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From the Editors

This year's issue of EIR contains 6 articles. Buss and Dachs
present an article about the alleviating influence of exercise
on the pro-tumorigenic effects of hyperlipidaemia via modu-
lation of cytokine release and via improved immune respons-
es. Edwards et al. demonstrate a highly relevant data that the
state-anxiety and perceived psychological stress levels before
exercise play an important role for the immune response after
exercise. The results might be important for patients, athletes
and military personnel experiencing higher levels of psycho-
logical stress. Minuzzo et al. present a study which indicate
that the maintenance of high levels of aerobic fitness during of
aging delays immunosenescence possibly by preventing the
accumulation of senescent T-cells. An original study by Rigo-
nato-Oliveira et al. demonstrates that exercise inhibited LPS-
induced lung inflammation by attenuating inflammatory
cytokines and oxidative stress markers in mice and human cell
culture via enhanced IL-10 production. The last two manu-
scripts are review articles. Highton et al. focused on the role
of microparticles in clinical populations and comment on the
use of exercise and dietary manipulation as therapeutic strate-
gies. Finally, the systematic review of Rada et al. about the

Editorial * 7

effect of exercise on TLR expression during obesity conclud-
ed that animal studies showed a marked tendency towards
TLR2 and 4 down-regulation after endurance exercise, which
is not sufficiently robust to conclude for humans.

For EIR25 and the future, as always, we would like most con-
tributions to be topical review articles. In the case of original
research articles, we encourage the authors to embed their
new data into review articles. Please note that the submission
deadline for EIR25 is 31st July 2018. We hope you enjoy
reading the new issue. Thank you (again), Rickie Simpson,
Neil Walsh and Jonathan Peake, for the close and friendly
teamwork. Thank you (all ISEI members), and all members of
the Editorial Board for the confidence you have placed in us.
Thank you Ana Teixeira and the other organizers, for the fan-
tastic ISEI meeting in July 2017 in Coimbra, Portugal.

Thank you all for your ongoing support of EIR. A special
thanks to all the authors of EIR24.

On behalf of the Editors,

Karsten Kriiger
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The Role of Exercise and Hyperlipidaemia in Breast Cancer Progression

Linda A. Buss and Gabi U. Dachs*

Mackenzie Cancer Research Group, Department of Pathology, University of Otago, Christchurch, New Zealand

ABSTRACT

Exercise reduces the risk of breast cancer development and
improves survival in breast cancer patients. However, the
underlying mechanisms of this protective effect remain to be
Sfully elucidated. It is unclear whether exercise can attenuate
or modify the pro-tumour effects of obesity and related condi-
tions, such as hyperlipidaemia. This review summarises how
hyperlipidaemia and exercise contribute to or reduce breast
cancer risk and progression, respectively, and highlights the
possible mechanisms behind each. In particular, the effects of
exercise and hyperlipidaemia on the immune microenviron-
ment of tumours is analysed. The potential value of commonly
investigated circulating factors as exercise-modulated, pro-
gnostic biomarkers is also discussed. We propose that exerci-
se may alleviate some of the pro-tumorigenic effects of hyper-
lipidaemia through the reduction of blood lipid levels and
modulation of cytokine release to induce beneficial changes in
the tumour microenvironment.

Key words: Breast cancer, cholesterol, physical activity,
immunity, tumour microenvironment

INTRODUCTION

Breast cancer is a global health concern. It is the most com-
mon cancer diagnosed in women (193) and the fifth largest
contributor to cancer deaths worldwide (23). As such, under-
standing the underlying mechanisms of disease progression is
vital to providing better therapies and prevention.

The purpose of this review is to explore the association
between exercise and (breast) cancer progression, and to high-
light potential mechanisms underlying the exercise-prognosis
relationship. Types of exercise include resistance training, aer-
obic exercise and training that includes a mindfulness compo-
nent such as Tai chi or yoga. The role of obesity and associat-
ed hyperlipidaemia (abnormal elevation of serum lipid levels)

* Corresponding author:

Associate Professor G.U. Dachs,

University of Otago Christchurch, 2 Riccarton Ave, Christchurch
8011, New Zealand; gabi.dachs@otago.ac.nz
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in breast cancer risk and progression will be examined, and
the value of some commonly investigated circulating factors
as exercise-modulated, prognostic biomarkers will be dis-
cussed.

