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Background. Physical exercise (PE) has been associated with increase neuroplasticity, neurotrophic factors, and improvements in
brain function. Objective. To evaluate the effects of different PE protocols on neuroplasticity components and brain function in a
human and animal model. Methods. We conducted a systematic review process from November 2019 to January 2020 of the
following databases: PubMed, ScienceDirect, SciELO, LILACS, and Scopus. A keyword combination referring to PE and
neuroplasticity was included as part of a more thorough search process. From an initial number of 20,782 original articles, after
reading the titles and abstracts, twenty-one original articles were included. Two investigators evaluated the abstract, the data of
the study, the design, the sample size, the participant characteristics, and the PE protocol. Results. PE increases neuroplasticity
via neurotrophic factors (BDNF, GDNF, and NGF) and receptor (TrkB and P75NTR) production providing improvements in
neuroplasticity, and cognitive function (learning and memory) in human and animal models. Conclusion. PE was effective for
increasing the production of neurotrophic factors, cell growth, and proliferation, as well as for improving brain functionality.

1. Introduction

Environmental stimuli throughout life can result in struc-
tural and functional changes in organs and tissues (Westneat
et al. [1]). These changes are more propitious in structure
that has plastic characteristics, as for example the brain, sus-
ceptible to changes from development to aging (Martínez-
Morga et al. [2]). This process is called neuroplasticity and
is defined as the capacity of the central nervous system to
promote the neurogenesis and connections due to psycho-
physiological and environmental factors (Gulyaeva [3]). In
this sense, neuroplasticity occurs with an increase in the pro-
duction of neurotrophins that generate changes in the

growth and differentiation of cell signaling (Kempermann
et al. [4]).

Neurotrophins are a family of proteins closely related to
the survival, development, and functionality of the central
and peripheral nervous systems (Kozorovitskiy and Gould
[5]; Yamaguchi et al. [6]). The main neurotrophins involved
in the neuroplasticity process are neurotrophic factor derived
from the glial cell line (GDNF), nerve growth factor (NGF),
neurotrophin 3 (NT3), neurotrophin 4 (NT4), and brain-
derived neurotrophic factor (BDNF). Studies show that reduced
levels of these neurotrophins, especially BDNF, are responsible
for decreased brain functions, such as memory, concentration,
and learning (Bekinschtein et al. [7]; Parrini et al. [8]).
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The activation process of the BDNF signaling pathway is
mainly regulated by tropomyosin-related receptor kinase B
(TrkB). A previous study showed that increased expression
of TrkB was able to reduce the appearance of brain changes,
such as depression (Zborowski et al. [9]). It has also been
observed that the activation of TrkB affects neuronal dendritic
afforestation, spinogenesis, dendritic growth, and spinal mor-
phogenesis (Guo et al. [10]). Faced with such mechanisms
responsible for neuroplasticity, we seek to understand which
environmental factors can act to modulate this process.

In this context, PE has been described as an efficient
modulator of the health status through increased mitochon-
drial bioenergetics, adenosine triphosphate (ATP) synthesis,
and reduced lipogenesis, reactive oxygen species (ROS) pro-
duction, endoplasmatic reticulum stress, and proinflamma-
tory cytokine production such as tumor necrosis factor
alpha (TNF-α) (Broxterman et al. [11]; Nakandakari et al.
[12]; Presby et al. [13]; Daou [14]; Tofas et al. [15]). In addi-
tion, recent works have shown that PE is able to promote
neuroprotection (Byun and Kang [16]; Martland et al.
[17]). A study conducted with elderly women found that 12
weeks of aerobic and resistance exercise improved cognitive
function and BNDF expression (Byun and Kang [16]). This
is due to the unique capability of the skeletal muscle to
increase activation to the cellular signaling pathways con-
nected to crosstalk between muscle and brain (Muchlinski
et al. [18]; Kato et al. [19]).

The brain is characterized by having a high plastic capac-
ity; it is necessary to elucidate how environmental factors,
such as PE, can influence the production of neurotrophic fac-
tors providing improvements in brain functionality, through
signaling, growth, and cell differentiation. The main aim of
this systematic review is to evaluate the effects of different
PE protocols on neuroplasticity components in a human
and animal study. The second aim is to evaluate the effects
of PE on the production of neurotrophic factors, signaling,
cell growth and differentiation, and functional outcomes.

2. Material and Methods

The present study was performed following the guideline of
the PRISMA statement (Moher et al. [20]).

2.1. Strategy Search. The researchers searched the scientific
literature from November 2019 to January 2020, using the
following databases: PubMed (244), ScienceDirect (11,860),
SciELO (2), LILACS (96), and Scopus (104). The following
search terms were selected using Medical Subject Headings
(MESH): (“Physical Exercise” OR “Exercise, Physical” OR
“Exercises, Physical” OR “Physical Exercises” AND “Plastic-
ity, Neuronal” OR “Neuronal Plasticities” OR “Plasticities,
Neuronal” OR “Neuroplasticity” OR “Neuroplasticities” OR
“Neural Plasticity” OR “Neural Plasticities” OR “Plasticities,
Neural” OR “Plasticity, Neural”). Reference lists of all
included studies were also reviewed for potentially eligible
articles.

2.2. Study Selection. Two independent reviewers (MSSF) and
(GCJS) selected the articles according to the following inclu-

sion criteria: (1) written in English, (2) between the years
2010 and 2019, involving studies, (3) utilizing “physical exer-
cise” or its variations as intervention, (4) different brain tis-
sues, and (5) neuroplasticity, performed in animal and
human studies. Articles were included if they fulfilled the fol-
lowing PICOS criteria (Participants: animals and humans,
Interventions: physical exercise, Comparisons: PE vs. No PE
groups, Outcomes: neuroplasticity components, Study: ani-
mal models and human studies) (Yensen [21]). In the next
stage, a comparison was made between searches and evalua-
tion of titles and abstracts according to the eligibility criteria.
The selected abstracts were submitted to the second stage of
analysis, in which two other independent researchers
reviewed the articles completely and, by consensus, excluded
articles that did not meet the criteria. The data regarding the
characteristics of the samples, methodology, and main out-
comes found were extracted from the selected articles.

2.3. Data Extract. The reviewers (MSSF) and (GCJS)
extracted the data studies on a preestablished database. The
data extracted from each study included: (1) study design,
(2) sample characteristics, (3) physical exercise intervention,
and (4) effects on the neuroplasticity of different brain tis-
sues. All extracted data was entered into a spreadsheet in
Excel by the primary researcher and verified by another
researcher. Discrepancies were resolved by consensus.

2.4. Risk of Bias Assessment. Two independent authors per-
formed an analysis of the risk of bias in the selected studies.
The methodological judgment provided by the Revman
5.3.0 program of the Cochrane Handbook program was used
(Higgins et al. [22]). The following are among the criteria of
the structure of the bias assessment: (1) generation of ran-
dom sequence, (2) concealment of allocation, (3) masking
of participants and personnel, (4) masking of the result eval-
uation, (5) result data incomplete, (6) selective reporting, and
(7) other bias. The studies were classified as low, medium, or
high risk of bias.

3. Results

3.1. Study Selection. The flowchart in (Figure 1) shows the
successive steps taken to select studies in this systematic
review. A total of 12,306 titles and abstracts were selected ini-
tially; 11,414 were excluded because they did not comply with
the eligibility criteria or were duplicated. Tables 1 and 2 pro-
vide the information of the included articles.

3.2. Risk of Bias. After this critical evaluation, the twenty-one
included studies were classified with low risk of bias
(Figures 2 and 3).

