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BDNF levels are increased in peripheral blood of middle-aged
amateur runners with no changes on histone H4 acetylation levels
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Abstract Our aim was to compare the basal levels of

plasma brain-derived neurotrophic factor (BDNF) and

global histone H4 acetylation in peripheral blood

mononuclear cells (PBMCs) of healthy amateur runners

(EXE group) with sedentary individuals (SED group) as

well as to investigate the acute effect of a running race on

these markers in the EXE group. Five days before the race,

all participants were submitted to a basal blood collection.

On the race day, two blood samples were collected in the

EXE group before the running started and immediately at

the end. In the basal period, a significant increase of plasma

BDNF levels in the EXE individuals when compared to the

SED group (p = 0.036) was demonstrated, while no dif-

ference in global histone H4 acetylation levels was

observed. These parameters were unaltered in the EXE

group after the race. The increased levels of BDNF might

be linked to healthy middle-aged runners’ phenotype.

Keywords Exercise � Epigenetic � Neurotrophins � Adult
men � Plasma � Peripheral blood mononuclear cells

(PBMCs)

Introduction

Brain-derived neurotrophic factor (BDNF) is a member of

the neurotrophins family found throughout the brain. It is

known to induce synaptic plasticity, neurogenesis and

neuronal survival, growth and maturation [1]. Furthermore,

BDNF exert a pivotal role in learning and memory abilities

[2]. It is important to highlight that BDNF is able to cross

the blood–brain barrier in a bi-directional manner via the

high capacity of the saturable transport system. Indeed, the

peripheral levels of this neurotrophin seem to present a

strong correlation with the cerebrospinal fluid levels [3].

Therefore, peripheral BDNF levels have been used as a

biomarker in several clinical studies [4, 5].

In this context, a large body of evidence conducted with

human individuals at different stages of development has

shown that a variety of exercise protocols and modalities

are able to increase BDNF concentration and expression in

serum and plasma [4, 6–9]. In addition, it was also

demonstrated that a daily endurance training program for

3 months also enhances BDNF release from the human

brain in healthy sedentary young males [10]. Altogether,

these studies support the hypotheses that BDNF is a key

mediator related to the positive effects of exercise in brain

function. However, these findings are focused on analyzing

the impact of exercise on BDNF levels in sedentary indi-

viduals while less attention has been devoted to endurance-

trained populations.

Among the different categories of physical activity

available, running is probably the oldest performed by

humans. In ancient times, it was performed for survival, but

nowadays is practiced for many reasons, such as health,

good shape, or just to have a challenge. Running has

become very popular due to ease of access, low cost, and

contact with nature [11]. Despite these findings, the
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molecular mechanism by which running enhances BDNF

levels in trained individuals has not yet been elucidated.

Experimental studies point out that this phenomenon

occurs via epigenetic pathways [12–15].

Epigenetic machinery modulates gene expression pat-

terns without affecting the DNA primary sequence and is

typically divided into two categories: DNA methylation

and histone post-translational modifications [16]. DNA

methylation is a biochemical modification catalyzed by

DNA methyltransferases (DNMTs), which is typically

associated with gene repression [17]. Histone acetylation is

the most extensively studied post-translational modifica-

tion, regulated by histone acetyltransferases (HATs) and

histone deacetylases (HDACs). HATs produce a larger

chromatin structure, a characteristic that allows transcrip-

tional activation, whereas HDACs exert the opposite effect

[18].

Clinical studies have also been suggesting exercise as an

epigenetic modulator in peripheral tissues [19–22]. How-

ever, it should be emphasized that these reports are con-

ducted with elderly and patient populations, whereas the

effects in middle-aged healthy individuals has been poorly

investigated. Indeed, they aimed to evaluate DNA methy-

lation parameters, while the modulation of acetylation

parameters in response to exercise are rare.

Interestingly, experimental data revealed that treadmill

running increases global histone H4 acetylation levels in

rat brain [23]. Moreover, other authors have pointed out

that histone acetylation status regulates neurotrophins

[24, 25]. In fact, a relationship between histone H4

acetylation levels and BDNF modulation in different tis-

sues was recently described [26–29]. Taken together, these

reports indicate an important cross-talk between histone H4

acetylation levels and regulation of BDNF signaling. Then,

we hypothesize that this epigenetic signal might be affected

by the regular practice of running in healthy trained

subjects.

