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ABSTRACT:

Numerous epidemiological studies have shown the existence
of a relationship between exercise and a reduced risk of
different types of cancer. In vitro studies have identified a
direct effect of exercise-conditioned human serum on cancer
cell lines of the lung, breast, prostate, and colon. The aim
of this systematic review with meta-analysis (SRM) was to
estimate the magnitude of the effect that exercise-conditioned
human serum produced on the viability of human cancer cell
cultures. The design followed the PRISMA guidelines and the
TREND statement to assess the quality of information (Qol)
in each study. Nine in vitro studies were included in the SRM,
involving a total of nine cancer cell lines and serum from
244 individuals from different countries, including namely
healthy sedentary individuals, at risk of prostate cancer
individuals and cancer patients, with ages ranging from
18 to 73 years. The impact of acute exercise-conditioned
human serum on the viability of cancer cell cultures was
analysed by a variety of assays, using pre-exercise human
serum for comparison purposes. Globally, cultures of cancer
cell lines exposed to human serum conditioned by acute
exercise of various intensities exhibited a reduced viability,
when compared with control cultures, with an overall effect
size (ES) of -1.126 (95% CI; -1.300t0 -0.952; p < 0.001). When
the analysis only included human serum conditioned by acute
high-intensity exercise, the effect became more pronounced
(ES-1.350;-1.522t0-1.179(95% CI),; p < 0.001). These results
are in line with the hypothesis that changes in human serum
induced by exercise might play a role in the beneficial effects
of physical activity in cancer prevention and management and
that these effects depend on exercise intensity.
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1. Introduction

Cancer is a major public health problem worldwide, with a
significant impact on people’s quality of life and health costs
(11, 53). Significantly, a large proportion of new cancer cases
and cancer deaths are preventable by eliminating or reducing
exposure to environmental risk factors and/or modifying
lifestyles, as revealed by recent studies (13, 63). In terms of
lifestyle factors, consistent data from epidemiological studies
suggest that physical activity reduces risk for various cancers
and improves cancer survival rates (24, 25, 38, 45, 48).
According to the 2018 Physical Activity Guidelines Advisory
Committee (PAGAC), there is strong evidence that increased
physical activity reduces the risk of several major types of
cancer by 10% to 21%, including breast, colon, endometrium,
bladder, stomach, oesophagus, and kidney cancers (42),
moderate evidence for a reduced risk of lung cancer 21%-25%
(25, 42), and limited evidence for a reduced risk of prostate
cancer (42). On the contrary, an increased risk of melanoma
has been observed in some cases (48). The evidence for an
association between physical activity and survival after cancer
is more limited, although emerging data suggest a 40% to
50% reduction in mortality from breast, colon and prostate
cancer (4, 42), as well as a decrease in disease recurrence (4).
Epidemiological evidence also suggests that the benefits of
physical activity in terms of cancer prevention, particularly
in the case of lung cancer, are also present in smokers (12).
Of note, levels of cardiorespiratory fitness and the primary
incidence of various forms of cancer have been found to be
inversely correlated (3). Unfortunately, the optimal amount of
physical activity (namely in terms of frequency, type, intensity,
and duration) required to produce the above-mentioned
benefits is still unknown (48).

It is believed that the effects of physical activity on
prevention are mediated by multiple systemic responses,
namely by reducing inflammation and improving immune
system function and surveillance (30, 62). In addition,
physical activity can also have a direct effect on cancer cells.
In order to understand whether and to which extent cancer
cells are affected by exercise, i.e., by the subset of physical
activity that is planned, structured, repetitive, and performed
with the purpose of improving or maintaining physical fitness,
several research groups investigated the impact of acute



and/or chronic exercise-conditioned serum from animals or
humans in human cancer cell lines (5-7, 15-17, 31, 33, 37,
39, 46, 50, 55, 57). Although using different endpoints, all
of these studies ultimately assessed the effects of acute and/
or chronic exercise on cell culture viability under a variety of
experimental contexts, which were then taken as a measure
of transformation status. Endpoints included, but were not
restricted to, number of live or viable cells in culture, ability
for anchorage-independent growth, clonogenic potential, and
levels of apoptosis. These studies differed in various other
aspects of their design, such as in number and characteristics
of participants recruited, type and intensity of the exercise
intervention, time points of serum collection, cell line and
exposure regimen (serum concentration and duration of
exposure). Also, in some of these studies, the intervention
involved not only exercise, but a combination of exercise and
other factors (e.g., dietary modification). While most studies
showed that exercise-conditioned serum affected cancer cell
culture viability, the magnitude of the effects varied across
the studies, even for those employing a similar design or the
same cancer cell lines (33, 50). Altogether, the results suggest
that the observed effects are dependent on exercise intensity,
suggesting also that they might be modulated by other factors.

One major aim of this systematic review with meta-
analysis was to quantify the magnitude of the effect of acute
exercise-conditioned human serum on the viability of human
cancer cell cultures and to verify if this effect was dependent
on the intensity of the exercise performed. Our hypothesis is
that human serum conditioned by acute exercise reduces the
viability of cancer cells and that this effect is dependent on
exercise intensity, when compared to the corresponding pre-
exercise serum.

2. Methods

2.1 Search Strategies

Search strategies followed the PRISMA guidelines (44) and
were based on the following descriptor terms and keywords
defined by the authors and indexed in the Medical Subject
Headings (MeSH, U.S.National Library of Medicine,
8600 Rockville Pike, Bethesda, MD 20894): ((exercise®* OR
“physical activity” OR sport* OR training OR “resistance
training” OR “aerobic training” OR “high intensity interval
training” OR “physical exercise”) AND (neoplasm* OR
tumor* OR malignant* OR cancer* OR carcinoma) AND
(cell* OR “cell culture” OR “in vitro”)). This combination
was used to search the following academic journal databases:
PubMed, Web of Science, SPORTDiscus and Scopus. The
advanced options were carried out using the filter by title into
each database. Research procedures were carried out in July
2020.

