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1 | INTRODUCTION

There is a tremendous amount of evidence that physical exercise (PE)
can improve neurological function and counteract the risk of dementia
(Larson et al., 2006; Voss et al., 2019). Among the potential mech-

anisms of PE-enhancing cognitive effects, neurotrophic molecules
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Abstract

Objective: To investigate how physical exercise (PE) would affect brain-derived neu-
rotrophic factor (BDNF) in randomized controlled trials (RCTs) of healthy subjects.
Methods: Seven databases (PubMed, Web of Science, Cochrane, Embase, PsycINFO,
CINAHL, SPORTDiscus) were searched for RCTs assessing the effects of PE on serum
and/or plasma BDNF until December 18, 2021. Meta-analysis was performed by
random-effects method with standardized mean difference (SMD) and 95% confidence
intervals (Cls). Subgroup analysis and meta-regression analysis were conducted to
investigate the potential source of heterogeneity. Trim and fill method, and leave-one-
out cross-validation were conducted.

Results: Eventually, 21 articles, involving 809 participants, were included in the meta-
analysis. Overall, both acute (5 trials, SMD: 1.20, 95% CI: 0.36 to 2.04, p = .005) and
long-term (17 trials, SMD: 0.68, 95% Cl: 0.27 to 1.08, p = .001) PE had significant posi-
tive effects on BDNF levels. Via subgroup analysis, studies of long-term PE with larger
sample sizes, female participants, participants older than 60 years, and aerobic exer-
cise contributed to a more pronounced improvement on BDNF levels than that found
when all studies were combined.

Conclusion: Both acute and long-term PE had significant positive effects on circulating
BDNEF in healthy subjects. This review suggests that acute exercise and long-term aer-
obic exercise are powerful forms of PE to enhance neurotrophic effect, especially for
female subjects or subjects over 60 years.
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such as brain-derived neurotrophic factor (BDNF) (Erickson et al.,
2012) and insulin-like growth factor-1, are important candidates. The
increased expressions of BDNF (Gomez-Pinilla et al., 2011; Neeper
et al., 1996) were related to the beneficial effect of PE in neurogenesis
and neuroplasticity. BDNF, first purified from pig brain (Barde et al.,

1982), is a protein of the neurotrophin family promoting proliferation
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and survival of neurons (Park & Poo, 2013) as well as immunity and
tissue repair (Kerschensteiner et al, 1999). BDNF is released by
many tissues, including skeletal muscle (J. J. Walsh et al., 2015) in
addition to the brain. BDNF plays an essential role in the structure
and function of the brain via protecting cells and DNA from damage
by down-regulating oxidative stress (Hacioglu et al., 2016), modulating
neurogenesis (Brown et al., 2003), promoting axonal and dendritic
growth (Goncalves et al., 2016), and modulating synaptic plasticity
(Zenke et al.,, 2015). The bulk of available evidences have found that
BDNF could improve the cognitive ability of both animal (Vaynman
et al., 2004) and human models (Leckie et al., 2014). It was also found
that BDNF improved cell signal transduction and restored learning
and memory through amyloid-independent mechanisms in rodent and
primate models of Alzheimer’s disease (Nagahara et al., 2009).

Existing randomized controlled trials (RCTs) of humans showed that
the effects of PE on BDNF are inconsistent, with some finding increases
(Renteria et al., 2020; Schmolesky et al., 2013) in BDNF after PE, while
most of the others reporting no change (Arrieta et al., 2020; Baird
et al., 2018; Forti et al., 2014) in circulating BDNF. This variability may
be due to differences in dose parameters, such as type, intensity, and
duration of PE. Meta-analysis (Dinoff et al., 2017) based on pre-post
design showed that an acute bout of PE increases circulating BDNF
transiently, while the effect of long-term PE on neurotrophic molecules
is still uncertain. Previous meta-analyses (Dinoff et al., 2016; Szuhany
et al,, 2015) on the effect of exercise training on resting concentra-
tions of BDNF in humans found that regular exercise training could
enhance the response of BDNF to acute PE. Likewise, their analysis
also focused only on estimating the association between exercise and
BDNF concentrations through the change of BDNF levels from pre-
exercise to post-exercise (non-RCT), which is inefficient in clarifying
the actual effect. In addition, one (Szuhany et al., 2015) of these two
meta-analyses included people with diseases that are known to have
lower basal BDNF (i.e., Parkinson’s disease, obesity, and metabolic syn-
drome). A recent review by E. I. Walsh et al. (2020) concluded that
high-intensity short-term activities might effectively promote BDNF
response but specific PE type and dose for optimal BDNF release is
unclear. Consequently, in the changing context of gradual decline of
physical and cognitive abilities in the normal aging process, the mag-
nitude of the actual effects of PE on peripheral BDNF concentrations is
still uncertain.

Considering the extensive attention of PE on BDNF and cognition,
it is of great significance to collect the existing RCTs for a comprehen-
sive meta-analysis to determine: (1) the specific role of PE on BDNF
under physiological condition for healthy subjects and (2) how do train-

ing protocols and characteristics of subjects influence the outcomes.

