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Abstract

Physical exercise is considered a well-tolerated adjuvant therapy to mitigate cancer-related side effects, but its impact on
metastasis is unclear. The present systematic review and meta-analysis aimed to summarize the evidence on the effects of exercise
on metastasis in animal cancer models. A systematic search was conducted to identify controlled studies in animals analyzing the
impact of exercise interventions on any marker of metastasis incidence or severity. The pooled mean differences (PMD) were
calculated for those endpoints for which a minimum of three studies used the same assessment method. We also calculated the
pooled odds ratio (OR) of metastases. Twenty-six articles were included in the systematic review, of which 12 could be meta-
analyzed. Exercise training in murine cancer models did not significantly modify the number of metastatic foci (PMD =—3.18;
95% confidence interval [CI] —8.32, 1.97; p = 0.23), the weight of metastatic tumors (PMD =—10.03; 95% CI —0.10, 0.04; p =
0.41), or the risk of developing metastasis (OR = 0.64; 95% CI1 0.10, 4.12; p = 0.64). These findings suggest that exercise has no
overall influence on any marker of cancer metastasis incidence or severity in animal models. However, the wide methodological
heterogeneity observed between studies might be taken into account and the potential exercise effects on metastasis development

remain to be determined in pediatric tumors.
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1 Introduction

Despite significant improvements in diagnosis, treatments,
and adjuvant therapies, patients with advanced or metastatic
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cancer (stages III-1V) have a poor prognosis of survival and
metastases are the commonest cause of cancer mortality [ 1—4].
There is strong evidence to suggest that exercise training is a
safe and effective adjuvant strategy for the mitigation of can-
cer treatment-related side effects in adult cancer (e.g., fatigue
and impaired physical fitness) [5—7] as well as in pediatric
tumors (e.g., cardiotoxicity, or loss of functional mobility
and muscle strength [8—10]). People living with and beyond
cancer should in fact be advised to be as physically active as is
possible for them [11]. Whether exercise exerts beneficial ef-
fects on tumor metastasis, however, is more controversial.
Although there are studies suggesting that greater physical
activity levels are associated with a lower risk of metastatic-
lethal progression in patients with prostate cancer [12] and
longer progression-free survival in those with metastatic colon
cancer [13], or providing preliminary evidence that an exer-
cise intervention may reduce circulating tumor cells among
stage I-1II colon cancer patients [14], these studies did not
specifically analyze the process of metastasis per se.
Recently, our group showed no significant effect on risk of
metastases of a supervised, pediatric inhospital exercise inter-
vention performed during the neoadjuvant (for solid tumors)
or intensive chemotherapy treatment period (for leukemias),
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with a median duration of 22 weeks in a cohort of 169 children
(mean age 11 years) that was followed up from the start of
treatment for up to 5 years [8].

Preclinical models can provide insight into the effects
of exercise (whether beneficial or not) on tumor metasta-
sis and can enable the development and testing of cancer
therapies—including exercise—that might improve the
prognosis of patients with metastatic cancer, as well as
contribute to a better understanding of pathobiological
metastasis pathways [15]. Along this line, several preclin-
ical studies have analyzed the effects of exercise on tumor
metastasis and findings would appear to suggest that it
might be a potential therapy for the attenuation of metas-
tasis [16—18], but the evidence to date is inconclusive.
Accordingly, the objective of this systematic review and
meta-analysis was to assess the effects of voluntary or
forced physical exercise on different markers to evaluate
metastasis (i.e., number of metastatic foci, the weight of
metastasis load, and risk of metastasis development) in
murine cancer models, compared with those of control
(non-exercise) groups matched for baseline
characteristics.

2 Methods

The conduct and reporting of the current systematic review
and meta-analysis conform to the Preferred Reporting Items
for Systematic Reviews and Meta-analyses [19].