2.2 Data Extraction

Data from search were imported into EndNote X7 (Thomson
Reuters EndNote X7). After this, the following screening
procedures were implemented to select the relevant articles
for the study: (a) all duplicates were removed; (b) articles
whose title and abstract did not provide enough information
on the topic were removed; (c) articles whose full texts did
not meet the inclusion criteria were removed; (d) quality
of information (Qol) from each study was checked using
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the TREND statement guidelines (14). If the total score for
TREND items and sub-items was below 50% of the maximum
score, publications were excluded from the study due to lack
of Qol. Additionally, if the article’s full text did not provide
complete data, authors were contacted by e-mail requesting
the missing information. If no response was obtained, the
article was excluded from the study.

2.3 Criteria for Study Selection

The inclusion criteria used to select the articles for the present
study were: a) the effects of exercise-conditioned serum were
assessed in vitro using human cancer cell lines; b) the exercise-
conditioned serum was of human origin; c) exercise was the
only intervention, i.e., no combined interventions (e.g., diet
and exercise) were involved; d) written in English.

2.4 Methodological Design

The PRISMA Statement (40) positioning guidelines were
followed to assist the design of this SRM. These guidelines
describe the four stages (identification, screening, eligibility,
and final selection) required to search and select manuscripts
for a systematic review and feature the option of illustrating
procedures in a flowchart (40). The PRISMA presents
the PICOS acronym (“patient, problem or population”,
“intervention”, “control or comparison” and “outcomes”),
which helps making research questions and systematic
searches more effective (47). Qualitative data from the
different articles were selected, extracted, and organized in a
specific table, following the PRISMA method, i.e., including
authors, year and country, number of participants included,
their age and gender, cancer type, intervention characteristics,
central outcomes, and the existence of a control group. The
protocol for this systematic review and meta-analysis has
been registered at the International Platform of Registered
Systematic Review and Meta-Analysis Protocols (INPLASY)
under the registration number: INPLASY2020120096.

2.5 Quality of Information (Qol)

The Quality of Information (Qol) of the articles included in
the systematic review was evaluated with application of the
TREND statement guidelines (Transparent Evaluation Report
with Nonrandomized Designs) (14). The method requires the
evaluation of a list of 22 items (general criteria), subdivided
into 59 sub-items (specific criteria) to quantitatively assess the
Qol (14). One point is assigned to each reported sub-item. All
studies with Qol >50% were included in the meta-analysis,
since this qualification considers them as highly relevant for
the topic under study.

2.6 Publication Bias

The publication bias was calculated using the software
Comprehensive Meta-Analysis (CMA) (Biostat, Englewood,
NJ, USA, version 3.3.070) creating a funnel plot by the
standard error (y-axis) and the standard difference in means
(x-axis) to determine whether the plot was balanced. Funnel
plots are either symmetrical or asymmetrical (18). Studies
without publication bias are distributed symmetrically around
the mean effect size, since the sampling error is random.
Studies with publication bias are expected to follow the model
with symmetry at the top of the funnel plot, a few studies
missing in the middle, and more studies missing near the
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bottom of the plot. If the direction of the effect is toward the
right, then near the bottom of the funnel plot we expect a gap
on the left, where the non-significant studies would have been
if we had been able to locate them. Because the interpretation
of the funnel plot is sometimes subjective, different tests such
as the Begg, and Mazumdar, and the Egger’s tests have been
proposed to quantify bias and test the relationship between
sample size and effect size (8, 19). In the present study, the
Egger’s test was used to check publication bias as suggested
by Borenstein et al. (10).

2.7 Effect-Size Calculations

This meta-analysis was conducted to quantify the magnitude
of the effects of acute exercise-conditioned human serum on
the viability of cancer cell cultures. The meta-analysis took
into account the intensity of the exercise performed before
blood collection. Effect size was calculated using the software
Comprehensive Meta-Analysis (CMA) (Biostat, Englewood,
NJ, USA, version 3.3.070). The effect-size metric selected
was the standardized difference in means (Std diff in means),
since all studies evaluated the same outcome variable, but
with different criteria. In such circumstances, it is necessary to
standardize the results from each study using a uniform scale
before they can be combined (20).

Data extracted for effect-size calculations from the different
studies included sample size (N), statistical significance
(p value) and effect direction. A random-effects model was
used for the present meta-analysis, as it combines sampling
error and between-study variance to estimate effect size (20).
The following thresholds were used to interpret the effect
sizes: trivial (d < 0.20), small (0.21 < d < 0.50), moderate
(0.51 <d <0.79), and large (d > 0.80) (10).

2.8 Heterogeneity of Variance

We followed the assumption that there would be variability
in the true effect sizes between studies due to the expected
differences in sampling error and between-study variance.
The following statistics were used to quantify between-study
heterogeneity: Q-value, I-squared (I?), tau-squared (t?), and
tau (t). The Q Cochran statistic was used as a significance
test to verify the null hypothesis and assess if all publications
involved in this SRM share common effect sizes. Any
variation would be due to the sample error within the studies.
If all studies share the same effect size, the expected Q value
will be equal to the degrees of freedom (df), e.g., the number
of studies minus one. The I? statistic corresponds to the ratio
between the true heterogeneity and the total variation of the
observed effects. It shows the proportion (percentage) of the
observed variance that reflects the differences in the true effect
size rather than in the sample error (2). The % is the variance
of the true effect sizes (in log units) among studies, while the
T value refers to the standard deviation of the true effects (20).
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3. Results

3.1 Study Selection

A total of 888 publications were identified through an
electronic database search and one additional publication
was identified through cross-referencing (Figure 1). After
duplicate removal, 389 publications were screened by title and
abstract. Of these, 363 publications were excluded, because
they did not reflect the research question or were meeting
abstracts. At the eligibility stage, the full texts of the remaining
26 publications were read and we excluded: ten studies that
were conducted on animals, rather than on cell lines; five
studies where interventions involved not only exercise, but also
diet; one study that focused on electrostimulation intervention;
and one study that evaluated the methods used, rather than the
effects of exercise-conditioned human serum in cancer cells.
The TREND methodology guidelines were applied to the
nine publications that fulfilled all eligibility criteria. All were
accepted and regarded as satisfactory for the inclusion in the
SRM, as their Qol scores were higher than 50% (Table 1).