3.3. Description of Included Studies. We identified 12,306
studies in the databases. Next, 11,414 were removed because
they had no data on PE (5201), neuroplasticity analysis
(4025), and because they were revision studies (2167). In
the end, 21 studies were included (Figure 1). Among the
selected, 15 articles were conducted on animals and six in
humans.
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In animal studies, only one used female exclusively; 13
studies used male animals and one study used both female
and male animals. Among eleven studies used, three strains
of Rattus norvegicus including Wistar (six studies),
Sprague-Dawley (four studies), and spontaneous hyperten-
sive rats (SHR) (one study) were used. Four studies were per-
formed with C57BL6 (three studies) and BALB/CJ (one
study) mice. The animals were also exposed to models of
high-fat diet, diabetes, chemo brain, corticosterone adminis-
tration, transient middle cerebral artery occlusion, posttrau-
matic stress disorder, and transgenerational effects of PE.
Among the brain area evaluated, 12 studies evaluated the
hippocampus, and the others evaluated the prefrontal, orbi-
tofrontal, and entorhinal cortex. Fourteen studies used aero-
bic PE protocol, of which 11 were on a treadmill and three
were voluntary exercise on a running wheel. Only one study
used the nonaerobic and strength exercise protocol.

In human studies, only one study used a sample com-
posed exclusively of women. The others used both sexes.
The participants’ ages ranged from 18 to 80 years old. Among
the brain areas evaluated, three studies used magnetic reso-
nance imaging (MRI) to analyze the hippocampus; one eval-
uated the dorsolateral prefrontal cortex, posterior cingulate,
precuneus cortex, hand motor area, occipital lobe, and cere-
bellum. One of the studies did not report the assessed brain
area (Eftekhari and Etemadifar [39]). Of the six selected stud-
ies, two studies used strength training, two studies performed

dance activities, one study utilizes cycling, one used com-
bined exercise (aerobic, balance, weightlifting, and yoga),
and one study used balance and relaxation exercises.

3.4. Effects of Physical Exercise on Neurotrophic Factors. In
some animal studies (Table 3) using aerobic exercise (tread-
mill and running wheel training, respectively), increased
expression of BDNF protein, receptor levels, and mRNA in
the hippocampus was observed (Aguiar et al. [24]; Gomes
da Silva et al. [23], Aguiar et al. [25]; Kim et al. [29]; Park
and Kim [32]; Vilela et al. [30]; Park et al. [34]). Likewise, a
study using resistance training showed an increase in BNDF
levels after training sessions (Vilela et al. [30]). In studies
with humans, the subjects were submitted to different PE
protocols, including pilates, dance, and sports that demon-
strated elevated serum and plasma BDNF levels that were
evaluated by the ELISA method (Müller et al. [40]; Eftekhari
and Etemadifar [39]; Rehfeld et al. [42]) (Table 4). However,
when different cycling intensity patterns were used, no differ-
ences were observed on BNDF serum levels (Woost et al.
[43]).

Six works evaluated TrkB receptor expression in animal
studies (Table 3). Five studies observed increased TrkB
expression in the hippocampus after aerobic training (Gomes
da Silva [23]; Kim et al. [29]; Park and Kim [32]; Park et al.
[33]; Park et al. [34]). Only one study identified a reduction
in TrkB mRNA level when compared to control after exercise

Records screened

Duplicates removed

Studies included 

(n = 21)

(n = 20,893)

(n = 3)

Total studies found through title and abstracts ( n = 20,896)

Databases: PubMed (231), ScienceDirect (20,463), Scopus (104), LILACS (96) and
SciELO (2)

Total records excluded: 20,872
No physical exercise: 5,700
No neuro plasticity assay: 12,000
Review studies: 3,172

Figure 1: Flow diagram of the studies selected for systematic review.
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(n

=
10
),
hi
gh
-f
at

di
et
gr
ou

p
(n

=
10
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an
d
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gh
-f
at
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ou

p
an
d
ex
er
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=
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H
ip
po

ca
m
pu

s
W
es
te
rn

bl
ot
ti
ng
;

im
m
un

oh
is
to
ch
em

is
tr
y

A
n
ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

in
tr
ea
dm

ill
fo
r
20

w
ee
ks
.

V
ile
la
et
al
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[3
0]

T
o
in
ve
st
ig
at
e
th
e
eff
ec
t
of

ae
ro
bi
c
an
d

st
re
ng
th

tr
ai
ni
ng

on
sp
at
ia
lm

em
or
y
an
d

hi
pp

oc
am

pa
lp

la
st
ic
it
y
in

ag
in
g
ra
ts
.

M
al
e
W
is
ta
r
ra
ts
of

24
m
on

th
s
ol
d
w
er
e

di
vi
de
d
in
to

th
re
e
gr
ou

ps
:(
n
=
6/
gr
ou

p)
un

tr
ai
ne
d,

ae
ro
bi
c
tr
ai
ni
ng
,a
nd

st
re
ng
th

tr
ai
ni
ng

gr
ou

ps
.

H
ip
po

ca
m
pu

s
W
es
te
rn

bl
ot
ti
ng

T
w
o
ph

ys
ic
al
ex
er
ci
se

pr
ot
oc
ol
s
w
er
e

pe
rf
or
m
ed
.T

he
ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
ru
nn

in
g
tr
ea
dm

ill
.

E
ac
h
se
ss
io
n
la
st
ed

50
m
in
ut
es

an
d
th
er
e

w
as

an
in
te
rv
al
of

48
ho

ur
s
be
tw
ee
n

se
ss
io
ns
.T

he
an
ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as
pe
rf
or
m
ed

th
ro
ug
h
st
re
ng
th

tr
ai
ni
ng
.

C
lim

bi
ng

w
it
h
1
m

in
cl
in
ed

at
85

°
w
as

ca
rr
ie
d
ou

t
w
it
h
w
ei
gh
t
at
ta
ch
ed

to
th
e

ta
il.
T
he

w
ei
gh
t
at
ta
ch
ed

to
th
e
ta
il
w
as

gr
ad
ua
lly

in
cr
ea
se
d
fr
om

50
to

10
0%

du
ri
ng

th
e
8
w
ee
ks

of
tr
ai
ni
ng
.T

hr
ee

to
fi
ve

se
ts
of

8
to

12
re
pe
ti
ti
on

s,
w
it
h
a
1-

m
in
ut
e
re
st
be
tw
ee
n
re
pe
ti
ti
on

s
an
d
a
2-

m
in
ut
e
re
st
be
tw
ee
n
se
ts
,w

er
e
pe
rf
or
m
ed

fo
r
3
or

4
da
ys
/w
ee
k.
E
ac
h
se
ss
io
n
la
st
ed

40
to

50
m
in
ut
es
,w

it
h
an

in
te
rv
al
of

48
ho

ur
s
be
tw
ee
n
se
ss
io
ns
.

de
Se
nn

a
et
al
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T
o
in
ve
st
ig
at
e
th
e
eff
ec
ts
of

ph
ys
ic
al

ex
er
ci
se

to
pr
ev
en
t
or

re
ve
rs
e
sp
at
ia
l

m
em

or
y
de
fi
ci
ts
pr
od

uc
ed

by
di
ab
et
es

an
d
so
m
e
bi
oc
he
m
ic
al
an
d

im
m
un

oh
is
to
ch
em

ic
al
ch
an
ge
s
in

hi
pp

oc
am

pa
la
st
ro
cy
te
s
of
ty
pe

1
di
ab
et
es

m
el
lit
us

m
od

el
.

T
hr
ee
-m

on
th
-o
ld

m
al
e
W
is
ta
r
ra
ts
w
er
e

di
vi
de
d
in
to

fo
ur

gr
ou

ps
:n

on
tr
ai
ne
d

co
nt
ro
l(
n
=
15
),
tr
ai
ne
d
co
nt
ro
l(
n
=
15
),

no
nt
ra
in
ed

di
ab
et
ic
(n

=
13
),
an
d
tr
ai
ne
d

di
ab
et
ic
(n

=
13
).

H
ip
po

ca
m
pu

s
Im

m
un

oh
is
to
ch
em

is
tr
y;

m
or
ph

ol
og
ic
al
an
al
ys
is

of
as
tr
oc
yt
es
.

T
he

ae
ro
bi
c
ph

ys
ic
al
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
ru
nn

in
g
tr
ea
dm

ill
at

m
od

er
at
e
in
te
ns
it
y.
T
he

pr
ot
oc
ol

to
ok

pl
ac
e
on

ce
a
da
y
fo
r
5x

a
w
ee
k
fo
r
5

w
ee
ks
.