In view of these considerations, the aim of this study

was to compare the basal levels of plasma BDNF and

global histone H4 acetylation in the peripheral blood

mononuclear cells (PBMCs) of middle-aged healthy ama-

teur runners (EXE group) with sedentary individuals (SED

group). Furthermore, we also investigated the acute effect

of a running race on these markers in the EXE group.

Methods

Participants

Twenty-six healthy males (aged 30–50 years) participated

in this study. They were allocated in the exercised (EXE)

and sedentary (SED) groups, composed by amateur runners

and individuals that do not practice regular physical

activity, respectively. Inclusion criteria for the EXE group

consisted in been practicing running for at least 2 years,

have participated in two long-distance running races in the

last 6 months and be properly registered in a 10-km run-

ning race. The SED group included individuals that have

not performed regular physical activity in the past

6 months. Exclusion criteria for both groups were the

presence of chronic diseases, the use of drug-containing

HDAC inhibitors, and smoking. The participants were

oriented not to use anti-inflammatory and antibiotic

medicines 72 h before all blood collections.

This study was approved by the Research Ethics Com-

mittee of the Centro Universitário Metodista do IPA

(number 918.889) and followed all the principles of the

Helsinki Declaration. Informed consent was obtained from

all individual participants included in the study.

Procedure and blood collection

Initially, the effect of the regular practice of running on

plasma levels of BDNF and global histone H4 acetylation

in PBMCs was evaluated. Then, 5 days before the race, all

participants (SED and EXE groups) entered the Laboratory

of Exercise Physiology at the Centro Universitário Meto-

dista do IPA after 12-h of fasting and a blood sample

(15 ml) was obtained from an antecubital vein (basal

period).

In order to evaluate the acute effect of running on BDNF

and global histone H4 acetylation levels, two blood sam-

ples (15 ml) were collected in the EXE group 30 min

before starting the race (pre-period) and immediately after

the race (post-period). The blood sample was collected

immediately after the race. This time point was chosen

based on our previous experimental results demonstrating

that the modulation of histone acetylation status following

treadmill training occurs in a short-term period, immedi-

ately up to 1 h, without any delayed effects [12, 15, 23].

The performance time obtained by each participant in

the race was also recorded. It is important to point out that

the situation at which the experimental data was collected

was at a sporting event and a good performance is one of

the main training motivations of the volunteers. Further-

more, the EXE group was encouraged and received verbal

motivation to perform the race as soon as possible. Then, it

could be supposed that the individuals have performed the

trial at maximum intensity.

For the biochemical assays, the PBMCs were extracted

by Ficoll gradient. Histopaque� (Sigma-Aldrich 1077) was

added into the collected sample in a 1:1 proportion in a

conical tube and then centrifugation was held at 1500 rpm

for 30 min at room temperature. After that, the ‘‘buffer

coat’’ was removed from the portion between plasma and
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Histopaque�. The ‘‘buffer coat’’ was washed five times

with phosphate buffered saline solution (PBS—pH 7.4) and

then centrifugation was held at 1800 rpm for 10 min at

room temperature. The formed pellet was collected and

used for evaluation of acetylation levels of histone H4. The

remaining plasma was collected and stored in conical tubes

(1.5 ml) at -80 �C for later determination of BDNF levels.

Determination of plasma BDNF levels

Plasma BDNF levels were determined with the ELISA

method, from Sigma–Aldrich commercial kit (catalog

number RAB0026) according to the manufacturer’s

instructions. Briefly, the sample and BDNF-specific stan-

dards were added to an ELISA microplate and incubated

for 2.5 h at room temperature. Subsequently, the solutions

were discarded and the same plate was washed four times

with wash buffer (PBS, Tween 20 0.01 %). After washing,

the secondary antibody bound to biotin was added and

incubated for 1 h at room temperature with gentle agita-

tion. The plate was again washed with wash buffer and

streptavidin solution was added and the plate was incu-

bated at room temperature for 45 min with gentle agitation.