3.2 Characteristics of the Studies and Participants

This SRM included nine publications of in vitro studies:
four publications on prostate cancer, two publications on
breast cancer, one publication on prostate cancer and breast
cancer, one publication on lung cancer and one publication
on colon cancer. All studies followed the same research
hypothesis, testing the effect of acute and/or chronic exercise-
conditioned human serum on the viability of human cancer
cell cultures. The samples tested were obtained from a total
of 244 participants from different countries, with ages varying
between 18 to 73 years. Participants’ characteristics varied
significantly across the studies and included healthy sedentary
women, breast cancer patients, women after cancer treatment,
healthy sedentary men, men considered to be at risk of prostate
cancer, and male colorectal cancer survivors.

Altogether, nine cell lines were used: two prostate cancer
cell lines (LNCaP and PC3), two breast cancer cell lines
(MCF-7 and MDA-MB-231), three lung cancer cell lines
(A549, H460 and H1299) and two colon cancer cell lines
(CaCo and LoVo). The different studies employed a variety
of complementary viability assays (7able 2) and some of them
also assessed apoptotic cell death (7able 3). Culture medium
was supplemented with either 5% (v/v) or 10% (v/v) human
serum. The types of exercise (one single session) or training
(repeated exercise sessions performed periodically) performed
were: (1) integrative (two or more activities by exercise (e.g.,
strength exercise plus cycling exercise) at intensities between
50% to 95% of their VO peak or one maximal repetition at
workload resistance); (2) high intensity (cycling intervals
with active rest periods at 85% — 95% of their VO, peak);
(3) moderate intensity (ergometer cycling at 50% — 65% of
their VO, peak).
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Figure 1. Schematic description of the different phases of the systematic search performed according to the PRISMA statement guidelines.
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Table 1. Categories and subcategories
that emerged from the results in the nine

studies selected for meta-analysis.

Note: Roman numerals refer to the 22

categories of the TREND assessment

protocol. Arabic numerals indicate the

number of sub-items reported for each item.
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Table 2. Synthesis of the
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30 Exercise and cancer cell viability

Table 2. Synthesis of the systematic search of articles

-conditioned

ic exercise

he effects of acute and chron
human serum on the viability' of human cancer cell cultures

(Continuation).
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32 Exercise and cancer cell viability

IGFBP-1, insulin-like growth

>

the effects of acute and chronic exercise-conditioned human
: BMI, body mass index; EGF, epidermal growth
HDL, high-density lipoprotein; HIIE, high-intensity

serum on levels of apoptosis in human cancer cell cultures.
factor binding protein 1; IGF-I, insulin-like growth factor-1; IL-6,

Table 3. Synthesis of the systematic search of articles assessing
intermittent exercise; HR, heart rate

Abbreviations

factor

TNF-a,

-8; N, number of subjects;

in

IL-8, interleuk

>

tumor necrosis factor alpha; VO,peak, peak oxygen uptake.

interleukin-6
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3.3 Meta-Analysis Outcomes
The nine publications under consideration presented separate
results for more than one cell line and/or assay. The results
of all samples were used in the meta-analysis for the overall
effect outcomes, except in the case of a single study, in which
cultures were exposed for different times to the same serum,
in which case only the result from one incubation time was
considered (17). Meta-analysis outcomes were: effect of acute
exercise-conditioned human serum on the viability of cancer
cell cultures (section 3.3.1); effect of high-intensity acute
exercise-conditioned human serum on the viability of cancer
cell cultures (section 3.3.2); effect of moderate-intensity
exercise-conditioned human serum and of human serum
conditioned by an integrative exercise of moderate and high-
intensity on the viability of cancer cell cultures (section 3.3.3).
Due to limited data, we did not perform a quantitative
analysis on the effects of acute exercise-conditioned human
serum on levels of apoptosis and on the effects of chronic
exercise-conditioned human serum on the viability of cancer
cell cultures.

3.3.1 Effect of Acute Exercise-Conditioned Human Serum on
the Viability of Human Cancer Cell Cultures
The meta-analysis on the effect of acute exercise-conditioned
human serum on the viability of cancer cell cultures included
the data from all samples and assays from seven studies.
The high number of entries was due to the high number of
samples and assays in each study. A random effects model
was used to run the meta-analysis, the results showing, based
on the standard difference in means, that acute exercise-
conditioned human serum exhibited an overall effect size of
-1.126 in reduction of the viability of cancer cell line cultures
(Figure 2), when compared to the same cultures exposed to
at pre-exercise human serum. The confidence interval for the
standard difference in means was -1.300 to -0.952 (95% CI)
with a corresponding p value < 0.001 (Figure 2). Of note,
this interval does not include a zero effect. Similarly, z-values
obtained to test the null hypothesis, that the standard difference
in means is zero, showed a z = -12.694 and a corresponding
value of p < 0.001 (Figure 2). Thus, the null hypothesis was
rejected and the alternative hypothesis was accepted in all
analysed studies, i.e., upon exposure of cancer cells to acute
exercise-conditioned human serum there is a reduction in their
viability, with a standard difference in means higher than 1
point.