2.1 Systematic search

Two of us (C.R.C. and J.S.M.) independently performed the
systematic search and study selection. We conducted a litera-
ture search for relevant articles written in English in PubMed
and SPORTDiscus (from inception to September 30th, 2019).
The search terms used were “exercise,” “physical activity,”
“voluntary wheel,” “treadmill,” “physical therapy,” “run-
ning,” “mice, rodent,” “animal,” “preclinical
model,” “cancer, ” “tumor growth,” “tumor progres-
sion,” “metastasis,” “metastasis process,” “invasion,” “intra-
venous injection,” “metastasis formation,” “experimental me-
tastasis,” “spontaneous metastasis,” “orthotopic injection,”
“artificial route,” and “organ colonization.” The search strate-
gy was built by combining the descriptors with each other and
with the Boolean connectors “AND” and “OR.” The electron-
ic search was supplemented by a thorough manual review of
reference lists from relevant publications and reviews to find
additional publications on the subject. Gray literature (e.g.,
abstracts, conference proceedings, and editorials) and reviews
were excluded.
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2.2 Study selection and data extraction

After removing duplicated studies, citations initially selected
by systematic search were first retrieved and preliminarily
screened by title and abstract. Studies that met the inclusion
criteria were assessed in their entirety. Each author provided a
separate list with the studies selected at each stage, as well as
with those to be finally included in the review. Disagreements
were resolved through discussion with a third reviewer
(P.L.V.).

We only included in the systematic review those studies
meeting each of the following criteria: (1) analyzing a murine
model with spontaneous or induced development of metasta-
sis; (2) including a voluntary or forced exercise training inter-
vention; (3) following a controlled design in which the control
group was not subjected to the exercise intervention; and (4)
assessing metastasis-related variables after the intervention. In
those studies where the animals received pharmacological
treatment, both groups (i.e., exercise and non-exercise) should
receive the same treatment. We collected the following data
from each study, if available: authors’ names, year of publica-
tion, sample size, animals’ characteristics (host, sex, age, can-
cer type), tumor induction protocol, intervention characteris-
tics, main study outcomes, and results. We contacted the au-
thors when necessary to clarify any uncertainty or to request
additional data. In this regard, the authors of one study [20]
provided us with the requested data.

2.3 Outcome measures

We assessed metastasis in general—the number of metastatic
tumor foci, the weight of the metastatic tissue, the percentage
of radioactivity retention in studies using labeled cells (number
of radioactive cells in tissue/total among of radioactive cells
injected), and the metastases ratio (size of metastatic tumor
foci/size of the organ)—as continuous outcomes. The inci-
dence of metastasis was assessed as a dichotomous outcome.

2.4 Quality assessment

The risk of bias of the included studies was assessed using the
SYstematic Review Center for Laboratory Animal
Experimentation (SYRCLE)’s Risk of Bias (RoB) tool
(Cochrane RoB tool adapted for animals) [21]. Two of us
(C.R.C. and J.S.M.) independently rated the studies as having
“high,” “low,” and “unclear” risk of bias in six dimensions:
sequence generation, baseline characteristics and allocation con-
cealment (selection bias), random housing and blinding (perfor-
mance bias), random outcome assessment and blinding (detec-
tion bias), incomplete outcome data (attrition bias), selective
outcome reporting (reporting bias), and other sources of bias
(other) (Supplementary File 1). Disagreements in scores were
resolved through discussion with a third reviewer (P.L.V.).
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2.5 Statistical analysis

A meta-analysis was performed to estimate the overall effect of
physical exercise on markers of metastasis incidence and sever-
ity. The odds ratio (OR) was computed for dichotomous out-
comes using a random-effects model. Calculations were per-
formed on the log of ORs from individual studies, and the
resulting pooled values were then back-transformed to the OR
scale. For continuous outcomes, the pooled mean differences
(PMD) between groups (last evaluation at the end of the follow-
up minus baseline data) were computed using a random-effects
model. For the continuous model, the weight assigned to each
study in the meta-analysis was defined by the standard devia-
tion of the variables and the sample size. Begg’s test was used to
determine the presence of publication bias, and the Q and F
statistics were used to assess heterogeneity among studies. In an
additional subanalysis, we pooled, whenever feasible, results by
type of metastatic tissue, tumor induction technique, or induced
tumor cell. The level of significance was set at 0.05. All statis-
tical analyses were performed using MIX 2.0 Pro for Excel
software (BiostatXL; Mountain View, CA) [22].

3 Results

A total of 26 studies [20, 23—47] met all inclusion criteria and
were included in the systematic review (Fig. 1).