The solution was discarded and the plate passed through

the washing process. Tetramethylbenzidine (TMB) was

added, and then it was incubated for 30 min at room

temperature, in light deprivation, with gentle agitation. The

stop solution was added and the plate was read in a spec-

trophotometer at a wavelength of 450 nm. The plasma

BDNF levels were expressed as ng/ml.

Global histone H4 acetylation levels in PBMCs

measurement

The global histone H4 acetylation levels in PBMCs were

determined using the Global Histone H4 Acetylation Assay

Kit (Colorimetric Detection, catalog number P-4009, Epi-

Quik USA) according to the manufacturer’s instructions.

The samples were incubated with the capture antibody

followed by incubation with detection antibody. After,

were incubated with developing solution followed by the

addition of the Stop Solution. The absorbance was mea-

sured on a spectrophotometer at a wavelength of 450 nm.

The global histone H4 acetylation levels in PBMCs were

expressed as ng/mg protein. The protein concentration of

each sample was measured by the Coomassie Blue method

using bovine serum albumin as standard [30].

Statistical analysis

The sample characterization was described through brief

descriptive analysis by position averages (average or

median), dispersion (standard deviation or first and third

quartiles), and frequency (absolute and relative). Data

normality was verified by the Shapiro–Wilk test.

To assess the differences in normally distributed vari-

ables (sample characterization and basal plasma BDNF

levels in SED and EXE groups), the t test was used. To

analyze the non-parametric variables (basal levels of global

histone H4 acetylation levels in PBMCs in SED and EXE

groups as well the acute effect of the running race on global

histone H4 acetylation and BDNF levels in the EXE

group), the Mann–Whitney and Friedman tests were used.

Correlations were evaluated using the Spearman test. All

analyses were performed using SPSS 20.0 software (Chi-

cago, IL, USA) and used the significance level of 5 %

(p B 0.05) for all tests.

Results

The sample consisted of 26 participants, eight from the

SED group and 18 from the EXE group. The groups proved

to be homogenous in all basal characteristics, as described

in Table 1. The characterization of the EXE group

regarding training aspects are highlighted in Table 2.

In the basal period, the plasmatic levels of BDNF were

significantly increased in the EXE individuals when com-

pared to the SED group (0.73 ± 0.17 vs. 0.58 ± 0.12,

respectively; p = 0.036), as highlighted in Fig. 1a. On the

other hand, the global histone H4 acetylation levels in

PBMC did not differ between groups (p = 0.601; Fig. 1b).

On the race day, the EXE group was encouraged to

exercise to their limit. The time spent for the individuals

was 48:23 ± 5:13 min. No acute effect of running was

observed in either of the evaluated parameters (plasma

BDNF and global histone H4 acetylation levels in PMBCs)

(p = 0.420 and p = 0.882, respectively) as illustrated in

Fig. 2a, b.

There was a positive correlation between BDNF and

global histone H4 acetylation levels in the pre- running

race period in the EXE group (r = 0.893; p = 0.007).

Also, the weekly frequency of training was positively

Table 1 Sample characterization (EXE and SED individuals)

Variables EXE group SED group

Age (years) 38.61 ± 6.36 32.54 ± 5.32

Height (cm) 174 ± 24 167 ± 17

Weight (kg) 72.4 ± 6.20 74.3 ± 2.16

BMI (kg/m2) 23.95 ± 2.88 25.45 ± 2.36

Fat mass (%) 23.99 ± 4,92 25.24 ± 1.65

Lean body mass (%) 56.68 ± 7.22 53.98 ± 2.87

Data expressed as average ± standard deviation

BMI body mass index
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correlated with BDNF levels after running in the EXE

group (r = 0.492; p = 0.053).

Discussion

The current study showed that exercise, specifically the

running practice, is an important strategy for enhancing

BDNF levels in plasma of trained healthy middle-aged

men. Our data could be related to those obtained by Zoladz

and colleagues demonstrating that young well-trained ath-

letes including sprinters, jumpers, and runners showed

higher basal plasma BDNF concentration than sedentary

subjects [6]. Taken together, it seems reasonable to surmise

that enhanced plasma BDNF levels may be an important

mark of endurance phenotype in both young and middle-

aged healthy trained individuals.