P
ar
k
an
d
K
im

[3
2]

T
o
as
se
ss

th
e
eff
ec
ts
of

pa
te
rn
al
ph

ys
ic
al

ex
er
ci
se

on
sp
at
ia
ll
ea
rn
in
g
ab
ili
ty

in
re
la
ti
on

w
it
h
hi
pp

oc
am

pa
l

M
al
e
an
d
fe
m
al
e
Sp
ra
gu
e-
D
aw

le
y
ra
ts
of

4
w
ee
ks

ol
d
w
er
e
di
vi
de
d
in
to

fo
ur

gr
ou

ps
:n

on
ex
er
ci
si
ng

m
al
e
an
d
no

rm
al

fe
m
al
e
gr
ou

p
(n

=
5)
,e
xe
rc
is
in
g
m
al
e
an
d

H
ip
po

ca
m
pu

s
Im

m
un

oh
is
to
ch
em

is
tr
y;

W
es
te
rn

bl
ot
ti
ng

A
n
ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
ru
nn

in
g
tr
ea
dm

ill
.T

he
ex
er
ci
se

w
as

pe
rf
or
m
ed

on
ce

a
da
y
an
d
6

da
ys

a
w
ee
k
fo
r
12

co
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ec
ut
iv
e
w
ee
ks
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T
a
bl
e
1:
C
on

ti
nu

ed
.

A
ut
ho

r
(y
ea
r)

A
im

A
ni
m
al
sp
ec
ie
s/
ex
pe
ri
m
en
ta
lg
ro
up

s
B
ra
in

ti
ss
ue
s

A
na
ly
si
s

P
ro
to
co
lo

f
ph

ys
ic
al
ex
er
ci
se

ne
ur
op

la
st
ic
it
y
in

th
e
ra
tp

up
s
bo
rn

fr
om

th
e
ob
es
e
m
at
er
na
lr
at
s.

no
rm

al
fe
m
al
e
gr
ou

p
(n

=
5)
,n
on

ex
er
ci
se

m
al
e
an
d
ob
es
e
fe
m
al
e
gr
ou

p
(n

=
5)
,a
nd

ex
er
ci
se

m
al
e
an
d
ob
es
e
fe
m
al
e
gr
ou

p
(n

=
5)
.

[fi
rs
t
3
w
ee
ks

(3
0
m
in
ut
es
—
sp
ee
d:

10
m
in
/m

in
);
4-
6
w
ee
ks

(4
0

m
in
ut
es
—
10

m
/m

in
);
7-
9
w
ee
ks

(3
0

m
in
ut
es
—
15

m
/m

in
);
10

to
12

w
ee
ks

(4
0
m
in
—
15

m
/m

in
)]
.

P
ar
k
et
al
.

[3
3]

T
o
de
te
rm

in
e
w
he
th
er

sy
m
pt
om

s
of

ch
em

o
br
ai
n
an
d
di
sr
up

ti
on

s
in

th
e

ne
ur
op

la
st
ic
it
y
an
d
fu
nc
ti
on

in
g
of

hi
pp

oc
am

pa
lm

it
oc
ho

nd
ri
a
ca
n
be

pr
ev
en
te
d
or

re
lie
ve
d
by

ex
er
ci
se
.

M
al
e
W
is
ta
r
ra
ts
of

6
w
ee
ks

ol
ds

w
er
e

di
vi
de
d
in
to

fo
ur

gr
ou

ps
:c
on

tr
ol

(n
=
15

),
co
nt
ro
la
nd

ex
er
ci
se

(n
=
15
),
D
O
X
-

in
du

ce
d
ch
em

o
br
ai
n
(n

=
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),
an
d
D
O
X
-
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ce
d
ch
em

o
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n
an
d
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er
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=
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).

H
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m
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un
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re
sc
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;

im
m
un
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to
ch
em

is
tr
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W
es
te
rn
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ti
ng

A
n
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ro
bi
c
ex
er
ci
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pr
ot
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ol

w
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pe
rf
or
m
ed

on
a
ru
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in
g
tr
ea
dm

ill
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he
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er
ci
se

w
as

pe
rf
or
m
ed

on
ce

a
da
y
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0
m
in
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m
/m
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)
an
d
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x
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pe
r

w
ee
k
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r
4
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ut
iv
e
w
ee
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.
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k
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at
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d
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ug
h
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g
in
su
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in
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d
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op
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ic
it
y
in
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e
hi
pp

oc
am
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s.
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m
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e
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4
w
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d
w
er
e
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de
d
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to
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ou
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on

tr
ol
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=
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co
nt
ro
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nd

ex
er
ci
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(n
=
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),
ex
er
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se

(n
=
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hi
gh
-f
at
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et
(n

=
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),
an
d
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gh
-
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t
di
et
an
d
ex
er
ci
se

(n
=
20
).

H
ip
po

ca
m
pu

s
Im

m
un

ofl
uo

re
sc
en
ce
;

im
m
un

oh
is
to
ch
em

is
tr
y;

W
es
te
rn

bl
ot
ti
ng

A
n
ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
ru
nn

in
g
tr
ea
dm

ill
.T

he
tr
ea
dm

ill
ex
er
ci
se

st
ar
te
d
20

w
ee
ks

af
te
r

ta
ki
ng

th
e
H
FD

.T
he

ex
er
ci
se

w
as

pe
rf
or
m
ed

on
ce

a
da
y
an
d
si
x
da
ys

pe
r

w
ee
k
fo
r
12

co
ns
ec
ut
iv
e
w
ee
ks

[1
-2

w
ee
ks

(3
0
m
in
—
10

m
/m

in
);
3-
4
w
ee
ks

(4
0
m
in
—
10

m
/m

in
);
5-
6
w
ee
ks

(3
0
m
in
—
13

m
/m

in
);
7-
8
w
ee
ks

(4
0
m
in
—
16

m
/m

in
);
9-
10

w
ee
ks

(4
0
m
in
—
16

m
/m

in
);
10
-1
2
w
ee
ks

(5
0
m
in
—
16

m
/m

in
)]
.

Y
au

et
al
.[
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]

E
xa
m
in
e
th
e
eff
ec
ts
of

tr
ai
ni
ng

on
th
e

ad
m
in
is
tr
at
io
n
of

co
rt
ic
os
te
ro
ne

on
th
e

hi
pp

oc
am

pu
s
ne
ur
og
en
es
is
,c
el
l

pr
ol
ife
ra
ti
on

an
d
di
ff
er
en
ti
at
io
n,
sy
na
pt
ic

pr
ot
ei
n
ex
pr
es
si
on

,e
xp
re
ss
io
n
of

ne
ur
ot
ro
ph

ic
fa
ct
or
s,
an
d
be
ha
vi
or
al

an
al
ys
is
.

A
du

lt
m
al
e
Sp
ra
gu
e-
D
aw

le
y
ra
ts
w
er
e

di
vi
de
d
in
to

fo
ur

gr
ou

ps
(n

=
4‐
6)
:(
1)

co
nt
ro
lr
at
s
(C
O
N
);
(2
)
C
O
R
T
-
tr
ea
te
d

ra
ts
th
at

co
ul
d
ru
n
on

ly
du

ri
ng

th
e
2-

w
ee
k
C
O
R
T
ad
m
in
is
tr
at
io
n
pe
ri
od

(C
R
);

(3
)
C
O
R
T
-t
re
at
ed

ra
ts
w
it
h
th
e
2
w
ee
ks

pr
io
r
ru
nn

in
g
on

ly
(P
R
);
an
d
(4
)
C
O
R
T
-

tr
ea
te
d
ra
ts
th
at
co
ul
d
ru
n
bo
th

pr
io
r
an
d

co
nc
ur
re
nt
ly
w
it
h
th
e
C
O
R
T

ad
m
in
is
tr
at
io
n
pe
ri
od

(P
R
+
CR

).

H
ip
po

ca
m
pu

s
Im

m
un

oh
is
to
ch
em

is
tr
y;

W
es
te
rn

bl
ot
ti
ng

A
pr
ot
oc
ol

of
vo
lu
nt
ar
y
ph

ys
ic
al
ex
er
ci
se

in
a
ru
nn

in
g
w
he
el
w
as

pe
rf
or
m
ed

fo
r
34

da
ys
.T

he
w
he
el
s
w
er
e
th
en

un
lo
ck
ed

fo
r

th
e
ra
ts
w
it
h
ru
nn

in
g
fo
r
14

da
ys

pr
io
r
to

th
e
50

m
g/
kg

co
rt
ic
os
te
ro
ne

tr
ea
tm

en
t.