When verifying the homogeneity of the effects, a Q-value
of 130.350 was obtained, with 59 degrees of freedom and a
p <0.001 indicating a true effect-size, which was not identical in
all studies. The I? value was 54.737, meaning that about 54.737 %
of the variance in the observed effects reflects variance in the
true effects. The t2 value had a value of 0.244. The 1 value,
i.e., the standard deviation of the true effects in this SRM was
equal to 0.494. The funnel plot (Figure 5a) for the distribution
of the observed studies was not entirely symmetrical, with a
little trend of the studies distributed towards the left side of the
mean effect size. Additionally, the Egger’s test was performed
and the intercept value was -3.23286, with a 95% confidence
interval between —4.61752 and -1.84819, t value = 4.67354. The
recommended p value (2-tailed) was 0.00002. These statistical
results show the lack of studies on the right side where the
non-significant studies would be if there were any or if we had
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managed to locate them.
3.3.2 Effect of High-Intensity Acute Exercise-Conditioned
Human Serum on the Viability of Human Cancer Cell Cultures
The meta-analysis of the effect of high-intensity acute
exercise-conditioned human serum on the viability of cancer
cell cultures was restricted to those four studies where the
exercise intervention consisted of high-intensity exercise
(>80% VO,peak) and it included data from all samples and
assays. A random effects model was used to run the meta-
analysis and the results showed, based on the standard
difference in means, that cancer cells cultured in the presence
of acute high intensity exercise-conditioned human serum
exhibited a reduction of -1.350 in their viability (Figure 3).
The confidence interval for the standard difference in means
was -1.522 to -1.179 (95% CI) with a corresponding value
of p < 0.001 (Figure 3). Once again, this interval does not
include a zero effect. Similarly, z-values obtained to test the
null hypothesis i.e., that the standard difference in means is
zero, showed a z = -15.428, and a corresponding value of
p < 0.001 (Figure 3). Thus, the null hypothesis, was rejected
and the alternative hypothesis accepted in all analysed studies,
i.e., cultures of cancer cells exposed to acute high-exercise-
conditioned human serum exhibited a lower viability than
cultures of cancer cells exposed to at rest human serum.
When verifying the homogeneity of the effects, a Q-value
of 59.006 was obtained, with 41 degrees of freedom and a
p < 0.05 indicating that true effect-size was not identical in all
studies. The I? value was 30.516, meaning that about 30.516%
of the variance in the observed effects reflects variance in
the true effects. The t2 value was 0.094. The t value, i.c., the
standard deviation of the true effects in this SRM, is equal
to 0.306. The funnel plot (Figure 5b) for the distribution of
the observed studies is not entirely symmetrical, with a trend
towards the distribution of the studies on the left side of the
mean effect size. Additionally, the Egger’s test was performed
and the intercept value was -2.99967, with a 95% confidence
interval between —4.19201 and -1.80734, t value = 5.08461.
The recommended p value (2-tailed) was 0.00001. These
statistical results show the lack of studies on the right side
where the non-significant studies would be if there were any
or if we had managed to locate them.
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Study name Statistics for each study Std diff in means and 95% CI

Std diff  Standard Lower Upper

in means error Variance limit limit Z-Value p-Value
Baldelli et al 2020 a) -1,548 0.465 0217 -2460 -0,636 -3.326 0.001 ——
Baldelli et al 2020 b) -1,548 0.465 0217 -2460 -0,636 -3.326 0,001 il
Baldelli et al 2020 c) -1,548 0.465 0217 -2460 -0,636 -3.326 0.001 ——
Baldelli et al 2020 d) -1,548 0.465 0217 -2460 -0,636 -3.326 0,001 —l—
Baldelli et al 2020 €) -1,548 0.465 0,217 -2460 -0,636 -3.326 0,001 ——
Baldelli et al 2020 f) -1.548 0.465 0217 -2460 -0.636 -3.326 0.001 =]
Baldelli et al 2020 g) -1,548 0.465 0,217 -2460 -0,636 -3.326 0,001 ——
Baldelli et al 2020 h) -1,548 0.465 0217  -2.460 -0,636 -3.326 0,001 e
Baldelli et al 2020 1) -1,548 0.465 0217  -2460 -0.636 -3.326 0,001 <—i
Baldelli et al 2020 j) -1,548 0.465 0217  -2.460 -0,636 -3.326 0,001 e
Baldelli et al 2020k)  -1,548 0,465 0217 -2460 -0,636  -3.326 0,001 —i—
Baldelli et al 2020 1) -1,548 0.465 0217 -2460 -0,636 -3.326 0,001 e
Baldelli et al 2020m)  -1.200 0.362 0.131 -1.910  -0.491 -3.315 0.001 ——
Baldelli et al 2020 n) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 ——
Baldelli et al 2020 o) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 i —
Baldelli et al 2020 p) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0.001 —_—lT
Baldelli et al 2020 q) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 ——
Baldelli et al 2020 1) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0.001 —_—lT
Baldelli et al 2020 5) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 —_—l—
Baldelli et al 2020 t) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0.001 —_—lT
Baldelli et al 2020 u) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 —_—l—
Baldelli et al 2020 v) -1,200 0.362 0,131 -1,910  -0,491 -3,315 0,001 —_—lT
Baldelli et al 2020 x) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0.001 —_—l—
Baldelli et al 2020 z) -1,200 0.362 0,131 -1,910  -0,491 -3.315 0,001 e = E—
Devin et al 2019 a) -1,615 0.515 0.265 -2,624  -0,605 -3.136 0,002 ——t
Devin et al 2019 d) -1,754 0,526 0277 -2,785 -0,722  -3333 0,001 e ————
Devin et al 2019 g) 0.000 0.447 0,200 -0.877 0,877 0,000 1.000
Devin et al 2019 j) 0.000 0.447 0,200 -0.877 0.877 0.000 1.000
Hwang et al 2020 €) 0,000 0.408 0.167  -0.800 0,800 0,000 1.000
Hwang et al 2020 f) 0.000 0.408 0.167  -0.800 0.800 0.000 1.000
Hwang et al 2020 a) 0.000 0.408 0,167  -0.800 0,800 0,000 1.000
Hwang et al 2020 b) 0.000 0.408 0.167  -0.800 0,800 0.000 1.000
Hwang et al 2020 g) -1,287 0.491 0.241 -2250  -0,324 -2,620 0.009 L
Hwang et al 2020 h) 0.000 0.447 0,200  -0.877 0,877 0,000 1.000
Hwang et al 2020 c) 0.000 0.447 0,200 -0.877 0.877 0.000 1.000
Hwang et al 2020 d) 0,000 0.447 0,200 -0.877 0,877 0,000 1.000
Kurgan et al 2017 a) -1.165 0.578 0.334 -2298 -0,032 -2.015 0.044 i
Kurgan et al 2017 b) -1,165 0.578 0334 -2298 -0,032 -2,015 0.044 i
Kurgan et al 2017 ¢) -1,165 0.578 0334 -2.298 -0,032 -2.015 0.044 i
Kurgan et al 2017 d) -2,648 0,791 0,626  -4,198 -1,098 -3.348 0.001 SEE—
Kurgan et al 2017 e) -2,648 0,791 0,626  -4,198  -1,098 -3.348 0,001 plm—
Kurgan et al 2017 f) -2,648 0,791 0,626  -4,198 -1,098 -3.348 0.001 SEE—
Kurgan et al 2017 g) -2,648 0,791 0,626  -4,198  -1,098 -3.348 0,001 plm—
Kurgan et al 2017 h) -2,648 0,791 0,626  -4,198  -1,098 -3.348 0.001 CEE—
Kurgan et al 2017 i) -2,648 0,791 0,626  -4.198  -1.098 -3.348 0,001 mm—
Kurgan et al 2017 j) -2,648 0,791 0,626  -4,198  -1,098 -3,348 0,001 E—
Kurgan et al 2017 k) -2.648 0.791 0.626  -4.198  -1.098 -3.348 0.001 mm—
Kurgan et al 2017 1) -2,648 0,791 0,626  -4,198  -1,098 -3.348 0,001 —
Rundqvist et al 2013 a)  -0.940 0.471 0222 -1.863 -0.016 -1.994 0.0406
Dethlefsen et al 2016 a) -1,128 0.340 0,116 -1,795  -0,460 -3.312 0,001 —.L
Dethlefsen et al 2016 b) -0.673 0.325 0,106 -1.310  -0,035 -2,069 0.039 L
Dethlefsen et al 2017 a) -1,633 0,617 0381 -2842 -0423 -2.645 0,008 ——t
Dethlefsen et al 2017 b) -1.165 0.578 0334 -2298 -0,032 -2,015 0.044
Dethlefsen et al 2017 ¢) -2.308 0.690 0476  -3.660 -0.956 -3.345 0.001
Dethlefsen etal 2017 d) -1.165 0.578 0334 -2298 -0,032 -2,015 0.044
Dethlefsen etal 2017 ¢) -0.640 0.324 0.105 -1.276  -0,005 -1.974 0.048 1
Dethlefsen et al 2017 f) -0.640 0.324 0.105 -1,276  -0,005 -1.974 0.048 B
Devin et al 2019 m) -0.174 0.448 0.201 -1,052 0,704 -0.388 0.698 0
Devin et al 2019 n) -0,390 0.451 0,204  -1.275 0,495 -0,863 0.388 i
Rundqvist etal 2013 ¢) 0,000 0.447 0,200 -0.877 0,877 0,000 1.000