2 | METHODS
2.1 | Literature search

The systematic search was carried out following the guidelines of

Preferred Reporting Items for Systematic Reviews and Meta-Analysis
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(PRISMA) in this meta-analysis (Moher et al., 2009). Seven elec-
tronic databases, including PubMed, Web of Science, Cochrane Library,
Embase, PsycINFO, Cumulated Index to Nursing and Allied Health Lit-
erature (CINAHL), and SPORTDiscus, were searched from 1980 to
December 8, 2021 for relevant articles, using the following search
strategy: (Exercise OR “Physical Exercise” OR “Exercise Therapy”) AND
(“Brain-Derived Neurotrophic Factor” OR BDNF) AND “randomized
controlled trial.” Detailed search strategy was shown in Table S1.

2.2 | Study selection

Two researchers (YHW and HHZ) independently screened titles and
abstracts, then reviewed full-text for eligibility. The third researcher
(SDC) arbitrated any discrepancies to reach consensus. We also con-
ducted a manual search for references to eligible articles, relevant
review articles, and systematic reviews. For selection, studies had to
fulfill the following criteria: (1) being human RCTs with parallel or
crossover; (2) the volunteers were healthy people; (3) using PE as the
intervention treatment; the comparisons were exercise versus nonex-
ercise control or exercise plus other intervention versus other inter-
vention only; (4) the interested outcomes were BDNF in plasma or
serum; and (5) have been published in English since 1980.

The exclusion criteria were (1) studies including people with dis-
eases; (2) lacking net changes of neurotrophic biomarkers and their
corresponding SDs as outcome measures or providing sufficient infor-
mation to calculate them (mean changes of treatment [both interven-
tion groups and control groups] + SD).

2.3 | Data extraction and quality assessment

The study selection, data extraction, and quality assessment were
undertaken independently by two investigators (YHW and HHZ) with
standard form. Eligible studies were reviewed and the following data
were extracted: The first author’s surname, publication year, study
design, study location, sample size, participants age and gender, base-
line body mass index (BMI) of participants, PE intervention (duration,
type, intensity, frequency), and reported circulating BDNF levels. If
one study contained two or more independent intervention strata (e.g.,
different types, intensity, frequency or duration of PE), it was treated
as separate trials for analysis. All types of PE (i.e., aerobic exercise,
resistance exercise, and multicomponent exercise) were included in
this review. Intensity of exercise was classified by maximal heart rate
(HRmax), maximal oxygen uptake (VO,peak), and repetition maximum
(RM) according to American College of Sports Medicine (Haskell
et al., 2007). Advanced data extraction was performed using Adobe
Photoshop for studies that did not directly provide data but present
their data in a graphic format, according to the protocol proposed by
Gheibi et al. (2019). The methodological quality of selected studies
was evaluated by the PEDro scale (Maher et al., 2003). The Grading of
Recommendation, Assessment, Development and Evaluation (GRADE)

system was used to assess the evidence level of each outcome
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(Goldet & Howick, 2013). According to the specific regulations of
GRADE guidelines, study design dictates baseline quality of the
evidence (RCTs are initially defined as high quality) but other factors
could decrease (e.g., unexplained heterogeneity) or increase (e.g., a
large magnitude of effect) the quality level (Goldet & Howick, 2013).
Discrepancies were resolved by discussing with the third reviewer
(SDC) to reach consensus.

24 | Statistical analysis

The pooled effect sizes were defined as the standardized mean differ-
ence (SMD) with 95% confidence intervals (Cls) of net changes of the
concentrations of BDNF. The heterogeneity among studies was evalu-
ated using 12 and Cochrane’s Q test and there is heterogeneity when
12 > 50% and p-value < .1 for Q test (Higgins et al., 2003). Consid-
ering the existing heterogeneity between studies, the random effects
model was used in pooling estimates of net changes. For studies in
which either baseline or final mean and standard deviation (SD) of out-
comes were not provided directly, advanced data extraction using the
reported method proposed by Wan et al. (2014) was conducted.

Firstly, a primary meta-analysis was conducted to establish the over-
all effect. Then subgroup analyses were performed to investigate the
potential source of heterogeneity based on the sample size, region,
gender, age, baseline BMI of participants, duration of intervention, and
type and intensity of exercise (only conducted if more than five tri-
als reported the same outcomes). Differences between groups and
sources of heterogeneity were tested by meta-regression analysis,
with p-value < .1 as statistically significant.

Both Begg’'s and Egger’s regression tests as well as funnel plots
were utilized to assess the publication bias, with a p-value < .1 sug-
gesting the presence of bias (Egger et al., 1997). If publication bias
was encountered, the trim and fill method was performed (Duval &
Tweedie, 2000). Sensitivity analysis using leave-one-out method was
performed to investigate key studies that have substantial impact on
the heterogeneity between studies (Serban et al., 2015), using p < .1
as the criterion. All analyses were performed using STATA version 11.0
(Stata Corp, College Station, TX, USA), with double data input to avoid
input errors. p <.05 was deemed as statistically significant unless spec-

ified elsewhere.