OBESITY, HYPERLIPIDAEMIA AND
BREAST CANCER

Obesity is an increasing health problem in developed coun-
tries worldwide. It has been associated with an increased risk
of developing breast cancer, as well as with a poorer progno-
sis (11, 141, 158). It has been shown that adipocytes in the
immediate vicinity of the tumour (cancer associated
adipocytes) interact with breast cancer cells, causing them to
become more invasive and providing them with metabolites
(145). In addition, obese adipose tissue is characterised by
chronic, low-grade inflammation. Hypertrophic adipocytes in
obese adipose tissue can grow to a size of 150-200 pum in
diameter, thus reaching or exceeding the maximum oxygen
diffusion distance (192). This results in a hypoxic state, lead-
ing to the activation of hypoxia inducible factors (HIF), sub-
sequent tissue fibrosis and the increased secretion of inflam-
matory adipokines, as well as macrophage infiltration (192).
This low-grade, chronic inflammatory state has been associat-
ed with further metabolic dysregulation (192).

Hyperlipidaemia is commonly comorbid with obesity, but its
implications as an independent risk or prognostic factor in
breast cancer are much less clear. Preclinical studies show that
hyperlipidaemia increases breast tumour growth rate, inci-
dence and metastasis (3, 100, 112, 153, 163). In addition,
breast tumours from hyperlipidaemic mice are more prolifera-
tive (100, 153, 163), have reduced apoptosis (153) and show
increased microvessel density (100, 112, 153).

However, epidemiological studies have produced contradicto-
ry results regarding the effect of hyperlipidaemia, particularly
hypercholesterolaemia, on breast cancer risk and progression,
with some studies showing that hyperlipidaemia increases risk
and/or progression (10, 43, 97, 101, 157, 164), and others
showing that it reduces or does not change risk and/or rate of
progression (42, 58, 65, 177, 183). In connection with this, the
role of statins and other lipid lowering drugs on breast cancer
risk and progression is unclear (26, 42, 97, 104, 138, 159,
186). However, two recent meta-analyses of observational
studies found that statin use was associated with reduced
breast cancer recurrence and/or mortality (121, 204). These
discrepancies may be due to the inherent limitations of epi-
demiological studies, as well as differences in methodology,
influences of different cancer treatments and possible differ-



ences in the roles of high density lipoprotein cholesterol
(HDL-C) and low density lipoprotein cholesterol (LDL-C).
Indeed, a recent study found that breast cancer patients with
pre-operatively high levels of serum HDL-C had improved
overall survival, while abnormal LDL-C and total cholesterol
were not significantly correlated with prognosis (107). Fur-
thermore, serum cholesterol may be reduced in cancer
patients, as it is rapidly utilised by proliferating tumour cells
(37, 63). It is also possible that some results from studies
examining the role of serum cholesterol in breast cancer risk
may be confounded by undiagnosed malignancies (83).
Hence, the role of hyperlipidaemia and specifically the role of
different types of cholesterol in breast cancer patients requires
further investigation.

Proposed Molecular Mechanisms of Cholesterol in Cancer

A number of mechanisms to explain the observed pro-tumori-
genic effect of hyperlipidaemia in rodent studies have been
proposed, mainly focussing on the effect of hypercholestero-
laemia (Figure 1). Firstly, Alikhani et al. demonstrated that
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Figure 1: Potential Mechanisms of Cholesterol in Breast Cancer Pro-
gression.

It has been postulated that cholesterol exerts a pro-tumorigenic effect
in a number of ways. It promotes proliferation through the action of its
metabolite, 27-hydroxycholesterol (27HC), on the estrogen receptor
(ER). In addition, it may increase macrophage recruitment, activate
the liver X receptor (LXR) through 27HC, induce androgen signalling
and/or induce PI3K/Akt signalling. ? denotes unverified or, in the case
of PI3K/Akt signalling, potentially non-physiological mechanisms;
CYP, cytochrome P450 enzyme; EMT, epithelial to mesenchymal tran-
sition. Schematic summarises findings or hypotheses of published
works (3, 143, 153).