-1,126 0.089 0,008 -1,300 -0,952 -12.694 0.000 < |
-2,00 -1,00 0,00 1,00 2,00

Figure 2. Summary of descriptive and inferential statistics of results for each study and overall effect size of the effects of the acute-exercise-conditioned human
serum in human cancer cell viability.
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Study name Statistics for each study

—_
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Std diff in means and 95% CI

Std diff Standard Lower Upper

in means error Variance limit limit Z-Value p-Value
Baldelli et al 2020 a) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 e
Baldelli et al 2020 b) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 2020 ¢) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 e
Baldelli et al 2020d) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 2020 e) -1.548 0.465 0217 -2.460 -0.636 -3.326 0,001 ——
Baldelli et al 2020 f) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 2020 g) -1,548 0.465 0217 -2460 -0,636 -3.326 0,001 e
Baldelli et al 2020 h) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 20201) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 2020j) -1.548 0.465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelli et al 2020k) -1.548 0,465 0217 -2.460 -0.636 -3.326 0,001 —
Baldelliet al 20201) -1,548 0,465 0217 -2,460 -0.636 -3.326 0,001 ——
Baldelli et al 2020 m) -1.200 0,362 0.131 -1.910  -0.491 -3.315 0,001 ——
Baldelli et al 2020n) -1.200 0.362 0.131 -1910 -0491  -3.315 0.001 —
Baldelli et al 2020 0) -1.200 0,362 0.131 -1.910  -0.491 -3.315 0,001 T
Baldelli et al 2020 p) -1,200 0.362 0,131 -1,910  -0.491 -3,315 0,001 —_—TY
Baldelli et al 2020 q) -1,200 0.362 0.131 -1.910  -0.491 -3.315 0,001 ——
Baldelli et al 20201) -1,200 0.362 0,131 -1,910  -0.491 -3,315 0,001 —_—TY
Baldelli et al 2020s) -1.200 0.362 0.131 -1910 -0491  -3.315 0.001 —n—
Baldelli et al 2020t) -1.200 0,362 0.131 -1.910  -0.491 -3.315 0,001 -
Baldelli et al 2020 u) -1,200 0.362 0,131 -1,910  -0.491 -3,315 0,001 —n—
Baldelli et al 2020 v) -1.200 0.362 0.131 -1.910  -0.491 -3.315 0,001 ——
Baldelli et al 2020 x) -1,200 0.362 0,131 -1,910  -0.491 -3,315 0,001 —_—TY
Baldelli et al 2020z) -1,200 0362 0.131 -1.910  -0.491 -3.315 0,001 ——
Devin et al 2019 a) -1,615 0,515 0,265 -2,624  -0.605 -3,136 0,002 ——
Devin et al 2019 d) -1,754 0,526 0277  -2,785 -0.722 -3,333 0,001 —
Devin et al 2019 g) 0,000 0.447 0,200 -0,877 0.877 0,000 1,000
Devin et al 2019 j) 0,000 0.447 0200 -0.877 0.877 0,000 1,000 :=:
Kurganetal 2017 a) -1.165 0,578 0.334 -2298 -0,032 -2,015 0,044 i
Kurganetal 2017b) -1,165 0,578 0334 -2,298 -0.032 -2,015 0,044 i
Kurganetal 2017c¢) -1,165 0,578 0334 -2298 -0,032 -2,015 0,044 i
Kurganetal 2017d) -2,648 0,791 0,626  -4,198  -1.098 -3,348 0,001 —
Kurganetal 2017 e) -2,648 0,791 0.626  -4,198  -1.098 -3,348 0,001
Kurganetal 2017 f) -2,648 0,791 0.626  -4,198 -1.098 -3,348 0,001
Kurganetal 2017 g) -2,648 0,791 0.626  -4,198  -1.098 -3,348 0,001
Kurganetal 2017h) -2.648 0,791 0.626  -4,198 -1.098 -3.348 0,001
Kurganetal 20171) -2,648 0,791 0.626  -4,198  -1.098 -3,348 0,001
Kurganetal 2017j) -2.648 0,791 0.626  -4,198 -1.098 -3.348 0,001 CE—
Kurganetal 2017k) -2,648 0,791 0.626  -4,198 -1.098 -3,348 0,001 —
Kurganetal 20171) -2.648 0,791 0.626  -4,198 -1.098 -3.348 0,001 CE—
Devinetal 2019 m) -0.174 0,448 0,201 -1,052 0,704 -0,388 0,698 O
Devin et al 2019 n) -0,390 0.451 0204  -1,275 0.495 -0,863 0,388 i