3.1 Studies characteristics
3.1.1 Sample and characteristics

Descriptive data of the included studies are presented in
Table 1. The studies included animals ranging in age from 3
[43] to 12 weeks [39]. The studies were also heterogeneous
with respect to the seven cancer model and included melano-
ma [31, 32, 43, 44], liver cancer [37, 38], lung metastasis
[24-26, 30, 40, 45], lung cancer [28, 35, 39, 43], mammary
cancer [20, 23, 33, 34, 41, 46], colon carcinoma [27], prostate
cancer [42, 47], liposarcoma [36], and fibrosarcoma [29].
Regarding the method used for metastasis development, spon-
taneous models were used in only two studies [20, 41], and
induced models were used in the remainder. Among the in-
duced model studies, two used patient-derived tumor xeno-
grafts [35, 36], and the remaining studies induced metastasis
by injecting animal tumor cells into different injection sites of
the mice, such as the tail vein [24-27, 29-32, 34, 35, 37, 38,
40, 43-45], or injecting subcutaneously [28, 37, 39, 43], in-
traperitoneally [33], or orthotopically [23, 36, 46, 47]. Other
studies infused the tumor cells into the internal carotid artery
[39] or the skin [42].

3.1.2 Exercise interventions

All studies used an aerobic exercise intervention, which
consisted of forced treadmill exercise [26-29, 31, 33, 40, 44,
46], forced swimming exercise [37], voluntary wheel exercise
[20, 23-25, 32, 35, 36, 39, 42, 43, 47], voluntary swimming
exercise [37, 38], or a combination of both forced and volun-
tary exercise [30, 34, 41, 45].

3.1.3 Treatments

Five studies applied pharmacological treatments during the
study period, including an anti-natural killer (NK) antibody
(anti-asialo monosialotetrahexosylganglioside [ASGM1] in
subgroups of trained and control animals—in order to deter-
mine if NK cells were, at least partially, responsible for the
effects of exercise on lung metastasis development [45];
domperidone and bromocriptine [37]; tamoxifen [46]; and
also the natural treatments Songyou Yin (a Chinese herbal
compound) [38] and dietary oat 3-glucan fiber [31].

3.2 Quality assessment and publication bias

All studies were used for data synthesis independently of their
risk of bias. The risk of bias in the included studies was overall
moderate (Fig. 2) [21].

3.3 Outcomes
3.3.1 Metastasis incidence

Eight studies analyzed the effects of exercise on metastasis
incidence [24, 29, 30, 34, 35, 40, 41, 46]. One reported a
reduction in metastasis incidence with exercise [24] and six
reported no significant differences between groups [30, 34,
35, 40, 41, 46]. In one study, the metastasis incidence was
not clearly reported by the authors [29] (Table 2). Seven stud-
ies including a total of 479 mice [24, 26, 29, 30, 33, 34, 40]
reported the data needed to calculate the pooled OR, which
suggested no effects of exercise on metastasis incidence
(OR =0.64; 95% CI 0.10, 4.12; p=0.64) (Fig. 3) with no
evidence of publication bias (p = 0.58) but with statistical het-
erogeneity among studies (P =83%; 0=35.73; p<0.001). It
was not possible to perform subanalysis due to the character-
istics of the studies.

3.3.2 Number of metastatic foci

Eleven studies analyzed the effects of exercise on the number
of metastatic foci [20, 23, 24, 26, 28, 29, 31, 32, 40, 42, 43].
Of these, six found no significant differences between groups
[20, 24, 26, 40, 42, 43], three found a lower number of tumor
foci in the exercise group [29, 31, 32], and another study
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Fig. 1 Flow diagram of literature search until September 2019

reported an increase in the number of tumor foci in the exer-
cise group [23]. In total, six studies (with five subanalyses in
MacNeil et al. [24] and two subanalyses in Tsai et al. [28] and
Yan et al. [43], respectively) with 464 animals [23, 24, 28, 32,
40, 43] could be included in the meta-analysis, which showed
no significant effects (PMD =—-3.18; 95% CI —8.32, 1.97;
p=0.23) of exercise for this outcome (Fig. 4), with no evi-
dence of publication bias (p = 0.23) but with statistical hetero-
geneity among studies (7 = 69%; O =37.83; p <0.001).
Additional subanalysis revealed no significant exercise
effects (PMD =-2.01; 95% CI —5.64, 1.63; p=0.28; no
publication bias [p=0.47] or statistical heterogeneity;
P =1%; 0=4.03; p=0.40) on the number of tumor foci
inductioning the tumor (CIRAS 1 cell murine line of C3H
fibroblasts) by intravenous injection in the tail vein.