cholesterol induces protein kinase B (Akt) signalling, and
suggested that cholesterol-mediated activation of the phos-
phatidylinositol-3-kinase (PI3K)/Akt pathway may be
causative for the increased proliferation of breast tumour cells
(3). Secondly, it has been reported that 27-hydroxycholesterol
(27HC), an abundant primary cholesterol metabolite genera-
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ted by the cytochrome P450 oxidase, sterol 27-hydroxylase
(CYP27A1), exerts pro-tumorigenic effects (40, 142). Two
independent studies have shown that 27HC promotes MCF-7
breast cancer cell xenograft growth in mice (143, 194). Two
mechanisms have been proposed to explain this. First, 27HC
can function as an oestrogen receptor (ER) agonist (41). ER
signalling is an important driver of ER-positive breast cancer
growth, and as such activation of this pathway by 27HC could
provide an explanation for the increased growth rate of ER-
positive breast tumours in a hyperlipidaemic environment
(41). Second, Nelson et al. postulate that 27HC stimulates
liver X receptor (LXR) signalling, thereby promoting epithe-
lial-mesenchymal transition (EMT) and metastasis (143).
However, their data is inconclusive (and as yet unconfirmed),
as a synthetic LXR agonist did not promote metastasis to the
same extent as 27HC in ER-negative breast tumour xenografts
(143). In addition, 25HC has been implicated in a similar way
to 27HC in increasing breast cancer cell proliferation through
the activation of ER-signalling (105).

The ER-mediated effect of 27HC and 25HC does not provide
an explanation for the observed pro-tumorigenic effect of cho-
lesterol on ER-negative breast tumours (153). The authors of
that study suggest that cholesterol-induced tumour progres-
sion could be mediated by androgen signalling or mono-
cyte/macrophage recruitment (153); however both hypotheses
are yet to be validated.

Taken together, 27HC-mediated ER-signalling provides the
most solid mechanism for increased proliferation of ER-posi-
tive breast tumour cells in a hyperlipidaemic environment, but
does not explain cholesterol-mediated proliferation of ER-
negative breast tumour cells. Thus, further studies are neces-
sary to elucidate the mechanism(s) behind the more rapid
tumour growth and increased metastasis occurring in a hyper-
lipidaemic host.

Hyperlipidaemia and Immunity

The impact of hyperlipidaemia on host immunity is complex,
with studies indicating both an impairment of immunity
resulting in increased susceptibility to infection (102, 114),
and a reduction in tolerance through reduced functionality of
regulatory T cells (T, cells) (9). Oxysterols, formed during
cholesterol metabolism, are well known to play a role in regu-
lating immune responses and can also directly act on tumour
cells to influence tumour cell growth (reviewed in (184)).
However, work to date has focussed on tumour-derived oxy-
sterols and in vitro experiments with synthetic oxysterols. It is
therefore unknown what effect hyperlipidaemia has on the
abundances of oxysterols in the cancer setting, and what the
impact of hyperlipidaemia on the intratumoral immune phe-
notype may be.

Hyperlipidaemia is often characterised by high levels of LDL-
C (144). Oxidised LDL can bind to toll-like receptors (TLR)
on macrophages and other phagocytes, initialising a pro-
inflammatory signalling cascade (74). Thus, an abnormal ele-
vation of LDL-C can lead to chronic inflammation and the
development of atherosclerosis through TLR signalling on
macrophages (74). Moreover, chronic inflammation has been
linked to cancer development and progression (17), while
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exercise has been shown to reduce chronic inflammation
(110). In this regard, exercise may inhibit cancer progression
and development in hyperlipidaemic individuals through the
reduction of chronic inflammation.

EXERCISE AND CANCER

Physical activity is important for physical and mental well-
being. It can prevent excess weight gain or aid in weight loss
and reduce the risk of cardiovascular disease (140). In addi-
tion, it can lower serum lipid levels (120). As hyperlipi-
daemia, and high cholesterol in particular, promote breast
tumour growth and progression (discussed in the previous
section), this lowering of serum lipids by exercise is likely to
slow tumour growth. Furthermore, exercise is increasingly
recognised as an effective, well-tolerated adjunct to cancer
therapy (15). It has been associated with reduced breast can-
cer risk and improved survival of breast cancer patients (11,
141). In addition to survival benefits, exercise can improve
the quality of life of breast cancer patients by attenuating or
inhibiting cachexia, fatigue, cardiotoxicity of chemotherapy,
weight gain, bone loss and by improving mental health
(reviewed in (2)).