-1.350 0,088 0.008 -1,522 -1.179 -15.428 0,000 ’
-2,00 -1,00 0,00 1,00 2,00

Figure 3. Summary of descriptive and inferential statistics of results for each study and overall effect size of the effect of the acute high-intensity exercise-

conditioned human serum in human cancer cell viability.

3.3.3 Effect of Serum Conditioned by Moderate-Intensity Acute
Exercise or by an Acute Integrative Exercise of Moderate- and
High-Intensity on the Viability of Human Cancer Cell Cultures
The meta-analysis on the effects of serum conditioned by
moderate intensity acute exercise or by acute integrative
exercise of moderate and high-intensity on the viability of
cancer cell cultures included four studies. These studies used
moderate-intensity exercise or the combination of exercise
with different intensities. This meta-analysis, performed
with a random effects model, showed, based on the standard
difference in means, that cultures of cancer cells exposed to
serum conditioned by acute moderate-intensity or by acute
integrative exercise of moderate and high-intensity exercise
exhibited a reduction of -0.559 in their viability (Figure 4).
The confidence interval for the standard difference in means
was -0.830 to -0.287 (95% CI) with a corresponding value

of p < 0.001 (Figure 4). Once again, this interval does not
include a zero effect. Similarly, z-values obtained to test the
null hypothesis i.e., that the standard difference in means
is zero, showed a z = -4.036, and a corresponding value of
p < 0.001 (Figure 4). Thus, the null hypothesis was rejected
and the alternative hypothesis accepted in all analysed studies,
i.e., after exposure of cancer cell cultures to serum conditioned
by acute moderate-intensity or by an acute integrative exercise
of moderate and high-intensity exercise, there was a reduction
in their viability.

In the analysis of the homogeneity of the effects, the
Q-value was 32.234 with 17 degrees of freedom and p=0.019.
Although the values of Q and the degrees of freedom show
that all studies may not share the same effect size, the value
of p indicates that the null hypothesis must be accepted since
the true effect-size is identical in all studies. The I? value is
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Study name Statistics for each study

Std diff in means and 95% CI

Std diff  Standard Lower Upper

in means error Variance limit limit Z-Value p-Value
Hwang et al 2020 ¢) 0,000 0.408 0.167 -0.800 0,800 0,000 1,000
Hwang et al 2020 £) 0,000 0.408 0.167 -0.800 0,800 0,000 1,000
Hwang et al 2020 a) 0,000 0.408 0.167 -0,800 0,800 0,000 1,000
Hwang et al 2020 b) 0,000 0.408 0.167 -0,800 0,800 0,000 1,000
Hwang et al 2020 g) -1.287 0.491 0.241 -2,250 -0324 -2,620 0,009 1
Hwang et al 2020 h) 0,000 0.447 0.200 -0.877 0,877 0,000 1,000
Hwang et al 2020 c) 0.000 0.447 0.200 -0,877 0.877 0,000 1,000
Hwang et al 2020 d) 0,000 0.447 0.200 -0.877 0,877 0,000 1,000
Rundqvist et al 2013 a)  -0.940 0.471 0222 -1.863  -0.016 -1,994 0,046
Dethlefsen et al 2016 a) -1,128 0.340 0.116 -1,795  -0,460 -3,312 0,001 —L
Dethlefsen et al 2016 b) -0.673 0.325 0.106 -1,310  -0,035 -2,069 0,039 .
Dethlefsen etal 2017 a) -1.633 0.617 0.381 -2.842  -0423 -2.645 0,008 —r
Dethlefsen etal 2017b) -1.165 0.578 0.334 -2.298  -0.032 -2.015 0.044 T
Dethlefsen etal 2017 ¢) -2.308 0.690 0.476 -3,660  -0,956 -3.345 0,001
Dethlefsen et al 2017 d) -1.165 0.578 0.334 -2,298 0,032 -2,015 0,044 0
Dethlefsen etal 2017 e) -0.640 0.324 0.105 -1.276  -0.005 -1.974 0.048 .
Dethlefsen et al 2017 f) -0,640 0,324 0,105 -1,276  -0,005 -1,974 0,048 .
Rundqvistetal 2013 ¢) 0,000 0.447 0.200 -0.877 0.877 0.000 1.000 4T7

-0,559 0.138 0.019 -0,830  -0,287 -4,036 0,000 ’

-2,00 -1,00 0,00 1,00 2,00

Figure 4. Summary of descriptive and inferential statistics of results for each study and overall effect size of the effect of serum conditioned by moderate-
intensity acute exercise or by an integrative exercise of moderate- and high-intensity acute exercise on the viability of human cancer cell cultures.