3.3.3 Weight of metastatic tissue
Four studies analyzed the effects of exercise on the weight of

metastatic tissue [27, 28, 33, 47] and none of them observed
any significant influence, although one observed a tendency

@ Springer

toward a lower weight in the exercise group [47]. Three of
these studies (Tsai et al. [28] is divided in two subanalyses)
(115 animals) [28, 33, 47] could be included in the meta-anal-
ysis, which revealed no significant exercise effects (PMD =—

0.03; 95% CI —0.10, 0.04; p=0.41) on the weight of meta-
static tissue (Fig. 5) with no evidence of publication bias (p =

0.93) or statistical heterogeneity among studies (> =46%;
0=5.56; p=0.14). Subanalyses were not done because of
the characteristics of the combined studies.

3.3.4 Percentage of radioactivity retention

Four studies assessed the percentage of radioactivity (labeled
cells) remaining in lung tissue [25, 26, 30, 45]. All of these
studies injected less aggressive prometastatic cells to develop
metastasis (radiolabeled H-Ras-transformed fibroblasts,
CIRAS 1 cell line) and observed that exercise decreased the
percentage of radioactivity retention. One of these studies also
injected high aggressive prometastatic cells to develop metas-
tasis (radiolabeled H-Ras-transformed fibroblasts, CIRAS 3 cell
line) but did not observe significant differences between groups
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Selective outcome (reporting bias)

Other sources of bias

[26]. No meta-analysis could be performed for this outcome
because studies did not provide data using the same measure.

3.3.5 Metastases ratio

Two studies assessed the metastases ratio [37, 38]. Both stud-
ies observed that the combination of exercise and treatment
(bromocriptine or herbal compound) decreased the mean of
lung metastases ratio compared with the control group, which
was also treated. By contrast, one of these studies reported
that, whereas moderate-load exercise (8 min of swimming)

IIIMII
1

Zhang et al. [37]
Zhang et al. [38]

Risk of bias

0 20 40 60

(=3
(=]

Low risk Unclear risk  ® High risk

significantly decreased the metastases ratio, the opposite trend
was observed with higher loads of exercise (32 min of swim-
ming) [37]. No meta-analysis could be performed for this
outcome because the minimum number of studies required
(>3) was not achieved.

4 Discussion

The aim of this systematic review and meta-analysis was to
assess the effects of physical exercise on different markers of
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Sample size Measure (Cl) Weight % P-value
Alvarado et al.(33) 21 0.18 (0.01; 4.24) 12.35% 0.29 &
Hoffman-Goetz et al. 40) 119 0.97 (0.46; 2.04) 18.54% 0.94 ‘._
Hoffman-Goetz et al. (34) 85 44.70 (8.45; 236.51) 16.58% <0.01 T
Jadeski & Hoffman-Goetz (26) 38 0.01 (0.01; 0.19) 13.12% <0.01 —_——————
MacNeil & Hoffman-Goetz(30) 79 1.51 (0.24; 9.51) 16.10% 0.66 L
MacNeil & Hoffman-Goetz(24) 94 2.53 (0.05; 130.26) 10.31% 0.64
Uhlenbruck & Order (29) 43 0.04 (0.01; 0.69) 13.01% 0.03 e |
Synthesis 479 0.64 (0.10; 4.12) 100% 0.64 <:>
; T T T T T )
0.0001 0.001 0.01 0.1 1 10 100 1000
OR

Fig. 3 Effects of physical exercise on metastasis incidence. Abbreviation: CI, confidence interval; OR, odds ratio

metastasis incidence and severity in animal cancer models.
Our main finding was that exercise does not have overall
effects—beneficial or harmful—on any of the analyzed pa-
rameters. However, it must be highlighted that the wide meth-
odological heterogeneity observed between studies (e.g., dif-
ferent tumor models and exercise interventions, and different

methods to evaluate tumor metastasis) might have partly con-
founded these findings.