Exercise has a role to play in all phases of breast cancer evolu-
tion, including prevention, treatment and aftercare. The exer-
cise-induced reduction in the risk of developing breast cancer
ranges from 15-80% (134). During treatment, exercise may be
beneficial both by alleviating chemotherapy side effects
(reviewed in (2)) and by altering the tumour microenviron-
ment to improve drug delivery and reduce tumour aggressive-
ness (discussed in detail in the following sections). Finally,
mental and physical quality of life can be significantly
improved by exercise in breast cancer survivors during after-
care (reviewed in (2)). Furthermore, exercise may help to pre-
vent disease recurrence (25, 73).

Epidemiological Studies

Numerous epidemiological studies have investigated the asso-
ciation between exercise and cancer prognosis (including
breast, colorectal, prostate, ovarian, non-small cell lung can-
cer and glioma), with the majority reporting that exercise
improves survival (14, 25, 72, 73, 77, 78, 91, 99, 128-131,
136, 137, 156, 162, 166, 176). Two studies showed no associ-
ation (19, 31). The magnitude of this decrease in mortality
ranged from 15-57% for all-cause mortality and 20-67% for
cancer-specific mortality. Both studies that found no associ-
ation between exercise and survival were observational stud-
ies (19, 31), which are prone to bias by over-reporting of exer-
cise frequency/intensity (20); this may have skewed the
results. In addition, the volume and intensity of physical activ-
ity required for the improved prognosis vary between studies.
As such, the optimal therapeutic ‘exercise dose’ remains to be
elucidated and may vary according to cancer type, although a
recent meta-analysis suggests that the current WHO guide-
lines of at least 2.5 hours of moderate intensity exercise or
1.25 hours of vigorous intensity exercise per week (3-6 meta-
bolic equivalents of task (MET)) are sufficient to improve sur-
vival by 24% for breast cancer (106). Survival was further
improved with increasing level of exercise and up to 40% sur-
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vival improvement at 20 MET-h/week, at which point no fur-
ther survival benefit was seen with increasing exercise levels
(106). With respect to exercise type, resistance and aerobic
training have been shown to have quality of life benefits in
breast cancer patients, both when used separately (32, 49,
149) or together (49, 133).

Pre and post-diagnosis exercise have both been shown to have
survival benefits for breast cancer patients (25, 72, 73, 77, 78,
113). It seems that post-diagnosis exercise has a larger effect
on survival than pre-diagnosis exercise, although the wide
range of reported values makes it difficult to say with certain-
ty (pre-diagnosis: 12-39% improved survival, post-diagnosis:
20-67%) (25, 72,73, 77, 78, 113). However, it may be impor-
tant to maintain pre-diagnosis exercise levels, as decreased
physical activity after diagnosis was associated with a four-
fold greater risk of death (78).

Emerging evidence indicates that cardiorespiratory fitness
(CRF) may be an important prognostic marker (34, 89, 91, 93,
96, 166). A single study has specifically investigated the CRF-
prognosis relationship in breast cancer patients, using VO,
which is the maximum rate of oxygen consumption during
exercise (89). This study reported a non-significant improve-
ment in survival in patients with metastatic disease with
VO,ea > 1.09 L/min compared to those with VO, < 1.09
L/min (89). Multiple studies have found that breast cancer
patients have reduced CRF compared to healthy individuals,
placing them at increased risk of cardiovascular disease
(reviewed in (152)). Moreover, CRF can be improved by exer-
cise training, thereby reducing this risk (152). Therefore, it
seems clear that improvement of CRF by exercise training can
improve survival by reduction of the risk of cardiovascular
events, but the relationship between CRF and breast cancer-
specific mortality warrants further research.

Exercise Biomarkers in Cancer Patients

Exercise is known to modulate levels of blood-based bio-
markers. As such, it is of interest whether an association can
be found between biomarkers modulated by exercise and can-
cer prognosis. A number of studies have found changes in the
levels of metabolic and/or inflammatory biomarkers in breast
cancer survivors following exercise training, as discussed
below.