45.573, meaning that about 45.573% of the variance in the
observed effects reflects variance in the true effects. The 12
value was 0.152. The t value, i.e., the standard deviation of
the true effects in this SRM was 0.389. The funnel plot (Figure
Sc) for the distribution of the observed studies was symmetric,
with the majority of the studies distributed symmetrically
around the mean effect size, since the sampling error is
random, providing no subjective evidence of publication
bias. Additionally, the Egger’s test was performed and the
intercept value was -2.11767, with a 95% confidence interval
between —5.30865 and 1.07331 and a t value = 1.40686. The
recommended p value (2-tailed) was 0.17860. Thus, there was
also no statistical evidence for publication bias.

4. Discussion

A major aim of the present systematic review and meta-
analysis was to determine the magnitude of the effect of
exercise-conditioned human serum on the viability of cancer
cell cultures. Quantitative analyses could only be performed
for the effects of serum conditioned by exercise bouts (acute
exercise), due the scarcity the studies and data on the effects
of serum conditioned by long-term exercise training (chronic
exercise). Our analyses revealed significant effects of acute
exercise-conditioned human serum in reducing the viability of
cancer cell cultures (ES = -1.126; -1.300 to -0.952 (95% CI);
p < 0.001). Moreover, it was found that the effect was more
pronounced when human serum was conditioned by high-
intensity exercise (ES = -1.350; -1.522 to -1.179 (95% CI);
p <0.001) than when it was conditioned by moderate-intensity
exercise or by an integrative exercise of moderate- and high-
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intensity exercise (ES = -0.559; -0.830 to -0.287 (95% CI);
p <0.001).

Two of the studies simultaneously assessed the effects of
exercise-conditioned human serum on the viability of cancer
cell cultures and cultures of normal fibroblasts (37, 50). In
both cases, no effect was observed in the latter, suggesting that
exercise-conditioned human serum does not affect cell culture
viability in general, but the viability of cancer cell cultures
specifically. It must be noted, though, that in one of these
studies, the fibroblasts used (NIH 3T3 cell line) were not of
human origin (37, 50).

While the effect of exercise on cancer cell culture viability
had the same direction in all studies, regardless of cancer
type (breast (5, 15, 16), prostate (5, 33, 39, 50), lung (37),
or colon (17)), the magnitude of the effect differed among
the studies, likely due to considerable heterogeneity in study
designs, namely in terms of type and duration of the exercise
intervention (ranging from short exercise bouts to 10 years);
population (e.g., healthy sedentary subjects, patients at risk of
cancer and cancer patients or survivors); cell line; exposure
regimen to exercise-conditioned human serum (5% (v/v) or
10% (v/v) human serum; 24 h to 7 days); endpoints of viability
(e.g., total cell numbers, proliferation rates, clonogenic
potential). Unfortunately, this considerable heterogeneity in
multiple aspects of study design does not allow, at present, the
establishment of any trends regarding the influence of any of
these parameters. In spite of this limitation, some aspects are
worth a brief discussion, as detailed below.

One of the aspect that needs clarification is the duration of
the serological changes produced by bouts of exercise. In the
study by Devin et al., the marked reduction in the viability of
colon cancer cell cultures produced by serum prepared from
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blood collected immediately after exercise was not replicated
by serum prepared from blood collected 2 h after exercise (17).
In the study of Rundqvist et al. (17, 50), on the other hand,
serum prepared from blood collected 2 h post exercise reduced
the viability of prostate cancer cell culture. Unfortunately, as
blood was not collected immediately after exercise, so it is not
known whether the effect decreased over time post-exercise.
In some studies, such as those of Baldelli et al. and Kurgan
et al., blood samples were collected several times, up to 24 h
post-exercise. In both cases, it was found that the reduction in
viability produced in, respectively, prostate and breast cancer
cell cultures and lung cancer cell cultures did not decrease
over time (5, 37).

Regarding long-term exercise training, five studies
reported that it did not induce any changes in baseline serum
(i.e., prepared from blood collected at rest) in terms of effects
on the viability of the cancer cell cultures (5, 15-17, 33). This
contrasts with the findings of Leung et al. and Barnard et al.,
who did observe higher effects for baseline serum collected
after training (7, 39). This apparent contradiction might be due
to the fact that the long-term exercise training interventions in
the former studies were much shorter than the latter (months
versus years).

Differences in outcomes could be found even among
studies employing the same cell line, exercise protocol and
exposure time. This can be exemplified by the results obtained
in two studies employing the prostate cancer cell line LNCaP.
In one of those studies, which aimed to determine whether the
effects of exercise-conditioned human serum are influenced
by aging, Hwang et al. recruited individuals from two distinct
age groups (young age group, aged 20 to 33 years; old age
group, aged 60 to 73 years) and compared the effects of a 96 h
exposure to exercise-conditioned serum from the two groups
on cell culture viability. Their results showed that exercise-
conditioned serum from the old age group, but not from the
young age group, reduced the viability of cancer cell cultures
(33). Rundqvist et al., on the other hand, found a reduction in
cell culture viability for 9 out of the 10 sera assessed, from
participants aged 18 to 37 years, i.e., roughly within the
young age group defined by Hwang et al. (17, 50). It must be
mentioned that the two studies employed different endpoints
of cell culture viability, but it is unlikely that this difference
alone could account for the strikingly different outcomes in
what concerns the effects of exercise-conditioned serum from
young adults.

It is interesting to note that the studies of Devin et
al. (17) and of Rundqvist et al. (50) assessed the effects of
exercise-conditioned serum on the proportion of apoptotic
cells in culture. Considering that this proportion was found
unchanged in both studies, the observed reduction in total cell
numbers might safely be assigned to lower proliferation rates,
suggesting a lower tumorigenicity. Leung et al. and Barnard et
al., on the other hand, observed an upregulation on the levels
of apoptosis induced by serum collected at rest from regular
exercising individuals in prostate cancer cell lines (7, 39).
Taking into consideration that the same cell line (LNCaP) was
used in three of these studies (7, 17, 39, 50), it is possible that
the different outcomes are due, at least partially, to the duration
of the exercise intervention.