3 | RESULTS

3.1 | Flow of study selection

The detailed flowchart of literature search and study selection is pre-
sented in Figure 1. A total of 1658 articles (183 from PubMed, 327
from web of science, 529 from Cochrane library, 489 from Embase, 74
from PsycINFO, 73 from CINAHL, and 40 from SPORTDiscus) were ini-
tially identified from the databases search. After excluding the dupli-
cates and screening the titles and abstracts, 371 articles were left for

full-text review, of which 356 articles were further eliminated for the

1715 publications were identified

during initial search:

PubMed (n=183), Web of science (n=327), Cochrane (n=529),
Embase (n=489), PsycINFO (n=74), CINAHL (n=73),
SPORTDiscus (n=40)

—-[ Duplicates removed (n=397) ]

1318 publications

4{ Excluded by title/ abstract (n=947) ]

Publications selected for full-text
evaluation(n=371)

ﬁ’ublications excluded after assessment
of full-text (n=356)
® non-randomized trails (n=85)
unsuitable participants (n=98)
unsuitable interventions (n=63)
no assessed target outcomes (n=66)
no sufficient data for qualitative

\ analysis (n=44)

~

Additional records identified through the

references of eligible articles and related
reviews(n=6)

21 publications were eligible for
meta-analysis

FIGURE 1 Flowchart of study selection through the review

following reasons: 85 articles were non-RCT design, participants of
98 studies were not healthy, 63 articles had improper intervention or
control, assessable target outcomes were not reported in 66 articles,
and 44 articles lack sufficient data for quantitative analysis. Addition-
ally, reference lists of all eligible articles and relevant reviews (Azevedo
etal.,, 2020; Dinoff et al.,2017; Marinus et al., 2019; Stigger et al., 2019)
were screened and identified six eligible articles. Finally, 21 eligible
studies involving 809 participants met inclusion criteria for final meta-

analysis.

3.2 | Qualities of included studies and outcome
measure evidences by GRADE

The methodological qualities of one study (Matura et al., 2017) was
rated as excellent quality according to the PEDro scale (scores > 9),
while the remaining 20 studies were good quality (6-8 scores) mostly
because of lacking blindness (Table 1). The evidence quality of acute PE
on BDNF levels was at a moderate level, while the quality of long-term
PE on BDNF levels was at a low level according to the GRADE system
(Table S2).
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TABLE 2 Results of subgroup analysis and publication bias stratified by study characteristics

Outcomes Trials SMD (95% ClI)
BDNF, ng/ml (acute effect) 5 1.20(0.36,2.04)
BDNF, ng/ml (long-term effect) 17 0.68(0.27, 1.08)
Sample size

<20 6 0.33(-0.12,0.77)

> 20 11 0.93(0.34,1.52)
Region

Conducted in Asia 4 0.56 (0.05, 1.07)

Conducted in Europe 11 0.74(0.11,1.37)

Conducted in North American 1 1.26(0.21,2.31)
Gender

Male 3 0.35(-0.07,0.76)

Female 4 1.10(0.53, 1.68)
Age

< 60years 6 0.30(-0.12,0.73)

> 60 years 11 0.95(0.35, 1.55)
Baseline BMI

<25 4 0.42(—0.03,0.88)

>25 8 0.65(0.07,1.24)
Duration

<8weeks 3 0.62(0.05, 1.20)

8 < duration < 12 weeks 11 0.66 (0.09, 1.24)

> 12 weeks 3 —0.71(-0.24, 1.66)
Type of exercise

Aerobic exercise 13 0.86(0.37,1.36)

Resistance exercise 4 0.20(—0.59,0.98)

Multicomponent exercise 1 -0.01(-0.43,0.41)
Intensity of exercise

Low 3 0.14 (—0.29,0.58)

Moderate 4 0.75(=0.79,2.29)

High 8 0.30(—0.63,1.23)

Heterogeneity p?*
Begg's Egger’s
pt 1% (%) p? p? value value
.005 89.0 <.001 - -
.001 82.8 <.001 .030 473
.890

.150 48.9 .048 210 321

.002 89.1 <.001 .008 .073
.581

.003 54.6 .051 = =

.021 88.6 <.001 .193 561

.019 = = = =
.081 - -

.104 0 485 - -

<.001 42.0 .160 - -

.287

.163 45.4 .066 .348 313

.002 89.2 <.001 .020 .071
.340

.070 20.2 .286 N -

.029 85.8 <.001 .035 509
447

.034 39.1 193 = =

.025 86.1 <.001 .108 .826

141 84.7 .001 = =
169

.001 83.5 <.001 .030 473

626 71.3 .015 - -

.960 - - - -
.915

518 218 278 = =

.339 91.5 <.001 = =

523 65.0 .058 = =

Note: p! value for net change; p? value for heterogeneity in the subgroup; p° value for heterogeneity between groups with meta-regression, analyzed as
categorical variables; p* value for publication bias (conducted only when trials > 5); significant p-values are highlighted in bold prints.

Abbreviations: BDNF, brain-derived neurotrophic factor; BMI, body mass index.

3.3 | Characteristics of included studies

Table 1 summarizes the characteristics of the included 21 stud-
ies. The final sample consisted of 809 unique participants, with
mean age ranging from 15 to 84.9. Sample sizes ranged from 12 to
88 participants, with a median size of 36.5. The average baseline
BMI value of participants ranged from 17.2 to 28.5. Fifteen stud-
ies reported gender composition of the participants, and 57.2% of
the participants were male. These studies were carried out in dif-
ferent countries including Germany (n = 4), South Korea (n = 4),
USA (n = 3), Belgium (n = 2), Lithuania (n = 2), Sweden (n = 2),
and other five countries with single study. Different types (aerobic

exercise: 16 trials; resistance exercise: 8 trials; multicomponent exer-

cise: 1 trials) of PE were reported in those included studies. In addi-
tion, the intervention duration of long-term PE ranged from 4 to
24 weeks.