The main metabolic biomarkers that have been investigated to
date are factors of the insulin-glucose axis. Insulin-like
growth factor 1 (IGF-1) has mitogenic and anti-apoptotic
effects, while IGF binding protein 3 (IGFBP-3) regulates the
activity and bioavailability of IGF-1 (170). As such, high
serum levels of IGF-1 and/or low levels of IGFBP-3 have
been associated with an increased risk of developing breast
cancer, as well as aiding breast cancer progression (22, 62,
181). Therefore, modifying levels of these factors could be
important for cancer outcome. Studies investigating the effect
of exercise on levels of these factors have indicated that exer-
cise reduces serum IGF-1 and/or increases IGFBP-3 in breast
cancer patients (44, 76, 79, 85), but some studies reported
opposite effects or no change in one or both markers (76, 79,
171). Nevertheless, a meta-analysis of randomised controlled
trials in breast cancer survivors concluded that exercise was



significantly associated with a reduction in circulating IGF-1
levels (49), despite non-significant results in some of the pri-
mary studies. In addition, high levels of IGF-1 and an
increased IGF-1:IGFBP-3 ratio (indicative of bioavailable
IGF-1) have been correlated with decreased survival in breast
cancer patients (39, 60). Conversely, in healthy individuals,
exercise can increase serum IGF-1 levels, although this is not
consistently reported (reviewed in (52)). In addition, a recent
study suggests that elevated serum IGF-1 improves overall
survival of breast cancer patients (180). Taken together, the
effect of exercise on IGF-1 levels remains unclear, although
the vast majority of studies indicate that high levels of serum
IGF-1 are associated with poor prognosis in breast cancer
patients.

Total serum IGF-1 has been negatively associated with hyper-
lipidaemia (119). In addition, human growth hormone (hGH)
has been shown to lower plasma cholesterol and increase IGF-
1 in hyperlipidaemic patients (168). This may be mediated by
IGF-1 and hGH dependent stimulation of macrophages to take
up LDL (66). Together, this suggests that the exercise-media-
ted reduction of plasma lipids may be mediated, at least in
part, through an exercise-induced increase in IGF-1. In the
context of cancer, this relationship may be more complex due
to the mitogenic effect of IGF-1 on cancer cells.

Leptin is another metabolic biomarker that has been shown to
be modulated by exercise. Leptin is an adipokine that has a
wide array of physiological roles and is secreted by white adi-
pose tissue, which functions as an energy storage site and
endocrine organ (170). Leptin is present in higher levels in
obese or overweight individuals (76, 86, 172). High levels of
leptin are associated with an increased breast cancer risk (146,
170). In addition, leptin has been shown to promote breast
cancer cell growth both in vitro and in vivo (38, 202). A num-
ber of studies have found that exercise decreases circulating
leptin levels in breast cancer survivors (13, 76, 172, 187).
However, some studies have found no reduction from baseline
in circulating leptin levels following an exercise intervention
(108, 165, 179). This could be explained by no or only a small
decrease in body mass index (BMI), suggesting that weight
loss rather than exercise itself is more important for the reduc-
tion of serum leptin. This is supported by a significant
decrease in circulating leptin in three studies where weight
loss was the goal (13, 86, 187). In addition, a recent study has
demonstrated that alteration of leptin levels by exercise train-
ing is dependent on changes in body fat (178).

C reactive protein (CRP) is a common marker of systemic
inflammation and is associated with an increased risk of car-
diovascular disease (132). In addition, CRP has been associat-
ed with decreased overall and disease-free survival in breast
cancer patients (154). The majority of studies investigating
the effect of exercise on CRP levels in breast cancer survivors
found a decrease in CRP levels in exercise groups (45, 53, 56,
59, 155, 187). Two studies found no difference, but of these
one had a baseline level of CRP comparative to that of healthy
individuals (179), suggesting that CRP levels may not have
been sufficiently elevated for exercise to cause a reduction,
and the other suggested that their exercise dose may not have
been high enough to elicit a response (94). Taken together,
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there is evidence that exercise reduces CRP in breast cancer
survivors, and therefore, that CRP may be an important prog-
nostic biomarker modulated by exercise training.

Interleukin 6 (IL-6) is a myokine released from skeletal mus-
cle during exercise, resulting in up to a 100-fold increase in its
serum levels (150). It is postulated to mediate some exercise-
induced anti-inflammatory effects by inhibiting tumour necro-
sis factor a (TNF-a) and IL-1 production, as well as inducing
IL-1 receptor antagonist (IL-1ra) and IL-10 (150). On the
other hand, increased serum IL-6 has also been associated
with a poor prognosis in breast cancer (109). Studies investi-
gating the effect of exercise on serum IL-6 levels in breast
cancer survivors have reported no significant changes (59, 85,
94, 165, 179, 187). Two recent meta-analyses have investigat-
ed the effect of exercise on serum IL-6 in breast cancer sur-
vivors (95, 127). One of these indicates that exercise reduces
serum IL-6 (127), despite non-significant results in a number
of the initial studies, while the other shows no change (95).
Taken together, the association between exercise, breast can-
cer and IL-6 is unclear, making it unlikely to have a use as an
exercise-modulated prognostic biomarker.