P
an

et
al
.[
36
]

T
o
ex
pl
or
e
th
e
sp
ec
ifi
c
ro
le
of

ph
ys
ic
al

ex
er
ci
se

in
no

ve
lo

bj
ec
t
re
co
gn
it
io
n

m
em

or
y
af
te
r
st
ro
ke

an
d
th
e
ex
ac
t

co
rt
ic
al
re
gi
on

s
in

w
hi
ch

m
em

or
y
is

re
st
or
ed

by
ph

ys
ic
al
ex
er
ci
se
.

Sp
on

ta
ne
ou

sl
y
hy
pe
rt
en
si
ve

ra
ts
of

10
-1
2

w
ee
ks

ol
d
w
er
e
di
vi
de
d
in
to

fo
ur

gr
ou

ps
(n

=
20

ra
ts
/g
ro
up

):
co
nt
ro
lg
ro
up

s;
tM

C
A
O

(2
d)

gr
ou

p,
in

w
hi
ch

ra
ts

un
de
rw

en
t
tM

C
A
O

su
rg
er
y
an
d
N
O
R

te
st
s
w
er
e
pe
rf
or
m
ed

2
da
ys

la
te
r;
th
e

tM
C
A
O

(2
8
d)

gr
ou

p,
in

w
hi
ch

N
O
R

te
st
s
w
er
e
pe
rf
or
m
ed

at
28

da
ys

po
st
-

E
nt
or
hi
na
l

co
rt
ex

H
is
to
ch
em

is
tr
y;

W
es
te
rn

bl
ot
ti
ng

T
he

ph
ys
ic
al
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
m
ot
or
iz
ed

ra
ci
ng

w
he
el

fo
r
26

da
ys

fr
om

da
y
3
af
te
r
tr
ea
tm

en
t

w
it
h
tM

C
A
O
.D

ur
in
g
th
e
fi
rs
t
12

da
ys
,

th
e
sp
ee
d
of

3
m
/m

in
w
as

m
ai
nt
ai
ne
d
fo
r

20
m
in
ut
es
,t
w
ic
e
a
da
y.
In

th
e
fo
llo
w
in
g

14
da
ys
,t
he

sp
ee
d
w
as

m
ai
nt
ai
ne
d
at

6
m
/m

in
.
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T
a
bl
e
1:
C
on

ti
nu

ed
.

A
ut
ho

r
(y
ea
r)

A
im

A
ni
m
al
sp
ec
ie
s/
ex
pe
ri
m
en
ta
lg
ro
up

s
B
ra
in

ti
ss
ue
s

A
na
ly
si
s

P
ro
to
co
lo

f
ph

ys
ic
al
ex
er
ci
se

tM
C
A
O
;a
nd

a
tM

C
A
O
(2
8
d)
+
P
E
gr
ou

p,
in

w
hi
ch

tM
C
A
O

w
as

es
ta
bl
is
he
d
an
d

ra
ts
ex
er
ci
se
d
in

a
ru
nn

in
g
w
he
el
fo
r
26

co
ns
ec
ut
iv
e
da
ys

st
ar
ti
ng

at
th
e
th
ir
d
da
y

po
st
-t
M
C
A
O
.

R
ab
el
o
et
al
.

[3
7]

T
o
ev
al
ua
te
w
he
th
er

th
e
in
tr
in
si
c

ca
pa
ci
ty

fo
r
ph

ys
ic
al
ex
er
ci
se

in
fl
ue
nc
es

do
pa
m
in
e
ne
ur
op

la
st
ic
it
y
in
du

ce
d
by

ph
ys
ic
al
tr
ai
ni
ng
.

M
al
e
W
is
ta
r
ra
ts
of

2
m
on

th
s
ol
d
w
er
e

di
vi
de
d
in
to

th
re
e
gr
ou

ps
:l
ow

pe
rf
or
m
an
ce

LP
(n

=
8)
,s
ta
nd

ar
d

pe
rf
or
m
an
ce

(S
P
)
(n

=
8)
,a
nd

hi
gh

pe
rf
or
m
an
ce

(H
P
)
ra
ts
(n

=
8)

w
hi
ch

w
er
e
ra
nd

om
iz
ed

in
to

th
e
SE

D
an
d
T
R

gr
ou

ps
.

N
ot

in
fo
rm

ed
P
C
R

T
he

ae
ro
bi
c
ex
er
ci
se

pr
ot
oc
ol

w
as

pe
rf
or
m
ed

on
a
tr
ea
dm

ill
fo
r
6
w
ee
ks
,5

ti
m
es

a
w
ee
k.
T
he

tr
ai
ni
ng

ti
m
e
w
as

ob
ta
in
ed

th
ro
ug
h
an

ex
er
ci
se
te
st
(4
0%

of
th
e
m
ax
im

um
ti
m
e
ob
ta
in
ed

du
ri
ng

th
e

te
st
of

60
%
V

m
ax
)
an
d
th
e
sp
ee
d
w
as

ke
pt

co
ns
ta
nt
.T

he
du

ra
ti
on

of
th
e
tr
ai
ni
ng

se
ss
io
ns

w
as

in
cr
ea
se
d
by

10
%

pe
r
w
ee
k

(e
xc
ep
t
fo
r
th
e
tr
an
si
ti
on

fr
om

th
e
3r
d
to

th
e
4t
h
w
ee
k)
.

Se
o
et
al
.[
38
]

T
o
ev
al
ua
te
w
he
th
er

ex
er
ci
se

ca
n

im
pr
ov
e
ps
yc
hi
at
ri
c
st
at
us

an
d
co
gn
it
iv
e

fu
nc
ti
on

in
g,
in
cr
ea
si
ng

th
e

m
it
oc
ho

nd
ri
al
fu
nc
ti
on

of
th
e

hi
pp

oc
am

pu
s
an
d
ne
ur
op

la
st
ic
it
y
in

a
m
od

el
of

ra
ts
w
it
h
po

st
tr
au
m
at
ic
st
re
ss

di
so
rd
er
.

M
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protocol intervention (Vilela et al. [30]). Regarding GDNF
level, two studies showed that aerobic exercise was able to
increase protein and mRNA levels (Rabelo et al. [37]; Vilela
et al. [30]). The p75 neurotrophin receptor (p75NTR) was

evaluated by Vilela et al. (Vilela et al. [30]) which showed
an increase in P75NTR expression in both aerobic and
resistance training protocols compared to untrained animals.
Aerobic exercise was also able to increase the levels of
postsynaptic density protein 95 (PSD-95), phosphorylated
N-methyl-D-aspartate receptor (pNMDA), and synapsin
(SYN) when compared to the control (Yau et al. [35]; Brock-
ett et al. [28]; Vilela et al. [30]) and hypertensive groups (Pan
et al. [36]).

3.5. Effects of Physical Exercise on Cellular Signaling Factors
That Stimulate Neuroplasticity. The expression of cellular
signaling factors was investigated only in animal studies
(Table 3). The different aerobic protocols (treadmill and
running wheel) increased expression and phosphorylation
of alpha serine/threonine kinase (AKT), cyclic adenosine
monophosphate-responsive element-binding protein (CREB),
and cyclic adenosine monophosphate (cAMP) phosphoryla-
tion (Aguiar et al. [24]; Aguiar et al. [25]; Vilela et al. [30])
in the hippocampus. CREB levels were also increased after
strength training (Vilela et al. [30]). Sprague-Dawley rats that
were treated with corticosterone, a glucocorticoid released by
the adrenal cortex, obtained increased levels of insulin-like
growth factor-1 (IGF-1) in the hippocampus after performing
aerobic and strength training (Yau et al. [35]).