3.4 | Effect of acute PE on BDNF levels

Five studies (Arazi et al., 2021; Helm et al., 2017; Schmolesky et al.,
2013; Urzi et al., 2019; Winter et al., 2007) examined the effect of
acute PE on BDNF levels. The results of analysis showed that acute
PE remarkably elevated the levels of BDNF (SMD: 1.20, 95% Cl: 0.36
to 2.04, p = .005), with a high heterogeneity observed (p < .001,
12 = 89.0%) (Table 2; Figure 2).
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Arrieta (2020)

Cekanauskaite (2020)

Cho (2019)
Forti (2014)
Goekint (2010)
Jeon (2015)
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Jeon (2017¢)
Kim (2018)
Ledreux (2019)
Maass (2016)
Matura (2017)
Nilsson (2020)
Renteria (2020)
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Seifert (2010)
Solianik (2021)
Urzi BSc (2019b)

Overall (I-squared = 82.8%, p <0.001)

NOTE: Weights are from random effects analysis

FIGURE 2 Theforest plot of acute PE intervention on circulating BDNF levels

7.1

%

SMD (95% CI) Weight

—0.01 (-0.43, 0.41) 5.91
2.37(1.47,328) 4.80
0.55 (=0.11, 1.20) 5.41
~0.29 (-0.92, 0.33) 5.49
0.82 (-0.07, 1.72) 4.83
0.79 (-0.12, 1.71) 4.78
~0.02 (~0.90, 0.86) 4.87
0.08 (—0.79, 0.96) 4.87
0.19 (-0.69, 1.07) 4.87
1.84 (0.91,2.77) 4.74
0.27 (-0.22, 0.75) 5.79
~0.17 (<0.79, 0.45) 5.49
0.43 (-0.12, 0.98) 5.66
246 (1.81,3.12) 541
126 (0.21,2.31)  4.42
~0.70 (~1.65, 0.26) 4.67
—0.45 (-1.39, 0.48) 4.72
1.10 (-0.15,2.34) 3.96
2.55(1.57,3.53)  4.61
1.03 (0.09,1.97) 470

0.68 (0.27,1.08)  100.00

T
—-3.53

FIGURE 3 Theforest plot of long-term PE intervention on circulating BDNF levels
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3.5 | Effect of long-term PE on BDNF levels
Seventeen studies (Arrieta et al., 2020; Cekanauskaité et al., 2020;
Cho & Roh, 2019; Forti et al., 2014; Goekint et al., 2010; Jeon & Ha,
2015, 2017; Kim & Kim, 2018; Ledreux et al., 2019; Maass et al., 2016;
Matura et al.,, 2017; Nilsson et al., 2020; Renteria et al., 2020; Schif-
fer et al., 2009; Seifert et al., 2010; Solianik et al., 2021; Urzi et al.,
2019) that reported the effect of long-term PE on BDNF were included
in the meta-analysis. The primary meta-analysis revealed that long-
term PE could significantly increase BDNF levels (SMD: 0.68, 95% ClI:
0.27 to 1.08, p = .001), with a high heterogeneity observed (p = .000,
12 = 82.8%) (Table 2; Figure 3).

3.5.1 | The results of subgroup analysis

Subgroup analysis revealed that the pooled effect of long-term PE on
BDNF concentration was related to sample size, gender, age, base-
line BMI, duration of PE, and type of PE. A significantly positive effect
on BDNF levels was observed only in studies with larger sample sizes
(n > 20) (11 trials, SMD: 0.93, 95% Cl: 0.34 to 1.52, p = .002) but
not in studies with smaller sample sizes (n < 20) (6 trials, SMD: 0.33,
95% Cl: —0.12 to 0.77, p = .150) (Figure 4A). It also indicated that
the effect of PE intervention on BDNF levels was significant only in
female participants (4 trials, SMD: 1.10, 95% Cl: 0.53 to 1.68, p < .001)
(Figure 4B). In addition, PE intervention remarkably elevated BDNF
levels in participants over 60 years (11 trials, SMD: 0.95, 95% Cl: 0.35
to 1.55, p = .002), whereas not in participants younger than 60 years
(Figure 4C). Subgroup analysis based on baseline BMI of participants
showed that BDNF levels significantly increased only in participants
whose baseline BMI > 25 (8 trials, SMD: 0.65, 95% Cl: 0.07 to 1.24,
p = .029), but not in participants whose baseline BMI < 25 (4 trials,
SMD: 0.42, 95% Cl: —0.03 to 0.88, p = .070) (Figure 4D). Significant
improvements on BDNF concentrations were observed only in stud-
ies lasting less than 8 weeks (3 trials, SMD: 0.56, 95% Cl: 0.01 to 1.12,
p=.041) or between 8 and 12 weeks (11 trials,SMD:0.47,95% Cl:0.19
t00.76,p=.001), but not in studies lasting more than 12 weeks (3 trials,
SMD:1.34, 95% Cl: —0.07 to 2.76, p = .063) (Figure 5A). Only aerobic
exercise significantly elevated the levels of BDNF (13 trials, SMD: 0.86,
95% Cl:0.37 to 1.36, p = .001), while resistance exercise (4 trials, SMD:
0.20 95% Cl: —0.59 to 0.98, p = .626) or multicomponent exercise (1
trials, SMD: —0.01, 95% Cl: —0.43 to 0.41, p = .960) did not (Figure 5B).