Monocyte chemoattractant protein 1 (MCP-1), also known as
CC chemokine ligand 2 (CCL2), is the primary chemokine
responsible for attracting monocytes and immature
macrophages to peripheral sites (36). As such, it plays an
important role in the recruitment of monocytes and
macrophages to the tumour, where they are programmed by
factors in the microenvironment to take on either a pro-
tumour M2 phenotype or an anti-tumour M1 phenotype (54).
In general, a large number of tumour associated macrophages
(TAMs) is associated with poor prognosis in breast cancer as
the tumour microenvironment promotes an M2 phenotype
(54). Similarly, intratumoral MCP-1 expression is linked to
increased macrophage infiltration and poor prognosis
(reviewed in (175)). Data on serum MCP-1 levels are incon-
clusive, with some reporting an increase in breast cancer
patients and others reporting no change (reviewed in (175)).
However, recent preclinical mouse studies indicate that serum
MCP-1 is significantly elevated in tumour-bearing animals
compared to non-tumour-bearing controls (139, 195) and
exercise may attenuate this increase (139). To our knowledge,
no epidemiological studies have investigated the influence of
exercise on serum levels of MCP-1 in breast cancer patients.
Taken together, preliminary data suggest that MCP-1 shows
promise as a prognostic biomarker that may be modulated by
exercise, but further studies, in both animal models and
humans, are required to confirm this.

The abovementioned biomarkers are among those most com-
monly investigated with regards to exercise and cancer, and
may prove to be of prognostic value. However, none of these
were robust predictors of survival, and as such it would be of
value to identify other biomarkers that are regulated by exer-
cise and also play a role in breast cancer outcome.

Effect of Exercise on Tumour Growth in Preclinical Studies

Numerous preclinical studies have attempted to elucidate the
role of exercise in tumour progression and the impact on the
tumour microenvironment. However, these studies have pro-
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duced conflicting results with regards to the effect of exercise
on tumour growth, with some reporting inhibited tumour
growth (12, 16, 55, 64, 70, 80, 151, 173, 203, 205), some
reporting mixed results (118, 185, 206) and others reporting
no inhibition of growth (24, 28, 46, 48, 88, 90, 92, 124, 125,
167, 188). These discrepancies may be explained by differ-
ences in animal model (immunocompetent versus immunode-
ficient), mode of exercise (forced versus voluntary), and other
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Figure 2: Proposed Mechanisms for the Effects of Exercise on the Tumour Microenviron-

ment.

Exercise has been reported to have multiple effects on tumour growth and the tumour
microenvironment. It induces increased perfusion through increased microvessel density
and maturity, which results in decreased hypoxia and a less aggressive tumour as well as
improved drug delivery. In addition, it promotes anti-tumour immunity and stimulates the
release of myokines from skeletal muscle. This reduces proliferation and increases apopto-
sis of tumour cells. Moreover, exercise may upregulate the estrogen receptor (ER). Taken
together, exercise induces favourable effects in the tumour microenvironment, resulting in
inhibited tumour growth and metastasis. Figure summarises results from published studies

(16, 46, 71, 122, 151).

confounding factors, such as stress caused by individual hous-
ing or excessive tumour burden.

Forced exercise paradigms, such as treadmill running, have
been identified as a source of stress for rodents, increasing
levels of corticosteroids and changing normal circadian
rhythm (7, 21, 98, 196). This may be a confounding factor in
studies investigating the effect of exercise on tumour progres-
sion. Indeed, of the 14 studies using forced exercise (12, 28,
46, 70, 80, 90, 118, 124, 126, 167, 173, 185, 188, 206), only 4
reported an inhibition of tumour growth (12, 70, 80, 173),
whereas of the 10 studies using voluntary exercise (16, 28, 48,
55, 64, 88, 92, 151, 203, 205), 6 reported an inhibition of
tumour growth (16, 55, 64, 151, 203, 205).