3.6. Effects of Physical Exercise in Neuronal Growth and
Differentiation. Only protocols with aerobic exercises evalu-
ated cell growth and differentiation of brain areas. Neurogen-
esis was evaluated in animal studies. In this sense, PE
promoted an increase in the number of cells in the dental
gyrus, hippocampus, prefrontal cortex, and orbital cortex
(Bhattacharya et al. [27]; Brockett et al. [28]; Kim et al.
[29]; de Senna et al. [31]; Pan et al. [36]; Park et al. [34]).
However, in the perirenal cortex, these responses after PE
were not observed (Brockett et al. [28]). In addition, PE
increased cell differentiation, proliferation, and survival in
the hippocampus of Sprague-Dawley rats (Yau et al. [35];
Park and Kim [32]). PE also increases the density of neuronal
fibers and dendritic column in animal studies (Gomes da
Silva et al. [23]; Brockett et al. [28]). In humans, MRI was
used to assess neural structures (Table 4). An increase in
the mass of white and gray matter was observed in different
regions (hippocampus, cortex, cerebellum, and basal gan-
glia) (Ji et al. [41]; Müller et al. [40]; Rehfeld et al. [42];
Rogge et al. [44]).

3.7. Effects of Physical Exercise on Cognitive Abilities. In Wis-
tar rats, a reduction in latency (Aguiar et al. [24]; Gomes da
Silva et al. [23]; Vilela et al. [30]) and length of the swimming
track (Aguiar et al. [25]) were observed through the water
maze test and Barnes’ maze, in trained Wistar rats with aer-
obic exercise and of strength compared to control (Table 3).
Better spatial memory capacity (Kim et al. [29]) and both
short-term (Park et al. [33]) and long-term (Park et al.
[34]) were also observed in the Y-maze and water maze tests
after the aerobic exercise protocol in Wistar rats and
C57BL/6 mice. Wistar rats and C57BL/6 mice trained in aer-
obic exercise showed faster learning (Aguiar et al. [25]) and

Aguiar (2011)
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Figure 2: Risk of bias graph: review authors’ judgments about each
risk of bias item presented as qualitative analysis across all included
studies.
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increased spatial learning (Aguiar et al. [25]) after the water
maze and Morris water tests. When aerobic PE was per-
formed by the parents, an increase in the puppies’ spatial
learning capacity (Sprague-Dawley rats) was also demon-
strated (Park and Kim [32]).

In humans, the tests to assess memory were verbal learn-
ing test, attentional performance test, immediate, delayed,
and recognition recall from Hopkins Verbal Learning Test-
Revised, immediate and delayed story recall from the river-
mead behavioral memory test, WAIS-III digit symbol substi-
tution modality test, WAIS-III digit span, trail making test,
Stroop Color and Word Test, digit span forward and back-
ward of theWechsler Memory Scale, Rey-Osterrieth complex
figure test, VVM, subtests “figures,” “dices,” and “matrices”
from the Intelligence Structure Test 2000R, and “California
Verbal Learning Test” (Table 4). In humans, memory
improvements have been demonstrated in combined exercise
(Ji et al. [41]) and dance and strength training protocols
(Rehfeld et al. [42]). After strength training, dancing and
cycling improvements in cognition were also observed
(Müller et al. [40]; Woost et al. [43]). Both strength training
and dance cause better responses about a short-term recall,
long-term recall, verbal long-term recognition, and attention
reaction (Müller et al. [40]). Woost et al. did not observe dif-
ferences on cognition and memory after cycling training.

Two studies evaluated the effect of aerobic exercise on
anxiety through the elevated plus maze test and open field
test in the animal (Table 3). It was observed that the trained
animals had increased time of exploration with open arms,
locomotion, and time of exploration (Aguiar et al. [25]; Seo
et al. [38]). In the open field test, there was an increase in
exploration in the central regions, in addition to an increase
in locomotion (Aguiar et al. [25]). Depression was evaluated
in three studies using the tall suspension test (Seo et al. [38])
and forced swim test (Rogge et al. [44]; Seo et al. [38]) proto-
cols. In all studies, it was observed that trained animals had
reduced immobility after exercise compared to the control
groups (Yau et al. [35]; Rogge et al. [44]; Seo et al. [38]). In
models with corticosterone administration, aerobic exercise
was also able to reduce immobility time (Yau et al. [35]). In
humans, no study has evaluated anxiety and depression
parameters.

4. Discussion

The present review confirmed the hypothesis that different
modalities of PE (aerobic and resistance training) are capable
of potentiating neuroplasticity in different species (animals
and humans), through the high production of neurotrophic
factors, cell signaling, growth, and development, resulting
in improved cognition. In addition, it was also found that
PE improved functional abilities such as state of anxiety
and depression in animals. PE, especially aerobic exercise,
was responsible for the high expression of brain trophic fac-
tors. Sleiman et al. [45] observed the increase in BDNF levels
in the hippocampus after thirty days of free access to the run-
ning wheel in mice. The increase in this neurotrophic factor,
according to the authors, may occur due to endogenous pro-
duction and affinity of β-hydroxybutyrate, by BDNF pro-
moter regions (Sleiman et al. [45]).

Park et al. [33] observed that paternal exercise was able to
increase BDNF levels in the hippocampus, demonstrating a
transgenerational effect like that observed in the study by
Yin et al. [46]. In this study, it was demonstrated that pater-
nal exercise provided increased levels of BDNF in the off-
spring (Yin et al. [46]). The changes promoted by exercise
can be transmitted by epigenetic mechanisms, as well as the
decrease in DNAmethylation in the offspring’s hippocampus
(Dyer et al. [47]).

In humans, results like those in animal studies have been
observed. An increase in serum/plasma BDNF was observed
after aerobic (dance and sports) and anaerobic (Pilates) exer-
cise. Hakansson et al. [48] realized a study with healthy vol-
untaries who performed moderate-intensity aerobic
exercise. They observed an increase in BDNF levels in the
elderly’s bloodstream after thirty-five sessions of aerobic
exercise analyzed by ELISA (Hakansson et al. [48]). BDNF
produced peripherally can act as a metabolite in response
to the contraction of skeletal muscle (Jiménez-Maldonado
et al. [49]). This compound is carried by the blood stream
crossing the blood-brain barrier, promoting its activation in
the central nervous system (Jiménez-Maldonado et al. [49]).
When performing a cycling protocol in high-intensity train-
ing (HIT), Woost et al. (2018) showed no increase in BDNF
levels.

Random sequence generation (selection bias)

Blinding of participants and personnel (performance bias)

Blinding of outcome assessment (detection bias)

Incomplete outcome data (attrition bias)

Selective reporting (reporting bias)

Other bias

0%

Low risk of bias
Unclear risk of bias
High risk of bias

25% 50% 75% 100%

Allocation concealment (selection bias)

Figure 3: Risk of bias graph: review authors’ judgments about each risk of bias item presented as percentages across all included studies.
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in
di
sc
ri
m
in
at
io
n
ra
te
s

be
tw
ee
n
gr
ou

ps
on

th
e
no

ve
lo

bj
ec
t

pr
ef
er
en
ce

af
te
r
12

da
ys

of
ru
nn

in
g
(p

=
0:
4

).
T
o
as
se
ss

co
gn
it
io
n,

an
at
te
nt
io
na
ls
et
-

sh
ift
in
g
ta
sk

w
as

pe
rf
or
m
ed
.R

un
ne
rs

sh
ow

ed
an

im
pr
ov
em

en
ti
n
si
m
pl
e
(p

=
0:
01

),
re
ve
rs
al
(p

=
0:
00
),
an
d
ex
tr
ad
im

en
si
on

al
(p

=
0:
01
)
di
sc
ri
m
in
at
io
n,

ch
an
gi
ng

th
e

at
te
nt
io
n-
ch
an
gi
ng

ta
sk

in
te
rm

s
of

th
e

nu
m
be
r
of

at
te
m
pt
s
to

re
ac
h
th
e
cr
it
er
io
n.

H
ow

ev
er
,s
ed
en
ta
ry

m
ic
e
al
so

pe
rf
or
m
ed

th
e
ta
sk

as
ex
pe
ct
ed
.

K
im

et
al
.

[2
9]

P
hy
si
ca
le
xe
rc
is
e
in
cr
ea
se
d
th
e
ex
pr
es
si
on

of
B
D
N
F
an
d
T
rk
B
co
m
pa
re
d
to

th
e
co
nt
ro
l

an
d
hi
gh
-f
at

gr
ou

p
(p

<
0:
05
).