3.5.2 | The results of meta-regression

Meta-regression analysis was conducted to explore the potential
sources of heterogeneity. Among selected covariates, including sample
size, region, gender, age, baseline BMI, duration of PE, type of PE, and
intensity of PE, the results of meta-regression analysis revealed that
gender of participants was a potential confounder of the effect of long-
term PE intervention on the BDNF levels, with adjusted R2 of 59.01%
(p=.081) (Table 2).

3.5.3 | Publication bias

Publication bias was suggested by Begg's test (p = .030), but not by
Egger’s test (p = .473) in the primary meta-analysis (Table 2). Evi-
dences also showed publication bias in the subgroup results of sample
size > 20, age > 60 years, baseline BMI > 25, and aerobic exercise
(Table 2). As shown in Table 3, for those results with publication bias
indicated by Begg's and Egger’s tests, the pooling estimates were
recalculated using Duval and Tweedie’s trim and fill method. The
results of meta-analyses remained unchanged or still statistically
significant after being adjusted by trim and fill method, which con-
firmed and strengthened the evidence-base regarding the effects of
long-term PE on BDNF (Table 3).

3.6 | Sensitivity analysis

Regarding the robustness of overall effect sizes, we performed
leave-one-out cross validation for sensitivity analysis. The results of
leave-one-out cross validation suggested that one study in acute PE
(Schmolesky et al., 2013) and seven studies in long-term PE on BDNF
(Arrieta et al., 2020; Cekanauskaité et al., 2020: Forti et al., 2014: Kim
& Kim, 2018; Nilsson et al., 2020; Schiffer et al., 2009; Solianik et al.,
2021) contributed to the 96.2% and 73.2% of heterogeneity between
studies, respectively. After excluding the mentioned trials, the pooled
results of acute PE (SMD: 0.60, 95% Cl: 0.32t00.88, p < .001, |2 = 3.8%)
and long-term PE (SMD: 0.38,95% Cl:0.13t0 0.62, p = .006, I = 22.2%)
remained significant elevated (Table 3).

4 | DISCUSSION

This is the first meta-analysis based on RCTs but not pre-post design
to estimate the effect of PE (both acute and long-term) on the lev-
els of circulating BDNF among healthy subjects. Overall, our present
results mainly revealed that both acute and long-term PE significantly
increased BDNF levels, although study heterogeneity was very high for
both acute and long-term effects. Furthermore, studies of long-term
PE with larger sample sizes, female participants, participants older
than 60 years, and aerobic exercise contributed to a more pronounced
improvement on BDNF levels than that found when all studies were
combined.

Acute PE is an effective stimulating factor to increase peripheral
BDNF. A bulk of available evidence has reported that acute PE is asso-
ciated with increased circulating BDNF (Dinoff et al., 2017; Szuhany
etal,2015).H.C.Choetal.(2012) reported that progressive, maximum
intensity treadmill exercise increased the entire peripheral BDNF lev-
els including serum, plasma, and platelets. The release of BDNF from
platelets can be changed by allergic airway inflammation (Lommatzsch,
Schloetcke, et al., 2005), so acute PE may affect the release of BDNF
from platelets by stimulating inflammatory response (Scheffer & Latini,

2020). Moreover, the transient BDNF response to acute exercise may
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(a)

Study %
ID SMD (95% CI) Weight
Sample size < 20 X
Jeon (2015) —t— 0.79 (-0.12,1.71) 4.78
Jeon (2017a) —_— —0.02 (—0.90, 0.86) 4.87
Jeon (2017b) —_— 0.08 (=0.79, 0.96) 4.87
Renteia (2020 gy 126031231 442

enteria ——— . 21, 2. .
Schiffer (2008a) —_— —0.70 (—1.65, 0.26) 4.67
Schiﬁer (2008b) —_— —0.45 (—1.39, 0.48) 4.72
U BSo (2019) —= 103005157 470

tzi BSc —_— K .09, 1. .
Subtotal (I-squared = 48.9%, p = 0.048) ‘<>' 0.33(-0.12,0.77) 41.86

1
. 1
Sample size > 20 '
Arrieta (2020) —_— —0.01 (-0.43, 0.41) 5.91
Cekanauskaite (2020) ! —_—— 237(147,3.28) 4.80
Cho (2019) -—+:— 0.55(-0.11,1.20) 541
Forti (2014) —_— —0.29 (-0.92, 0.33) 5.49
Goekint (2010) T 0.82 (-0.07,1.72) 4.83
Kim (2018) f—— 1.84(0.91,2.77) 4.74
Ledreux (2019) T 0.27 (-0.22,0.75) 5.79
Maass (2016) —_— : —0.17 (=0.79, 0.45) 5.49
Matura (2017) T+ 0.43 (-0.12,0.98) 5.66
Nilsson (2020) ! —— 246(1.81,3.12) 541
Solianik (2021) ! —— 2.55(1.57,3.53) 4.6l
Subtotal (I-squared = 89.1%, p < 0.001) <|> 0.93(0.34,1.52) 58.14
. 1
Overall (I-squared = 82.8%, p <0.001) <> 0.68 (0.27, 1.08)  100.00
1
NOTE: Weights are from random effects analysis '
I
-3.53 0 3.53
(b)

Study %
D SMD (95% CI) Weight
Male '
Jeon (2015) -—:vo— 0.79 (-0.12, 1.71)  11.12
Jeon (2017a) —_ -0.02 (-0.90,0.86)  11.68
Jeon (2017b) —_— 0.08 (-0.79,0.96)  11.67
Jeon (2017¢) —_—— 0.19(-0.69,1.07)  11.64
Seifert (2010) — 110 (-0.15,2.34)  7.40

