021 PMID: 30219561

	76.	 Kurebayashi Y, Otaki J. Does Physical Exercise Increase Brain-Derived Neurotrophic Factor in Major Depressive Disorder? A Meta-Analysis. Psy-
chiatr Danub. 2018;30(2):129–35. https://doi.org/10.24869/psyd.2018.129 PMID: 29930221

	77.	 Szuhany KL, Otto MW. Assessing BDNF as a mediator of the effects of exercise on depression. J Psychiatr Res. 2020;123:114–8. https://doi.
org/10.1016/j.jpsychires.2020.02.003 PMID: 32065946

	78.	 Lamego MK, de Souza Moura AM, Paes F, Ferreira Rocha NB, de Sá Filho AS, Lattari E, et al. Aerobic Exercise Does Not Predict Brain Derived 
Neurotrophic Factor And Cortisol Alterations in Depressed Patients. CNS Neurol Disord Drug Targets. 2015;14(9):1116-28.

	79.	 Ligeza TS, Nowak I, Maciejczyk M, Szygula Z, Wyczesany M. Acute aerobic exercise enhances cortical connectivity between structures involved in 
shaping mood and improves self-reported mood: An EEG effective-connectivity study in young male adults. Int J Psychophysiol. 2021;162:22–33. 
https://doi.org/10.1016/j.ijpsycho.2021.01.016 PMID: 33508334

	80.	 Bourke M, Patten RK, Klamert L, Klepac B, Dash S, Pascoe MC. The acute affective response to physical activity in people with depression: A 
meta-analysis. J Affect Disord. 2022;311:353–63. https://doi.org/10.1016/j.jad.2022.05.089 PMID: 35605707

	81.	 Meyer JD, Crombie KM, Cook DB, Hillard CJ, Koltyn KF. Serum Endocannabinoid and Mood Changes after Exercise in Major Depressive Disorder. 
Med Sci Sports Exerc. 2019;51(9):1909–17. https://doi.org/10.1249/MSS.0000000000002006 PMID: 30973483

	82.	 Amatriain-Fernández S, Budde H, Gronwald T, Quiroga C, Carreón C, Viana-Torre G, et al. The Endocannabinoid System as Modulator of Exercise 
Benefits in Mental Health. Curr Neuropharmacol. 2021;19(8):1304–22. https://doi.org/10.2174/1570159X19666201218112748 PMID: 33342414

	83.	 Alcaraz-Silva J, Feingold D, Viana-Torre G, Budde H, Imperatori C, Machado S, et al. The Endocannabinoid System as a Biomarker for Diagnostic 
and Therapeutic Applications in Depression and Anxiety. CNS Neurol Disord Drug Targets. 2023;22(3):417–30.

	84.	 Gronwald T, Törpel A, Herold F, Budde H. Perspective of Dose and Response for Individualized Physical Exercise and Training Prescription. J 
Funct Morphol Kinesiol. 2020;5(3).

	85.	 Herold F, Törpel A, Hamacher D, Budde H, Gronwald T. A Discussion on Different Approaches for Prescribing Physical Interventions - Four Roads 
Lead to Rome, but Which One Should We Choose? J Pers Med 2020; 10(3).

https://doi.org/10.1080/17461391.2019.1650120
https://doi.org/10.1080/17461391.2019.1650120
http://www.ncbi.nlm.nih.gov/pubmed/31386821
https://doi.org/10.1038/s41598-021-88069-y
http://www.ncbi.nlm.nih.gov/pubmed/33883635
https://doi.org/10.1016/j.jpsychires.2018.08.021
https://doi.org/10.1016/j.jpsychires.2018.08.021
http://www.ncbi.nlm.nih.gov/pubmed/30219561
https://doi.org/10.24869/psyd.2018.129
http://www.ncbi.nlm.nih.gov/pubmed/29930221
https://doi.org/10.1016/j.jpsychires.2020.02.003
https://doi.org/10.1016/j.jpsychires.2020.02.003
http://www.ncbi.nlm.nih.gov/pubmed/32065946
https://doi.org/10.1016/j.ijpsycho.2021.01.016
http://www.ncbi.nlm.nih.gov/pubmed/33508334
https://doi.org/10.1016/j.jad.2022.05.089
http://www.ncbi.nlm.nih.gov/pubmed/35605707
https://doi.org/10.1249/MSS.0000000000002006
http://www.ncbi.nlm.nih.gov/pubmed/30973483
https://doi.org/10.2174/1570159X19666201218112748
http://www.ncbi.nlm.nih.gov/pubmed/33342414