—

T
re
ad
m
ill

ex
er
ci
se

in
cr
ea
se
d
th
e
nu

m
be
r
of

D
C
X
-p
os
it
iv
e
an
d
B
R
D
U
-p
os
it
iv
e
ce
lls

in
co
nt
ro
la
nd

hi
gh
-f
at

di
et
-i
nd

uc
ed

ob
es
e

m
ic
e
(p

<
0:
05
).

M
em

or
y
w
as

as
se
ss
ed

by
th
e
Y
-m

az
e
te
st
.

T
re
ad
m
ill

ex
er
ci
se

al
le
vi
at
ed

de
te
ri
or
at
io
n

of
sp
at
ia
la
nd

sh
or
t-
te
rm

m
em

or
y
in

co
nt
ro
l

m
ic
e
[s
po

nt
an
eo
us

al
te
rn
at
io
n
(p

<
0:
05
),

co
rr
ec
t
nu

m
be
r
(p

<
0:
05
),
an
d
er
ro
r

nu
m
be
r
(p

<
0:
05
)]
an
d
ob
es
e
pa
ti
en
ts

in
du

ce
d
by

a
hi
gh
-f
at

di
et
.
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T
a
bl
e
3:
C
on

ti
nu

ed
.

A
ut
ho

r
(y
ea
r)

N
eu
ro
pl
as
ti
ci
ty

ou
tc
om

es
Fu

nc
ti
on

al
ou

tc
om

es
N
eu
ro
tr
op

hi
ns

an
d
re
ce
pt
or
s

C
el
ls
ig
na
lin

g
C
el
lg
ro
w
th

an
d
di
ff
er
en
ti
at
io
n

V
ile
la
et
al
.

[3
0]

A
er
ob
ic
ex
er
ci
se

sh
ow

ed
an

in
cr
ea
se

in
P
SD

-9
5
le
ve
ls
w
he
n
co
m
pa
re
d
to

th
e
ot
he
r

gr
ou

ps
(p

<
0:
05
).
H
ow

ev
er
,t
he

tw
o

ph
ys
ic
al
ex
er
ci
se

pr
ot
oc
ol
s
sh
ow

ed
im

pr
ov
em

en
ts
ov
er

th
e
le
ve
ls
of

pN
M
D
A

(p
<
0:0

5)
,B

N
D
F
(p

<
0:
05
),
an
d
p7
5N

T
R

(p
<
0:
05
)
w
he
n
co
m
pa
re
d
to

th
e
co
nt
ro
l.

T
rk
B
le
ve
ls
w
er
e
de
cr
ea
se
d
af
te
r
ae
ro
bi
c

ex
er
ci
se

(p
<
0:
05
).

C
R
E
B
in
cr
ea
se
d
af
te
r
tr
ai
ni
ng

fo
r

bo
th

ex
er
ci
se

pr
ot
oc
ol
s
(p

<
0:
05

).

T
he

B
ar
ne
s
m
az
e
te
st
w
as

us
ed

to
as
se
ss

m
em

or
y
an
d
co
gn
it
io
n.

T
he

la
te
nc
y
to

fi
nd

th
e
es
ca
pe

or
ifi
ce

w
as

re
du

ce
d
an
d
sp
at
ia
l

m
em

or
y
(i
nc
re
as
e
in

th
e
ti
m
e
sp
en
t
in

th
e

de
st
in
at
io
n
qu

ad
ra
nt
)
w
as

im
pr
ov
ed

af
te
r

th
e
st
re
ng
th

an
d
ae
ro
bi
c
ex
er
ci
se

(p
<
0:
05
)

co
m
pa
re
d
to

th
e
se
de
nt
ar
y
gr
ou

p.

de
Se
nn

a
et
al
.[
31
]

—
—

A
si
gn
ifi
ca
nt

in
cr
ea
se

in
th
e
nu

m
be
r
of

as
tr
oc
yt
ic
ra
m
ifi
ca
ti
on

in
al
ld

ir
ec
ti
on

s
w
as

ob
se
rv
ed

in
tr
ai
ne
d
di
ab
et
ic
ra
ts
w
he
n

co
m
pa
re
d
to

th
e
di
ab
et
ic
gr
ou

p
(p

<
0:
05
).

M
em

or
y
w
as

as
se
ss
ed

us
in
g
th
e
pl
ac
e

re
co
gn
it
io
n
te
st
.A

ft
er

ph
ys
ic
al
tr
ai
ni
ng
,t
he

an
al
ys
is
of

th
e
ex
pl
or
at
io
n
ti
m
e
of

tr
ai
ne
d

di
ab
et
ic
ra
ts
w
as

gr
ea
te
r
th
an

in
th
e
di
ab
et
ic

gr
ou

p
(p

<
0:
05
).

P
ar
k
an
d
K
im

[3
2]

P
at
er
na
le
xe
rc
is
e
en
ha
nc
ed

B
D
N
F
(p

<
0:
05

)
an
d
T
rk
B
(p

<
0:
05
)
ex
pr
es
si
on

s
in

th
e

m
al
e
ra
t
pu

ps
fr
om

th
e
ob
es
e
m
at
er
na
lr
at
s.

—

P
at
er
na
le
xe
rc
is
e
in
cr
ea
se
d
ce
ll

di
ff
er
en
ti
at
io
n
(D

C
X
-p
os
it
iv
e
ce
lls
;p

<
0:
05

)
an
d
ce
ll
pr
ol
ife
ra
ti
on

(B
rd
U
-p
os
it
iv
e
ce
lls
;

p
<
0:
05
)
in

th
e
hi
pp

oc
am

pu
s
of

m
al
e
ra
t

pu
ps

fr
om

th
e
ob
es
e
m
at
er
na
lr
at
s.

Sp
at
ia
ll
ea
rn
in
g
ab
ili
ty

w
as

ev
al
ua
te
d
us
in
g

th
e
M
or
ri
s
w
at
er

m
az
e
ta
sk
.P

at
er
na
l

ex
er
ci
se
re
du

ce
d
th
e
es
ca
pe

la
te
nc
y
(p

<
0:
05

)
an
d
ti
m
e
in

pr
ob
e
qu

ad
ra
nt

(p
<
0:
05
),

im
pr
ov
in
g
th
e
sp
at
ia
ll
ea
rn
in
g
ca
pa
ci
ty

in
m
al
e
off

sp
ri
ng

of
ob
es
e
ra
ts
.

P
ar
k
et
al
.

[3
3]

P
hy
si
ca
le
xe
rc
is
e
re
du

ce
d
th
e
eff
ec
ts
of

C
H
E
M
O
,i
nc
re
as
in
g
th
e
le
ve
ls
of

B
D
N
F

(p
<
0:
05
)
an
d
T
rk
B
(p

<
0:
05
).

—

E
xe
rc
is
e
in
cr
ea
se
d
le
ve
ls
of

ce
ll
pr
ol
ife
ra
ti
on

in
an
im

al
s
th
at

re
ce
iv
ed

C
H
E
M
O

[B
R
D
U
/N

eu
n-
po

si
ti
ve

ce
lls

in
de
nt
at
e
gy
ru
s

(p
<
0:
05
)]
.

Sh
or
t-
te
rm

m
em

or
y
w
as

as
se
ss
ed

us
in
g
th
e

st
ep
-d
ow

n
av
oi
da
nc
e
ta
sk
,a
nd

M
or
ri
s
w
at
er

m
az
e
ta
sk

w
as

pe
rf
or
m
ed

to
as
se
ss

sp
at
ia
l

le
ar
ni
ng

an
d
w
or
ki
ng

m
em

or
y.
A
re
du

ct
io
n

in
th
e
st
ep
-d
ow

n
la
te
nc
y
ti
m
e
(p

<
0:
05
),

es
ca
pe

la
te
nc
y
(p

<
0:0

5)
,a
nd

lo
ng
er

ti
m
e
in

th
e
qu

ad
ra
nt

pr
ob
e
(p

<
0:
05
)
w
as

ob
se
rv
ed

in
C
H
E
M
O
+
E
X
co
m
pa
re
d
to

th
e
C
H
E
M
O

gr
ou

p.