Subtotal (I-squared = 0.0%, p = 0.485)

Female
Cho (2019)

Kim (2018)

Renteria (2020)

Urzi BSc (2019b)

Subtotal (I-squared = 42.0%, p = 0.160)

Overall (I-squared =41.7%, p = 0.089)

NOTE: Weights are from random effects analysis

0.35 (-0.07, 0.76) 53.52

0.55(-0.11,1.20)  15.55
1.84(0.91,2.77) 10.90
1.26 (0.21, 2.31) 9.32

1.03 (0.09, 1.97) 10.72
1.10 (0.53, 1.68) 46.48

0.71(0.32, 1.11) 100.00

T
=2.77

T

2.77

FIGURE 4 The subgroup analysis of long-term PE intervention on circulating BDNF levels stratified by sample size (A), gender (B), age (C), and

baseline BMI (D)
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(c)
Study %
D SMD (95% CI) Weight
Age < 60 years |
Jeon (2015) — 0.79 (-0.12,1.71) 4.78
Jeon (2017a) —_— —0.02 (—0.90, 0.86) 4.87
Jeon (2017b) —_— 0.08 (—0.79, 0.96) 4.87
Jeon (2017c) —— 0.19 (-0.69, 1.07) 4.87
Goekint (2010) T—T— 0.82(-0.07,1.72) 4.83
Renteria (2020) R — 1.26 (0.21,2.31) 442
Schiffer (20082) — —0.70 (-1.65, 0.26) 4.67
Schiffer (2008b) —_— —0.45 (—1.39, 0.48) 4.72
Seifert (2010) ——— 1.10 (-0.15,2.34) 3.96
Subtotal (I-squared = 45.4%, p = 0.066) <<>: 0.30 (-0.12,0.73) 41.99
. 1
Age > 60 years |
Arrieta (2020) —_— —0.01 (—0.43, 0.41) 591
Cekanauskaite (2020) ! —— 237(147,3.28) 4.80
Cho (2019) T 0.55(-0.11, 1.20) 5.41
Forti (2014) — —0.29 (-0.92, 0.33) 5.49
Kim (2018) | — 1.84(0.91,2.77) 4.74
Ledreux (2019) — : 0.27 (-0.22,0.75) 5.79
Maass (2016) —— —0.17 (-0.79, 0.45) 5.49
Matura (2017) 1 0.43 (-0.12,0.98) 5.66
Nilsson (2020) | —_— 2.46(1.81,3.12) 5.41
Solianik (2021) . —— 2.55(1.57,3.53) 4.61
Urzi BSc (2019b) s 1.03 (0.09,1.97)  4.70
Subtotal (I-squared =89.2%, p <0.001) |0 0.95(0.35,1.55)  58.01
. 1
Overall (I-squared = 82.8%, p <0.001) <> 0.68 (0.27, 1.08)  100.00
NOTE: Weights are fror? random effects analysis !
-3.53 0 3.53
(d)
Study %
ID SMD (95% CI) Weight
1
BMI <25 .
Jeon (2017b) _— 0.08 (-0.79,0.96)  7.18
Jeon (2017¢) _— 0.19 (-0.69,1.07)  7.18
Goekint (2010) ——— 0.82(-007,172)  7.10
Jeon (2017a) _— —-0.02 (-0.90, 0.86) 7.19
Renteria (2020) —_—— 126 (0.21,231) 631
Subtotal (I-squared = 20.2%, p = 0.286) <i> 0.42 (-0.03, 0.88)  34.95
. 1
BMI > 25 :
Arrieta (2020) E— | —0.01 (—0.43,0.41) 9.49
Cho (2019) —o:— 0.55(-0.11,1.20)  8.33
Forti (2014) —_— —0.29 (-0.92,0.33) 8.51
Ledreux (2019) ——— 0.27 (-0.22,0.75)  9.20
Matura (2017) —*}— 0.43 (-0.12,0.98)  8.89
Nilsson (2020) X —— 246 (1.81,3.12) 8.33
Seifert (2010) ———— 1.10 (-0.15,2.34)  5.45
Urzi BSc (2019b) _— 1.03(0.09,1.97)  6.85
Subtotal (I-squared = 85.8%, p <0.001) 0 0.65 (0.07, 1.24) 65.05
|
. 1
Overall (I-squared =77.9%, p <0.001) <E> 0.57 (0.15, 0.99) 100.00
NOTE: Weights are from random effects analysis E