Although no consistent benefits were observed in the pres-
ent study, there is evidence suggesting that exercise may exert
beneficial effects on cancer [17, 49], reducing tumor volume
or attenuating its growth [32, 35, 46]. For instance, Goh et al.

Sample size Measure (Cl) Weight %
Hoffman-Goetz et al.(40) 119 -0.70 (-4.58; 3.18) 14.14%
MacNeil & Hoffman-Goetz (24) 39 -11.00 (-24.87; 2.87) 7.26%
MacNeil & Hoffman-Goetz (24) 39 0.57 (-15.24; 15.24) 6.54%
MacNeil & Hoffman-Goetz (24) 38 -11.00 (-24.90; 2.90) 7.25%
MacNeil & Hoffman-Goetz (24) 18 15.00 (-44.61; 74.61) 0.71%
MacNeil & Hoffman-Goetz (24) 18 -52.00 (-107.71; 3.71) 0.81%
Pedersen et al. 32) 19 -27.04 (-38.43; -15.65) 8.77%
Smeda et al. (23) 18 13.20(1.97; 24.43) 8.87%
Tsai et al. (28) 19 -2.13 (-7.58; 3.32) 13.11%
Tsai et al. (28) 19 3.58 (-0.99; 8.15) 13.71%
Yan & Demars (43) 58 -2.00 (-13.10; 9.10) 8.96%
Yan & Demars (43) 60 0.09 (-9.80; 9.80) 9.87%
Synthesis 464 -3.18(-8.32; 1.97) 100%

P-value
0.72 ﬂ

0.12

1.00

0.12

0.62

0.07

<0.01

0.02 —a—

0.44

0.13

0.72 —

1.00 —

0.23

-150 -100 -50 0 50 100
Number of metastatic tumor foci

Fig. 4 Effects of physical exercise (i.e., pooled mean differences between groups: last evaluation at the end of the follow-up minus baseline data) on the
number of metastatic tumor foci per mouse. Abbreviation: CI, confidence interval
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Sample size Measure (Cl) Weight %

Alvarado et al. (33) 21 -0.08 (-0.18; 0.02) 26.55%

Jones et al. (47) -0.08 (-0.29; 0.13) 10.12%

56

Tsai et al. (28) 19 0.02 (-0.01; 0.05) 51.75%

Tsai et al. (28) 19 -0.10 (-0.29; 0.09) 11.59%

Synthesis 115 -0.03 (-0.1; 0.04) 100%

P-value

0.12

0.45

0.30

0.41

<

0 0.5 1 1.5
Weight of the metastatic tissue or metastatic lession

Fig.5 Effects of physical exercise (i.e., pooled mean differences between groups: last evaluation at the end of the follow-up minus baseline data) on the
weight (milligrams) of the metastatic tissue or metastatic lesion. Abbreviation: CI, confidence interval

[20] observed an inverse relationship between the levels of
exercise (distance run) in mice and tumor growth in a sponta-
neous model of mammary cancer. Theriau et al. [S0] postulat-
ed that exercise provides a protective effect over the tumor
microenvironment, reducing the proliferation of a human
breast adenocarcinoma cell line (MCF-7). Exercise can also
influence the immune system, regulating Th1 and Th2 re-
sponses. The increase in Thl-type cytokine (interleukin [IL]-
12 and interferon-y) production and 7het expression after
physical activity might contribute to the increased immune
response against tumors [51]. A recent mechanistic study
found that exercise training (wheel running) in mice for
6 weeks induced the total pool of natural killer (NK) cells in
nontumor-bearing mice (especially in spleen and bone mar-
row), and showed the specific involvement of these cells in the
antitumorigenic effects of exercise [32]. On the other hand, a
previous study found that chronic exercise reduced the devel-
opment of lung metastases, as reflected by lower radioactivity
retention (CIRAS 3 cells) in the lungs [45]. A subset of
exercise-trained and nontrained (control) mice received treat-
ment with ASGM 1—an antibody which is routinely used to
deplete NK cells in vivo. This treatment reduced radioactivity
retention in all ASGM1-treated mice compared with
nontreated animals, thereby providing overall support for a
role of NK cells against metastasis development in all condi-
tions. Nevertheless, lung radioactivity retention was lower—
but the frequency of ASGMI1-positive cells in splenocytes
higher—in ASGMI-treated, exercise-trained mice than in
ASGM1-treated, nontrained animals. Thus, the authors

@ Springer

provided mechanistic support for a possible role of NK cell
function to explain, at least partly, the potential effects of ex-
ercise against metastasis development.