The majority of the abovementioned studies have investigated
exercise as a monotherapy. The discrepant results in these
studies suggest that the ability of exercise on its own to limit
tumour growth is relatively small. However, it may reduce the
incidence of metastasis (88, 200) and induce changes in the
tumour microenvironment resulting in a less aggressive
tumour phenotype (discussed in detail below). Furthermore,
in a clinical setting, exercise would be utilised as an adjuvant
therapy to surgery, chemotherapy, radiation and/or targeted
therapies. It is therefore important that future exercise oncolo-
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gy studies include these aspects of cancer treatment and inves-
tigate how exercise influences tumour growth in conjunction
with standard therapy.

Effect of Exercise on the Tumour Microenvironment

Despite the discrepant results regarding tumour growth,

progress has been made towards determining changes in the

tumour microenvironment following exercise training (Figure
2). The tumor microenvironment is the cel-
lular, chemical and physical environment
within the tumour, which includes immune
and stromal cells, acidification due to
increased glycolysis, and an aberrant blood
supply leading to areas of low oxygen

(hypoxia).

Jones et al. have shown that exercise
increases intratumoral perfusion (16, 88,
92) and reduces hypoxia (16), thereby nor-
malising the tumour microenvironment.
Normalisation is here defined as remodel-
ling of the microenvironment to more
closely resemble that of normal tissue, and
perfusion refers to blood flow, which
should result in improved delivery of oxy-
gen and therapeutics. Perfusion results
were consistent across different cancer
types (breast and prostate), immunocom-
petent and immunodeficient mice, and
despite varying impact on tumour growth
(16, 88, 92). In addition, McCullough et al.
have reported increased intratumoral per-
fusion in prostate tumours of Copenhagen
rats during acute exercise (126). However,
in another study by the same group,
tumours from rats that had been treadmill-
trained for 5-7 weeks and sacrificed 48 h after the last exercise
bout showed no increase in perfusion (125). Despite this lack
of change in intratumoral perfusion, they observed a signifi-
cant decrease in hypoxia in tumours from exercising com-
pared to sedentary animals. Together, this suggests that even a
transient increase in perfusion may aid in reducing hypoxia
and in reducing an aggressive tumour phenotype (189).

The effect of exercise on intratumoral perfusion may differ
depending on tumour location. Garcia et al. conducted a
recent study in which they compared the effect of exercise on
intratumoral blood flow in orthotopic (correct anatomical site)
and ectopic (subcutancous) prostate tumours, and found
directly opposing effects in that blood flow was increased to
the orthotopic tumour, but decreased to the ectopic tumour,
during exercise (51). Indeed, blood flow to the skin and sub-
cutaneous adipose tissue was also reduced during exercise
(51). This raises important considerations for the study design
of preclinical exercise studies, as results from studies using
subcutaneous models may not reflect true physiological
results.

Increased perfusion should lead to a reduction in hypoxia and
an associated reduction in hypoxia factors, including the tran-
scription factor hypoxia inducible factor-1 (HIF-1). However,



two studies by the same group have shown an increase in HIF-
la protein levels in tumours of exercising animals (88, 92),
while a further study from a different group indicates a
decrease in intratumoral HIF-1o mRNA following exercise
training (80). Unfortunately, none of these studies measured
intratumoral hypoxia directly, and as such it cannot be conclu-
sively stated that the expression of HIF-1a reflected tumour
hypoxia, as HIF-la expression can also be regulated inde-
pendently of oxygen tension (27). As such, the effect of exer-
cise training on intratumoral hypoxia and HIF-1a expression
remains to be confirmed.

Other modifications of the tumour microenvironment caused
by exercise training include increased apoptosis and increased
microvessel density and maturity, providing potential mecha-
nisms for reduced tumour growth and improved perfusion,
respectively (16, 64, 88, 118). One study reports contradictory
results, showing a reduction in apoptosis and blood vessel
density in the tumours of exercising mice (206). However,
this study used forced treadmill running to exhaustion in order
to investigate the effect of intense, prolonged exercise on
tumour growth and the tumour microenvironment, and the
method of detection of apoptosis and vessel density was sub-
optimal (quantification of haematoxylin and eosin (H&E)
stained slides without a specific marker for the structures of
interest). Thus, these results may not accurately reflect the
effect of therapeutic exercise on the tumour microenviron-
ment.