T
-3.12

FIGURE 4 Continued
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(a)
Study %
ID SMD (95% CI) Weight
I
Duration < 8 weeks i
Jeon (2015) —r— 0.79 (-0.12, 1.71) 4.78
Ledreux (2019) I 0.27 (-0.22,0.75) 5.79
Renteria (2020) —_—— 1.26 (0.21,2.31) 4.42
Subtotal (I-squared = 39.1%, p =0.193) S g 0.62 (0.05,1.20) 1499
I
8 < Duration < 12 wecks |
Cekanauskaite (2020) ' —— 237(147,328) 4.80
Forti (2014) —T —0.29 (-0.92, 0.33) 5.49
Goekint (2010) T 0.82 (-0.07,1.72) 4.83
Jeon (2017a) —_— —0.02 (=0.90, 0.86) 4.87
Jeon (2017b) —_— = 0.08 (—0.79, 0.96) 4.87
Jeon (2017c¢) —_—r 0.19 (-0.69, 1.07) 4.87
Maass (2016) —_— —0.17 (-0.79, 0.45) 5.49
Matura (2017) T 0.43 (-0.12,0.98) 5.66
Nilsson (2020) i —_—— 2.46 (1.81,3.12) 541
Schiffer (2008a) —_—— —0.70 (-1.65, 0.26) 4.67
Schiffer (2008b) —_—T —0.45(-1.39, 0.48) 4.72
Seifert (2010) -—r— 1.10 (-0.15,2.34) 3.96
Solianik (2021) ' ——— 255(1.57,3.53) 4.6l
Urzi BSc (2019b) —_— 1.03 (0.09,1.97)  4.70
Subtotal (I-squared = 86.0%, p < 0.001) <> 0.66 (0.09, 1.24)  68.95
1
Duration > 12 weeks |
Arrieta (2020) | —0.01 (-0.43,0.41) 591
Cho (2019) — 0.55(=0.11, 1.20) 5.41
Kim (2018) | e 1.84(0.91,2.77) 4.74
Subtotal (I-squared = 84.7%, p =0.001) S — 0.71 (-0.24, 1.66) 16.06
I
Overall (I-squared = 82.8%, p <0.001) ¢ 0.68 (0.27,1.08)  100.00
NOTE: Weights are from random effects analysis :
|

!
-3.53 0

3.53

FIGURE 5 The subgroup analysis of long-term PE intervention on circulating BDNF levels stratified by duration of exercise (A) and type of

exercise (B)

induce a series of neuronal responses to improve cognitive function
(Bechara, Lyne, & Kelly, 2014).

Overall, and in accordance with other studies (Dinoff et al., 2016;
Szuhany et al., 2015), we observed a significant elevated effect of long-
term PE on BDNF levels. One of the possible mechanisms by which
long-term PE induced brain plasticity and cognitive enhancement is
via stimulating an increase in the concentration of BDNF (Gligoroska
& Manchevska, 2012). Usually, 99% of BDNF in circulation binds to
platelets (E. I. Walsh et al., 2020), which are stored in the spleen for
later release. After BDNF is released into plasma, it can bind with spe-
cific neural receptors (E. I. Walsh et al., 2020). PE can stimulate the
release of BDNF from brain, skeletal muscle, platelets, and other tis-
sues (J. J. Walsh & Tschakovsky, 2018), mainly by increasing blood cir-
culation throughout the body and the release of platelets from the
spleen (E. |. Walsh et al., 2020). Due to differences in the sample size
of the included studies (ranged from 12 to 88), we stratified the results
according to the sample size. Our subgroup analysis revealed that only
studies with larger sample sizes displayed significant elevation in BDNF
levels post long-term PE. Small sample size studies may have sampling
error and instability, and are more likely to draw false negative con-
clusions, namely type Il error (Akobeng, 2016). However, after exclud-

ing studies with small sample sizes, there are still high heterogeneity

and publication bias among large sample studies. However, the results
of subgroup analysis did not change after adjustment for publication
bias by trim and fill method. Notably, through leave-one-out analysis,
we found that 6 of the 7 literatures contributing most to heterogene-
ity were from large-sample studies. These indicated that future large-
scale and well-designed RCTs are still required to further examine our
main findings.

In our study, we found that women were more likely to benefit from
long-term PE through subgroup analysis and meta-regression. How-
ever, previous meta-analysis (Szuhany et al., 2015) reported that the
effect of long-term regular exercise on peripheral BDNF levels was
negatively correlated to the proportion of women included in the stud-
ies. Meanwhile, we also found that the elevation effect of PE on BDNF
was only reflected in those older than 60 years. There is no doubt
that gender and age are two important factors affecting the levels of
BDNF. In addition, women and the elderly are also high-risk groups
of Alzheimer’s disease and other diseases related to abnormal BDNF
levels (Beam et al., 2018; Riedel et al., 2016). Weisbrod et al. (2019)
also found that BDNF levels decreased in female rats after exposure
to stress, but not in male mice. Our meta-analysis could suggest that
long-term PE intervention might be effective for improving BDNF lev-

els for people over 60-years-old and the female population. However,
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(b)
Study %
ID SMD (95% CTI) Weight
Aerobic exercise |
Cekanauskaite (2020) | —— 237(147,328) 4.80
Cho (2019) T 0.55(-0.11, 1.20) 5.41
Jeon (2015) +—— 0.79 (-0.12, 1.71) 4.78
Jeon (2017a) —_— —0.02 (=0.90, 0.86) 4.87
Jeon (2017b) —_— 0.08 (—0.79, 0.96) 4.87
Jeon (2017c¢) —_— 0.19 (-0.69, 1.07) 4.87
Kim (2018) | ———— 1.84(0.91,2.77) 4.74
Ledreux (2019) — : 0.27 (-0.22,0.75) 5.79
Maass (2016) —_— —0.17 (=0.79, 0.45) 5.49
Matura (2017) — 0.43 (-0.12,0.98) 5.66
Nilsson (2020) ! —_— 2.46(1.81,3.12) 541
Renteria (2020) —_r 1.26 (0.21,2.31) 442
Schiffer (2008b) —_— —0.45 (=1.39, 0.48) 4.72
Seifert (2010) B T Ca— 1.10 (-0.15,2.34) 3.96
Solianik (2021) ! —— 255(1.57,3.53) 461
Subtotal (I-squared = 83.5%, p <0.001) < 0.86 (0.37,1.36)  74.39