BDNF have been described as an important regulator of

energy metabolism related to endurance exercise [31].

Specifically, increased BDNF levels observed in response

to exercise seems to mediate, at least in part, the enhanced

insulin sensitivity following endurance training. In addi-

tion, a role of BDNF as a mediator of cardiovascular

adaptations to endurance running have also been suggested.

Finally, it was postulated that BDNF acts as an integrator

of many of the major systems that regulate neural, endo-

crine, and cardiovascular adaptations to and for endurance

exercise, such as running [32].

When we analyzed the acute effect of running on plasma

BDNF levels in the EXE group, no significant changes

were found. Conversely, a moderate-intensity endurance

cycling training (for 5 weeks, 4 sessions/week) conducted

with sedentary healthy young men acutely elevated plasma

BDNF concentration [6]. In addition, plasma BDNF con-

centration after training was remarkably more elevated

than before training, suggesting both acute and chronic

effects of exercise on BDNF enhancement [6]. This

divergence could be related, at least in part, to aspects such

as the training status of the individuals as well as to the

exercise protocol used. Specifically, endurance training

seems to exert a bimodal influence on BDNF, increasing its

plasmatic levels acutely and chronically in sedentary

individuals. On the other hand, well-trained runners, our

studied subjects, seem to have an adaptive response to

exercise, with no changes on plasma BDNF levels imme-

diately after a regular training/races.

In the post-test period, plasma BDNF levels had a

positive correlation with the weekly exercise frequency.

Our finding can be related to those obtained by Abel and

colleagues [33], which demonstrated that hippocampal

Table 2 Training characteristics of EXE group

Variables EXE group

Weekly training (times)

One 1 (5.6)

Two 2 (11.1)

Three 10 (55.6)

Four 3 (16.7)

Five 2 (11.1)

Training session duration (min)

30 1 (5.6)

60 17 (94.4)

Training time (years)

Two 10 (55.6)

Three 2 (11.1)

Four 2 (11.1)

Five years or more 4 (22.2)

Sleep (h)

Six 7 (38.9)

Seven 9 (50.0)

Eight 1 (5.6)

Nine 1 (5.6)

Data expressed as absolute frequency (%)

Fig. 1 a Plasma BDNF levels in the SED (n = 8) and EXE (n = 18)

groups in the basal period. Results are expressed as average ± stan-

dard deviation; t test (p = 0.036) *statistically different from the SED

group. b Global histone H4 acetylation levels in PBMCs from SED

(n = 8) and EXE (n = 18) groups in the basal period. Mann–Whitney

test (p = 0.601)
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BDNF levels were positively correlated with the amount of

wheel running in mice. In addition, this correlation was

also observed in cerebellum, a brain area strictly related to

motor skills [33]. Therefore, we may postulate that factors

such as the training frequency and amount of exercise

might influence BDNF release and/or expression. In this

sense, it is known that runners are likely motivated by a set

of attention and control areas of the brain that are used to

support demands that are needed during effortful perfor-

mance with a changing environment [34].

As mentioned above, the molecular proprieties of BDNF

allow this neurotrophin to be assessed in the periphery.

Then, the exercise impact on BDNF levels/concentration in

clinical studies has been evaluated in both serum and

plasma. Importantly, few reports indicate a substantial

variation in BDNF content in these blood components,

including in response to exercise [35, 36]. However, the

comparison of the acute and delayed effects of the running

practice on BDNF levels in plasma and serum was not the

aim of this study. It was previously suggested that the

plasma BDNF increases post-exercise is secreted primarily

from the brain [36], as well as modifications in plasma

BDNF concentration are considered to reflect its changes in

the brain [37]. Considering these arguments, we performed

our analyses in this blood component.