Our analysis suggests that changes in serum composition
promoted by exercise affect the viability of cancer cell
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cultures and may interfere with some hallmarks of cancer
(26, 27), such as: sustentation of proliferative signalling and
evasion of growth suppressors.

Inthe humanmodel, the effects of exercise on tumorigenesis
can occur through direct actions on cancer cells and through
changes in the immune response (32, 56, 66). These effects
may result from changes in serum levels of biomolecules such
as epinephrine, norepinephrine, lactate, myokines, cytokines
(IL-6, IL-8, TNF-a), SPARC and oncostatin M. Acute high-
intensity exercise and integrative exercise (strength and
high-intensity) increased IL-6, IL-8, TNF-o, epinephrine,
norepinephrine, lactate, but not IL-10 (15-17), while moderate
intensity exercise only increased SPARC and oncostatin
M levels and did not change IL-6, IL-15 and Irisin levels (33).
These changes promoted by high-intensity exercise tended
to disappear 120 min post-exercise (17). Long-term exercise
training elicited a reduction of IL-6, IL-8 and TNF-a at the
end of 6 months (16), but not at the end of four weeks (17).
However, the precise mechanisms linking these changes to
cancer cell proliferation are still unclear.

Leung et al. (39) and Barnard et al. (7) suggested that
exercise promoted changes in the IGF axis, reducing IGF-I
(which was directly correlated with tumor cell growth) and
increasing IGFBP-1 (which was inversely correlated with
tumor cell growth), increasing p53 protein expression, reducing
cell growth, and increasing apoptosis, in prostate cancer cell
lines (LNCaP) (7, 39). The results obtained by Rundqvist et
al. (50) support this hypothesis and showed that reduction of
EGF by exercise could be another factor linking it to the
inhibition of LNCaP cell growth (50, 51).

To explain the observed reduction in breast cancer cell
viability and tumorigenesis, Dethlefsen et al. (15) suggested
that exercise regulated the Hippo signalling pathway through
the action of catecholamines (epinephrine and norepinephrine).
The increase of catecholamine secretion during exercise
stimulates Hippo signalling through B-adrenergic receptors
inactivating the oncoproteins YAP/ZAP (35, 64, 65) by
induction of YAP phosphorylation and YAP cytoplasmic
retention (15). Kurgan et al., on the other hand, suggested that
serum changes promoted by exercise may target directly Akt,
mTOR/p70S6K, PI3K or PDK1/2 (37). This hypothesis was
supported by their results, showing inhibition of Akt and
ErK1/2 by exercise, ultimately leading to inhibition of cell
proliferation and decreased survival (37).

Exercise can also reduce tumorigenesis through the
regulation of the immune and metabolic networks (36), with
muscle-to-tumor cross-talk playing an important role. Exercise
induced myokines may affect immune cell activity through the
release of immune regulatory cytokines like IL-6, IL-7 and
IL-15 (32). Regular exercise has been shown to mitigate
immunosenescence and low-grade inflammation (9, 43). It
also has direct effects on cytotoxic NK and T cells, whose
mobilization and redistribution into circulation depend
on epinephrine and IL-6 release during exercise (49, 62).
These changes in the mobilization and infiltration of specific
immune cell populations (mostly NK and T cytotoxic cells)
and inflammatory cytokines that occur during exercise
could directly affect cancer cell formation and progression
(30, 34, 49, 61). Exercise can also target the specific energy
metabolism of cancer cells, which is highly reliant on lactic
acid fermentation, a phenotype often described as the Warburg



effect (1, 58). High-intensity exercise, which can inhibit lactic
acid fermentation in places away from the lactate-producing
muscles, may neutralize tumor fermentation and affect this
metabolic predominance (29, 59, 60), decreasing the inhibitory
effect that lactate has on cytotoxic immune cells (22, 52).

This systematic review with meta-analysis has a high
methodological value due to the quality of the studies included
and the large number of samples tested. However, it is possible
to identify some limitations, namely the employment of a
search strategy that only included studies with defined terms
in English on the title from specific selected databases, thereby
potentially overlooking other relevant publications, namely
in other languages, even if the included studies were from
different countries and continents. Another possible limitation
is the reduced number of articles published in the literature
that analysed the effect of exercise-conditioned human serum
in human cell lines. Lastly, the imbalance on the number of
studies between cancer types and exercise types can minimize
the inferential power over the real effects of exercise in general
cancer cell viability.

Future studies should explore whether the observed
effects on cancer cell viability are also observed in other
cancer cell lines and for serum conditioned by other activities
(e.g., running, swimming, and football). It would also be
important to gather more information regarding the influence
of exercise intensity on the observed effects and to determine
whether there is a causal relationship between serum factors
(e.g., cytokines, myokines and catecholamines) modified by
exercise (acute and chronic) and type of activities. It is also
important to consolidate the research carried out regarding
the hypothesized mechanisms here discussed, as well as to
investigate other mechanisms that may contribute to the anti-
cancer effect of exercise, namely the impact that serum factors
may have on oncometabolism, specifically on the “Warburg
effect”, and on immunosurveillance (e.g., energy alterations in
NK cell via metabolism) (21).

Exercise can be safely implemented and is feasible in
cancer patients (28, 54) with its benefits in preventing cancer
and survival rates widely recognized (23, 25, 32, 41). Data
on exercise-conditioned human serum effects on the viability
of cancer cell cultures support the importance of exercise as
a prevention strategy and support therapy in the treatment of
cancer patients.

5. Conclusions

This systematic review with meta-analysis provides evidence
that exercise promotes a large overall effect in reducing the
viability of human culture cancer cells, also showing that
this effect is more pronounced for high-intensity exercise-
conditioned human serum. This effect is promoted by
molecular and cellular mechanisms that can be triggered
by acute or systematic changes in serum factors which are
possibly dependent on exercise type, regularity and intensity.
More research is needed to better understand the mechanisms
underlying this effect, as well as the chronic effects of exercise
and sport, in order to improve the prescription of exercise as
a prevention strategy and/or as an adjuvant to the treatment of
cancer.
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