P
ar
k
et
al
.

[3
4]

E
xe
rc
is
e
re
du

ce
d
th
e
eff
ec
ts
of

th
e
hi
gh
-f
at

di
et
,i
nc
re
as
in
g
th
e
hi
pp

oc
am

pa
ll
ev
el
s
of

B
D
N
F
(p

<
0:0

5)
an
d
T
rk
B
(p

<
0:0

5)
.

E
xe
rc
is
e
re
du

ce
d
th
e
eff
ec
ts
of

th
e
hi
gh
-f
at

di
et
,i
nc
re
as
in
g
ce
ll
pr
ol
ife
ra
ti
on

[n
um

be
r
of

B
rd
u/
N
eu
N
-p
os
it
iv
e
ce
lls

in
th
e
de
nt
at
e

gy
ru
s
(p

<
0:
05
)]
an
d
ce
ll
di
ff
er
en
ti
at
io
n

[n
um

be
r
of

D
C
X
-p
os
it
iv
e
ce
lls

in
th
e

de
nt
at
e
gy
ru
s
(p

<
0:
05
)]
.

T
he

M
or
ri
s
w
at
er

m
az
e
te
st
w
as

us
ed

to
as
se
ss
sp
at
ia
lm

em
or
y.
E
xe
rc
is
e
re
du

ce
d
th
e

eff
ec
ts
of

th
e
hi
gh
-f
at

di
et
,r
ed
uc
ed

es
ca
pe

la
te
nc
y
(p

<
0:
05
),
st
ep
pe
d
do

w
n
la
te
nc
y

ti
m
e
(p

<
0:
05
),
an
d
in
cr
ea
se
d
ti
m
e
in

pr
ob
e

qu
ad
ra
nt

(p
<
0:
05
).

Y
au

et
al
.[
35
]

T
re
ad
m
ill

ex
er
ci
se

im
pr
ov
ed

le
ve
ls
of

P
SD

-
95

(p
<
0:
05
)
an
d
SY

N
(p

<
0:
05
)
re
du

ce
d
by

tr
ea
tm

en
t
w
it
h
co
st
ic
os
te
ro
ne
.

T
re
ad
m
ill

ex
er
ci
se

im
pr
ov
ed

IG
F-
1
le
ve
ls
(p

<
0:
05
)r
ed
uc
ed

by
tr
ea
tm

en
t
w
it
h
co
st
ic
os
te
ro
ne
.

T
re
ad
m
ill
ex
er
ci
se
im

pr
ov
ed

le
ve
ls
of
C
Id
U
-

po
si
ti
ve

ce
lls

(p
<
0:
05
),
nu

m
be
r
of

pr
ol
ife
ra
ti
ng

ce
lls

in
de
nt
at
e
gy
ru
s
(p

<
0:
05

),
C
Id
U
-p
os
it
iv
e
ce
lls

in
th
e
de
nt
at
e
gy
ru
s

(p
<
0:
05
),
Id
U
-l
ab
el
ed

ce
lls

in
de
nt
at
e
gy
ry
s

D
ep
re
ss
io
n-
lik
e
be
ha
vi
or

w
as

m
ea
su
re
d

ac
co
rd
in
g
to

th
e
m
et
ho

d
of

th
e
fo
rc
ed

sw
im

te
st
.C

on
ti
nu

ou
s
ru
nn

in
g
de
cr
ea
se
d

im
m
ob
ili
ty

ti
m
e
(p

<
0:
05
)
an
d
de
cr
ea
se
d
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T
a
bl
e
3:
C
on

ti
nu

ed
.

A
ut
ho

r
(y
ea
r)

N
eu
ro
pl
as
ti
ci
ty

ou
tc
om

es
Fu

nc
ti
on

al
ou

tc
om

es
N
eu
ro
tr
op

hi
ns

an
d
re
ce
pt
or
s

C
el
ls
ig
na
lin

g
C
el
lg
ro
w
th

an
d
di
ff
er
en
ti
at
io
n

(p
<
0:
05
),
B
rd
U
-p
os
it
iv
e
ce
lls

(p
<
0:
05
)

an
d
in
cr
ea
se
d
ne
ur
on

al
di
ff
er
en
ti
at
io
n

(D
C
X
ce
lls
,p

<
0:
05
)
re
du

ce
d
by

tr
ea
tm

en
t

w
it
h
co
st
ic
os
te
ro
ne
.

de
pr
es
si
on

-l
ik
e
ph

en
ot
yp
es
co
m
pa
re
d
to

th
e

C
O
R
T
gr
ou

p.

P
an

et
al
.[
36
]

P
hy
si
ca
le
xe
rc
is
e
in
cr
ea
se
d
th
e
re
du

ce
d

le
ve
ls
of

SY
N

(p
<
0:
00
1)

an
d
P
SD

-9
5

(p
<
0:
00
1)

in
th
e
en
to
rh
in
al
co
rt
ex

in
tM

C
A
O

ra
ts
.

—

P
hy
si
ca
le
xe
rc
is
e
im

pr
ov
ed

ce
ll
pr
ol
ife
ra
ti
on

[n
es
ti
n-
po

si
ti
ve

ce
lls

(p
<
0:
01
),
K
i-
67
-

po
si
ti
ve

ce
lls

(p
<
0:
00
1)
,a
nd

T
U
N
E
L-

po
si
ti
ve

ce
lls

(p
<
0:
00
1)
]
in

tr
an
si
en
t
ra
ts

w
it
h
m
id
dl
e
ce
re
br
al
ar
te
ry

oc
cl
us
io
n

(t
M
C
A
O
).

M
em

or
y
w
as

as
se
ss
ed

by
th
e
no

ve
lo

bj
ec
t

re
co
gn
it
io
n
te
st
.P

hy
si
ca
le
xe
rc
is
e
im

pr
ov
ed

m
em

or
y
(d
is
cr
im

in
at
io
n
ra
ti
os
,p

<
0:
01
)
of

th
e
re
co
gn
it
io
n
of

ne
w
ob
je
ct
s
in

tr
an
si
en
t

m
ic
e
w
it
h
oc
cl
us
io
n
of

th
e
m
id
dl
e
ce
re
br
al

ar
te
ry

(t
M
C
A
O
).

R
ab
el
o
et
al
.

[3
7]

P
hy
si
ca
lt
ra
in
in
g
el
ic
it
ed

an
in
cr
ea
se

in
G
dn

f
m
R
N
A
le
ve
ls
in

th
e
C
P
u
of

lo
w

pe
rf
or
m
an
ce

ra
ts
(p

<
0:
01
),
w
he
re
as

it
de
cr
ea
se
d
B
dn

f
ex
pr
es
si
on

on
ly
in

hi
gh
-

pe
rf
or
m
an
ce

ra
ts
(p

<
0:0

5)
.

—
—

—

Se
o
et
al
.[
38
]

T
he
re

w
as

an
in
cr
ea
se

in
hi
pp

oc
am

pa
l

ex
pr
es
si
on

of
B
D
N
F
(p

<
0:
05
)
in

an
im

al
s

tr
ai
ne
d
w
it
h
po

st
tr
au
m
at
ic
di
so
rd
er
.

H
ow

ev
er
,t
he
re

w
as

no
di
ff
er
en
ce

in
T
rk
B

le
ve
ls
.

—

T
he
re

w
as

no
di
ff
er
en
ce

on
po

si
ti
ve

ce
lls

fo
r

B
rD

U
/N

eu
N

an
d
D
C
X
in

th
e
de
nt
at
e
gy
ru
s

be
tw
ee
n
th
e
gr
ou

ps
,w

it
h
no

di
ff
er
en
ce
s
on

ne
ur
og
en
es
is
an
d
ce
ll
di
ff
er
en
ti
at
io
n.