Beyond the immune system, exercise can regulate several
metabolic hormones including epinephrine, norepinephrine,
glucagon, or insulin, controlling whole-body metabolism
through AMP-activated protein kinase (AMPK) signaling
pathways, which in turn decrease anabolic pathways and
downregulate tumor growth [5]. Clearly, further research is
needed to confirm the effects of exercise on tumor growth/
metastasis, as well as to elucidate how manipulating training
variables (i.e., intensity, volume or frequency) might influence
these effects.

The physiological mechanisms by which exercise might
shape metastatic processes remain to be fully elucidated
[52]. As mentioned above, the tumor microenvironment,
which can be influenced by lifestyle factors such as physical
exercise, seems to exert an important influence on the meta-
static process. In relation to tumor vascularization, exercise
responses include changes in several circulating factors that
play an essential role in systemic adaptation and promote neo-
angiogenesis in other tissues [5]. Physical exercise promotes
the release of bone marrow-derived dendritic cells to circula-
tion, which can positively stimulate angiogenesis in the pri-
mary tumor and could, ultimately, promote colonization of
tumor cells and metastasis [53, 54]. In turn, this increase of
angiogenesis might also enhance oxygen supply to the tumor,
which would promote the mobilization and the infiltration of
immune cells. Together with NK cells, T cells (fundamentally
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CDS8* T cells) and to a lesser extent B cells are also mobilized
to the circulation during a bout of acute exercise, as well as
neutrophils, monocytes, and macrophages, in addition to anti-
inflammatory cytokines (IL-1, IL-4, IL-6, IL-10, IL-11, IL-
13), and immunosuppressive factors like tumor necrosis
factor-«, transforming growth factor-3, and insulin-like
growth factor-1, which can facilitate the control of tumor pro-
gression [52]. In this line, Hojman et al. [55] suggested that
exercise leads to an increased release of catecholamines and
myokines that increase tumor perfusion and oxygen supply,
reduce intratumoral metabolic stress, and activate different
signaling pathways involved in the prevention of metastasis
like AKT/mTOR or AMPK. Increases in blood flow have also
been proposed as a potential mechanism underlying the
purported—but still unclear—benefits of exercise against me-
tastasis. The development of premetastatic niches (i.e., the
accumulation of circulating tumoral cells at sites distant to
the primary tumor, where they remain quiescent until their
activation days or even years later) is one of the most impor-
tant phases of the metastatic process [4], with tumoral cells
accumulating on the vascular wall due to both its narrowness
and low blood flow rate. As exercise increases blood flow, it
could potentially prevent the accumulation of tumoral cells on
vessel walls and their extravasation to other tissues [56].
However, there is still a paucity of evidence on this topic.
While there are several physiological mechanisms
supporting a potential influence of physical exercise in the
metastasis prevention, no consistent effects on any parameters
for evaluation of metastasis were observed in the present
study. The spontaneous model—arguably the most realistic
cancer model—was only used in two of the included studies,
but with no negative or positive conclusions [20, 41]. In this
line, Ashcraft et al. [16] propose a more suitable method to
induce spontaneous metastasis that consists of making an in-
cision in the primary tumor, liberating the tumor cells into the
bloodstream, and analyzing the subsequent true metastasis
lesions. Most studies used an induced model, injecting tumor
cells directly into the animals and analyzing tumor progres-
sion. Although the induced model is a faster method than the
spontaneous model, it only allows for the analysis of a single
step of the metastatic cascade, for example, extravasation,
dissemination, colonization, or overt metastasis. In this regard,
it could be argued that the orthotopic induced model, in which
tumor cells are injected directly into the target organ, is a
robust model, as the formation of primary tumor growth and
metastatic spread in a “natural” form might be a more realistic
model. We found that the study using an orthotopic model
showed/reported an increase in metastasis [23] or in the sus-
ceptibility to develop lung metastasis [36] with exercise. The
majority of studies induced metastasis by injecting the tumor
cells into mouse tail vein. Although this technique was the
most popular, the results were unclear. It has been also pro-
posed that exercise effects on metastasis could depend on the