To the best of our knowledge, this is the first evidence

analyzing the impact of exercise on histone acetylation

markers in trained healthy individuals. Whilst no signifi-

cant differences in global histone H4 acetylation levels in

PBMCs between SED and EXE groups were found, a

positive correlation between BDNF and global histone H4

acetylation levels in the EXE group in pre-running race

period was found. This finding suggests that BDNF

upregulation in response to regular running practice might

engage the modulation of histone H4 acetylation status.

Moreover, we cannot discard that BDNF enhancement

could activate other epigenetic pathways. Regarding this

question, increased histone H3 acetylation levels in hip-

pocampi of exercised rats was demonstrated after a vol-

untary running-wheel exercise protocol for 1 week [14].

Therefore, we may postulate that histone H3 could also be

involved in BDNF regulation in middle-aged healthy

individuals. Our preliminarily data encourage future stud-

ies to investigate and elucidate these questions.

No changes in global histone H4 acetylation levels were

observed after the race in the EXE group, indicating that

this epigenetic marker is unchanged in response to a single

bout of exercise in trained individuals. Similar to our

results, it was recently demonstrated that healthy endur-

ance-trained males showed unaltered levels of global DNA

methylation in PMBC immediately and up to 24 h fol-

lowing a bout of prolonged exercise compared to the basal

periods [38]. On the other hand, studies conducted with

healthy sedentary young people reported opposite effects.

McGee and colleagues [39] demonstrated that a single bout

of 60 min of cycling was able to increase the H3 acetyla-

tion levels in skeletal muscle by 64 %. In addition,

decreased levels in whole genome methylation in skeletal

muscle biopsies of sedentary men and women after an

acute session on cycle ergometer were also observed [40].

Altogether, these findings led us to hypothesize that epi-

genetic machinery is remarkably responsive to acute

exercise in sedentary people, while the regular practice of

physical activity may induce an adaptation in the epigen-

ome of the trained population.

These clinical findings may be related to an experi-

mental study conducted by Elsner and colleagues [12], who

showed that a single exercise session on a treadmill

induced a hyperacetylation status immediately and 1 h

after training in hippocampus from young adult rats,

whereas no change in acetylation markers was observed in

response to the chronic protocol. Although it is impossible

to establish at this moment why this phenomenon occurs,

we might suggest that it is a protective mechanism to

Fig. 2 a Plasma BDNF levels in the basal, pre- and post-running race

periods in the EXE group (n = 18); Friedman test (p = 0.420).

b Global histone H4 acetylation levels in PBMCs from EXE group in

the basal, pre- and post-running race periods (n = 18); Friedman test

(p = 0.882)
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maintain the homeostasis of the transcriptional machinery,

avoiding maladaptive conditions.

As described above, there are several cases of evidence

in the literature reporting the epigenetic modulation in

response to both chronic interventions as well single bouts

of exercise in sedentary individuals [19–22, 41, 42].

However, the impact of exercise in these markers in well-

trained subjects has been poorly investigated. Then, our

study was focused in this context, measuring the chronic

impact and acute response of exercise in middle-aged

healthy amateur runners. In this sense, the SED group was

included in the study with the unique propose to be com-

pared with the EXE group in the basal period in order to

verify the long-term outcomes of exercise on global histone

H4 acetylation levels, justifying why the SED group not

submitted to exercise.

Conclusions

In summary, our study supports the idea that healthy,

trained runners present increased plasma levels of BDNF

compared to sedentary individuals, suggesting that this

neurotrophin exerts a stable profile in response to long-

term running practice. Furthermore, global histone H4

acetylation levels did not differ between groups and in

response to the running race in the EXE individuals, which

might be linked to epigenome adaptation in response to

chronic exercise exposure.

Notably, the results of the present study should be

considered within the context of its limitations. First, we

did not analyze the polymorphism of BDNF, an important

topic that can be performed by future researchers. More-

over, we measured only one epigenetic mark: global his-

tone H4 acetylation levels. Thus, it is suggested that

additional studies should consider the modulation of other

parameters that could epigenetically respond to exercise,

such as histone H3 acetylation levels, modifications in

histone methylation status, and miRNA regulation as well

as the expression of specific genes. These findings could

contribute to elucidating whether and how the regular

practice of running shapes the human epigenome in mid-

dle-aged trained healthy individuals.
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