T
he

op
en

fi
el
d,

el
ev
at
ed

pl
us

m
az
e,
fo
rc
ed

sw
im

m
in
g
te
st
,a
nd

M
or
ri
s
w
at
er

te
st
w
er
e

pe
rf
or
m
ed

to
as
se
ss

de
pr
es
si
ve
-l
ik
e

be
ha
vi
or
,a
nx

ie
ty
,d

ep
re
ss
iv
e
st
at
e,
an
d

sp
at
ia
ll
ea
rn
in
g
an
d
w
or
ki
ng

m
em

or
y,

re
sp
ec
ti
ve
ly
.T

he
ex
er
ci
se

gr
ou

p
sh
ow

ed
an

in
cr
ea
se
in

op
en

ar
m
s
(p

<
0:
05
)
an
d
ti
m
e
in

op
en

ar
m
s
(p

<
0:
05
)
w
he
n
co
m
pa
re
d
to

th
e

P
T
SD

gr
ou

p.
T
he
re

w
as

a
re
du

ct
io
n
in

im
m
ob
ili
ty

ti
m
e
(p

<
0)

an
d
av
er
ag
e

di
st
an
ce

in
th
e
ce
nt
er
s
(p

<
0)

in
th
e
P
ST

S
+
E
X
gr
ou

p.
T
hu

s,
a
re
du

ct
io
n
in

an
xi
et
y,

de
pr
es
si
on

-l
ik
e
be
ha
vi
or
,a
nd

a
de
pr
es
se
d

st
at
e
w
as

ob
se
rv
ed

in
th
e
tr
ai
ne
d
an
im

al
s.

T
he
re

w
as

no
eff
ec
t
of

ex
er
ci
se

on
es
ca
pe

la
te
nc
y
an
d
ti
m
e
in

th
e
pr
ob
e
qu

ad
ra
nt
,a
nd

av
er
ag
e
di
st
an
ce

fr
om

th
e
ce
nt
er

de
m
on

st
ra
ti
ng

no
im

pr
ov
em

en
t
in

m
em

or
y

an
d
le
ar
ni
ng
.

A
K
T
:
pr
ot
ei
n
ki
na
se

B
;
A
P
E
1:

ap
ur
in
ic
/a
py
ri
m
id
in
ic

en
do

nu
cl
ea
se

1;
B
N
D
F:

br
ai
n-
de
ri
ve
d
ne
ur
ot
ro
ph

ic
fa
ct
or
;
C
A
M
P
:
cy
cl
ic

ad
en
os
in
e
3′
,5
′ -m

on
op

ho
sp
ha
te
;
C
R
E
B
:
cy
cl
ic

am
p-
re
sp
on

se
el
em

en
t
bi
nd

in
g

pr
ot
ei
n;

C
R
:
C
O
R
T
-t
re
at
ed

ra
ts

th
at

w
er
e
al
lo
w
ed

to
ru
n
on

ly
du

ri
ng

2
w
ee
ks
;
C
O
R
T
:
co
rt
ic
os
te
ro
ne
;
C
P
u:

ca
ud

at
e-
pu

ta
m
en
;
D
A
T
:
do

pa
m
in
e
tr
an
sp
or
te
r;
D
O
P
A
C
:
3,
4-
di
hy
dr
ox
yp
he
ny
la
ce
ti
c
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Freitas et al. (2018) used a different HIT treadmill proto-
col for six weeks in Wistar rats, showing increase in the
expression of BDNF in the hippocampus. The increase in
BDNF levels occurs due to cell signaling of TrkB, IGF-1,
and vascular endothelial growth factor (VEGF) (Hurtado
et al. [50]). In addition, the difference between the HIT pro-
tocols (frequency, duration, and on the training surface) can
generate divergent results (Jiménez-Maldonado et al. [51]).
The present review also demonstrated that aerobic exercise
was able to increase the expression of PSD-95, pNMDA,
and SYN, in healthy and hypertensive models. Ploughman
et al. [52] performed a resistance exercise protocol at moder-
ate intensity for sixty minutes/five times a week in an animal
model of cerebral ischemia. This demonstrates that PE can
promote neuroplasticity even in pathological and adverse
conditions of the brain (Ploughman et al. [52]).

PE is responsible for activating transcriptional factors
linked to cell metabolism (Egan and Zierath [53]). In this
perspective, CREB, AKT, and cAMP had their signaling
increased in the hippocampus after PE protocols at different
frequencies (12 days, 4 and 6 weeks). Studies demonstrating
the expression of these cellular components play a crucial
role in central nervous system development and maturation
(Pulimood et al. [54]). In this sense, Jung and Kim [55] eval-
uated the effect of forced training on a treadmill without
inclination, for thirty minutes in five weeks in animals with
sensorimotor restriction. The results in the brain demon-
strate that there was a high stimulation of AKT and phos-
phatidylinositol 3 kinase (PI3K), being associated with
improvement in memory and motor control (Jung and
Kim [55]). Therefore, it is suggested that the increase in
these factors may be implicated in enhancing neuronal sur-
vival, synaptic plasticity, cognitive function, and neurogen-
esis (Rodríguez-Tornos et al. [56]).

Aerobic and anaerobic exercise was able to increase insu-
lin activity and its transcription factor (IGF-1) expression in
animals treated with corticosterone. It has been observed that
EF plays a functional role on the activation of IGF-1 (Llo-
rens-Martín et al. [57]). Furthermore, a short intervention
with exercise was needed to reduce the stressful response of
cortisol administration and associate with IGF-1 (Yau et al.
[35]). Nevertheless, the protective effects of PE against phys-
ical and mental stress are already consolidated in the scien-
tific literature (Salmon [58]).

Recent studies have observed the association of IGF-1
and CREB with high stimulation of AKT and cellular neuro-
plasticity and brain functions (Tabei et al. [59]; Caracciolo
et al. [60]). Additionally, neuronal growth and differentia-
tion may happen in response to environmental stimuli
including PE (Ma et al. [61]). On the other hand, changes
in cell number and neuronal density were observed in ani-
mal models, as well as an increase in gray and white matter
in human models. Nevertheless, Tabei et al. [59] observed
the isolated effect of PE (40 sessions for 1 year) on white
and gray matter through magnetic resonance imaging in
the elderly. The authors found no difference in brain volume
after an isolated PE protocol (Tabei et al. [59]). Inherent in
this, the aging process promotes a natural reduction in brain
mass; this may be the explanation of why exercise did not

provide significant changes in these components (Zhang
et al. [62]).

Both types of PE improved memory and learning in ani-
mal and human models. Zhang et al. (2019) demonstrated
that a four-month treadmill protocol was able to prevent
the decline in spatial memory capacity. When parents
performed exercise, there was an improvement in offspring
cognition (Park and Kim [32]), demonstrating the character-
istics related to the active phenotype (Pirola and Leandro
[63]). In humans, exercise has been shown to improve learn-
ing and memory through structural and neurochemical
changes in the hippocampus (Hötting and Röder [64]).
Moreover, a growing literature suggests that exercise, specif-
ically aerobic exercise, may attenuate cognitive impairment
and reduce dementia risk (Gobinath et al. [65]).

Aerobic exercise also resulted in decreased anxiety and
depression in animal models, even in a stressful situation
(administration of corticosterone). PE has an action similar
to fluoxetine (selective serotonin reuptake inhibitor) on the
treatment of depression and anxiety (Vahid-Ansari and
Albert [66]). Thus, like the action of fluoxetine on neurogen-
esis, the practice of PE increases the plasticity of the hippo-
campus, promoting changes on serotonin metabolism and
synaptic plasticity (Micheli et al. [67]). As well, both PE
and fluoxetine are effective in combating depression and anx-
iety caused by stress or neurodegenerative diseases (Harvey
et al. [68]).

These results demonstrated that PE is associated with
improved physical health, satisfaction with life, cognitive
functioning, and psychological well-being (Aguiar et al.
[26]; Gobinath et al. [65]; Kadariya and Gautam [69]). How-
ever, it is not yet known how the variables linked to physical
training (intensity, volume, and frequency) can modulate
neuroplasticity and its mechanisms.

5. Conclusion

PE was able to promote neuroplasticity through increasing
cell signaling and high neuronal growth and differentiation
in animal models. In humans, neuroplasticity was observed
by increasing the white and gray matter in various brain areas
after different PE protocols. Additionally, PE also promoted
improvements in cognitive function, such as learning and
memory.
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