exercise load applied (i.e., volume [time] and/or intensity). In
line with this hypothesis, Zhang et al. [37] observed that
whereas moderate-volume exercise decreased the metastases
rate, it was increased when mice trained with a 4-fold higher
volume. It must be noted, however, that some authors found
no benefits with moderate or intense training [28], whereas
another study observed that exercise resulted in a trend to have
higher levels of mRNA expression of fatty acid-binding pro-
tein-4, involved in tumor growth and metastasis development
[36]. On the other hand, there is a need for more studies using
in vivo bioluminescence assays to determine the kinetics of
metastatic burden (as, for instance, measured by a metastasis
free survival index). To the best of our knowledge,
bioluminiscence methodology has only been used to monitor
metastases in three exercise studies [27, 35, 39].

All studies have used interventions based on aerobic
(forced or voluntary exercise) and thus whether muscle resis-
tance (“strength’) exercise also impacts cancer remains to be
determined. This is an important consideration because, to-
gether with aerobic exercise, resistance training should form
part of the exercise routine of all population groups including
cancer patients, particularly for its effects against muscle atro-
phy, a prevalent side effect of chemotherapy and bed rest [7,
57]. Notably, there is evidence for a benefit on muscle strength
in children with hematological tumors, particularly if
resistance-based training is conducted in the hospital setting
[58].

The findings of the reviewed studies are not easily
extrapolable to pediatric cancer owing to the model of
tumor or metastases used in the vast majority of them,
as well as to the animal’s age (i.e., usually several weeks,
thereby not corresponding to early phases of life).
Childhood cancer is different from that of adults in sev-
eral biological aspects, and some specific murine models
for childhood tumors based on specific molecular alter-
ations have been developed, such as the transgenic
models of medulloblastoma [59] and neuroblastoma
[60]. An advantage of transgenic murine models of pedi-
atric cancer over exogenous implants is that tumors de-
velop “naturally” in an immunocompetent host, with the
appropriate tissue microenvironment, recapitulating em-
bryonic development, and reproducing tumor interactions
with stroma and vasculature. In this context, the condi-
tions that allow the interaction of the immune system with
the developing tumor are also reproduced. In the case of
pediatric tumors, this interaction is different from adult
tumors. The latter develop by the accumulation of muta-
tions over several years and are subject to the action of a
postnatal immune system. By contrast, pediatric tumors
are associated with a relatively small number of mutations
that occur in a relatively short period of time. Further,
they also occur during a period in which the immune
system is acquiring its full potential. This fact is
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especially critical during the intrauterine period, when the
first mutations in pediatric tumors occur. On the other
hand, the mechanisms underlying tumor metastasis in pe-
diatric tumors remain poorly understood compared with
adult cancer [61], and some metastatic models of child-
hood cancer have been reproduced by systemic adminis-
tration of tumor lines in syngeneic mice or xenografts in
immunodeficient mice, notably medulloblastoma
leptomeningeal metastases [48]. Future research on phys-
ical exercise and cancer (and particularly metastasis) de-
velopment is thus needed using pediatric-specific models.
In this regard, our group has recently initiated a study to
analyze the impact of exercise on tumor immunology in a
neuroblastoma model.

5 Conclusion

The results of the present systematic review and meta-
analysis show that physical exercise has no overall influ-
ence on any marker of metastasis development in preclin-
ical models. While these results suggest that exercise is
not beneficial, they also indicate that it does not seem not
to accelerate the metastatic process, providing additional
support to the notion that exercise is safe in the context of
cancer. It must be noted, however, that these findings
might have been partly confounded by the methodological
heterogeneity observed among the included studies, as
most of them analyzed different tumor models (e.g., spon-
taneous vs induced), applied different exercise interven-
tions (e.g., voluntary vs forced, moderate vs intense),
and assessed different metastasis-related outcomes. More
research is needed to understand the effects of physical
exercise on the metastatic process (particularly in pediat-
ric cancer), as well as to elucidate which factors (exercise
load, subjects’ characteristics, type of cancer, pharmaco-
logical treatment) can modulate these effects.
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