Resistance exercise

Forti (2014) —_— ~0.29 (-0.92, 0.33) 5.49
Goekint (2010) —— 0.82 (-0.07, 1.72)  4.83
Schiffer (2008a) —_— —0.70 (—1.65, 0.26) 4.67
Urzi BSc (2019b) ——— 1.03 (0.09,1.97) 4.70
Subtotal (I-squared =713%,p=0015) <[ > 0.20 (-0.59,0.98) 19.69
. 1
Multicomponent exercise X
Arrieta (2020) —_— —0.01 (~0.43, 0.41) 5.91
Subtotal (I-squared =.%, p =) <> ~0.01 (—0.43, 0.41) 5.91

1

bverall (I-squared = 82.8%, p < 0.001) <:> 0.68 (0.27,1.08)  100.00
NOTE: Weights are from random effects analysis :
—3I.53 0 3.I53
FIGURE 5 Continued
TABLE 3 Trim and fill analysis and leave-one-out analysis
SMD (95% Cl) p
Trim and fill analysis Trials (n) Before adjusted After adjusted Before adjusted After adjusted Adjusted studies
BDNF, ng/ml (Long-term effect) 17 0.68(0.27,1.08) Unchanged .001 Unchanged -
Sample size > 20 11 0.93(0.34,1.52) Unchanged .002 Unchanged -
Age > 60 years 11 0.95(0.35, 1.55) 0.80(0.17, 1.44) .002 .014 3
BMI > 25 8 0.65(0.07,1.24) Unchanged .029 Unchanged -
Aerobic exercise 15 0.86(0.37,1.36) Unchanged .001 Unchanged -
SMD (95% Cl) P
Leave-one-out cross validation Trials (n) Before adjusted After adjusted Before adjusted After adjusted Omitted studies
BDNF, ng/ml (Acute effect) 5 1.20(0.36,2.04) 0.60(0.32,0.88) .005 <.001 1
BDNF, ng/ml (Long-term effect) 17 0.68(0.27, 1.08) 0.38(0.13,0.62) .001 .003 7

Note: Significant p-values are highlighted in bold prints.

Abbreviations: BDNF, brain-derived neurotrophic factor; BMI, body mass index; Cl, confidence interval.
more females than males (n = 112/80) and more people over 60- Dinoff et al., 2016), while strength training seems to be mostly inef-
years-old than under 60-years-old (n = 505/168) were included in the fective (Huang et al., 2014; Knaepen et al., 2010). A meta-analysis
analyses, so future studies with equal sex and age ratios need to be also showed that aerobic exercise may contribute to increased lev-
replicated. els of BDNF in neurological populations (Mackay et al., 2017). Con-
Based on current evidences, aerobic exercise has been proved to sistent with previous studies, we also found that aerobic exercise, but

be successful in improving circulating BDNF (Cassilhas et al., 2012; not resistance training, increased circulating BDNF. Aerobic exercise is
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related to the improvement of endothelial function, insulin resistance,

metabolic function, and cerebral blood flow, which are all associated
with the increase of BDNF (Lemos et al., 2016; Zembron-Lacny et al.,
2016).

Inour current study, we found that intensity of exercise did not influ-
ence the levels of BDNF. Most of studies admitted that the intensity of
exercise is positively correlated with the increase of BDNF circulation
levels. A systematic review reported that BDNF levels increase in an
intensity-dependent manner (Knaepen et al., 2010). Higher intensity
of exercise is associated with hyperthermia, splenic response (Brunelli
et al., 2012; Stewart et al., 2003), increased blood-brain barrier per-
meability (Roh et al., 2017), and hypoxia. These are all related to the
increase of BDNF release. Soya et al. found that acute treadmill running
at low intensity (15 m/min) increased BDNF levels in the hippocampus
of Wistar rats, but no increase was observed at moderate intensity (20
or 25 m/min) (Soya et al., 2007). Similarly, Gilder et al. (2014) found
that serum BDNF increased by approximately 48% at 78% VO,max,
but decreased at maximal exertion trial in healthy young men. Hence,
the relationship between intensity of exercise and BDNF levels needs
to be further investigated as a key point in clarifying the effect of PE on
BDNF.

4.1 | Limitations

There exist several limitations in this study. Firstly, 9 of the 21 included
studies did not claim to adopt blinding, which resulted in the possi-
bility of bias. The heterogeneity across studies and the limited sam-
ple size in some of the subgroups also made the interpretation of the
results requiring to be cautious. In addition, some results showed pub-
lication bias, which might threaten the validity and interpretation of
the effect; however, most original analyses remained unchanged after
adjustment via trim and fill analysis. Lastly, only three included studies
(Matura et al., 2017; Nilsson et al., 2020; Seifert et al., 2010) reported
the results of fitness levels, making it impossible to explore the relation-
ship between fitness levels and BDNF levels.

5 | CONCLUSION

Taken together, both acute and long-term PE significantly elevated
circulating BDNF levels in healthy subjects. Long-term aerobic exer-
cise can lead to a more pronounced neurotrophic effect especially for
female subjects or subjects over 60 years. Future large-scale and high-
quality RCTs focusing on more detailed divisions of PE prescriptions
and the importance of carefully considering the physiological response
to PE will be of great necessity.
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