A recent study in Sprague-Dawley rats has found that exercise
increases expression of the oestrogen receptor in breast
tumours (46). The authors suggest that this may be a
favourable change as it would make tumours easier to treat
(via endocrine therapy). However, this is an isolated report
that requires validation and further research into its implica-
tions.

Secretion of exercise-induced myokines from skeletal muscle
may impact tumour growth (Figure 2). It has been demon-
strated that a number of different myokines reduce tumour
growth or tumour cell proliferation by as yet unidentified
mechanisms (5, 50, 71), which include secreted protein acidic
and rich in cysteine (SPARC), oncostatin M (OSM) and irisin.

Taken together, exercise impacts the tumour microenviron-
ment in a number of ways: by increasing intratumoral perfu-
sion, increasing vessel patency and reducing hypoxia, which
leads to increased apoptosis and reduced proliferation of
tumour cells. This may be mediated through the release of
myokines. However, a number of questions remained unan-
swered. It is not known whether these effects are true for all
cancer types, whether location on/in the body plays a role, or
how these microenvironmental effects may change with
chemotherapy, radiation or targeted therapies.

Effect of Exercise on the Immune Tumour Microenvironment

Exercise is known to influence immunity. In the context of
cancer, increasing evidence over the last few years indicates
that exercise induces a favourable change in the immune
microenvironment of the tumour, making it less immunosup-
pressive and enhancing anti-tumour immunity (Figure 3; (4,
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Figure 3: Overview of Exercise-Mediated Effects on the Immune
Tumour Microenvironment.

Exercise has been reported to enhance anti-tumour immunity by alle-
viating the immunosuppressive microenvironment found within
tumours and by enhancing the cytotoxic capabilities of tumour-killing
cell types. Specifically, exercise increases cytotoxic activity of natural
killer (NK) cells, induces a phenotypic shift from M2 to M1
macrophages and may alter proportions of T cells to include more
cytotoxic T-cells (CTLs) and fewer regulatory T (T, cells. Together,
this results in improved killing of tumour cells. Green arrows denote
stimulation and red arrow denotes inhibition. Figure summarises
results from published studies (54, 55, 123, 151).

55, 123, 151, 199)). Key immunological cell types that are
known to influence tumour progression include tumour asso-
ciated macrophages (TAMs), natural killer (NK) cells and T
cells.

NK cells are the immune cells that respond most strongly to
acute exercise, and as such they may be among the most
important initial responders in the exercise-mediated anti-
tumour response (75). It was first shown by Hoffman-Goetz et
al. that NK cells from moderately exercised mice showed
enhanced anti-tumour cytotoxicity against transformed
fibroblasts, lymphoma cells and breast tumour metastases
(67-69, 84, 116, 117). This has been substantiated by more
recent publications in mice (151) and clinical studies ((18),
reviewed in (103)). Pedersen et al. showed that exercise
increases NK cell mobilisation to the tumour site, which was
mediated by epinephrine (151). Idorn and Hojman suggest
that it is this epinephrine-mediated mobilisation that is key,
and that as long as exercise intensity is sufficient to elicit an
epinephrine response, the duration of exercise is less impor-
tant (75). In addition to their cytotoxic capabilities, NK cells
influence the activity of many other immune cell types,
including T cells, B cells and dendritic cells (30, 82, 87).

Macrophages can be broadly classified into two main pheno-

typic subtypes: M1 and M2. M1 macrophages are inflamma-
tory, and responsible for the elimination of pathogens by
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phagocytosis and the stimulation of adaptive immunity by the
secretion of pro-inflammatory cytokines (81). M2
macrophages are immunoregulatory and play a role in wound
healing (81). TAMs generally exhibit an M2 phenotype,
which promotes tumour progression through the inhibition of
cytotoxic immune cells and the secretion of angiogenic fac-
tors (191). Because of this, high numbers of TAMs have been
associated with a poorer prognosis in breast cancer patients
(57,198, 201). Studies have shown that exercise training may
cause a phenotypic shift in TAMs from a pro-tumour M2 to an
anti-tumour M1 phenotype (reviewed in (54)). This is demon-
strated by the increased secretion of M1-associated cytokines
from ex vivo stimulated peritoneal macrophages from exercis-
ing compared to sedentary mice bearing mammary tumours
(1), increased cytotoxicity/phagocytosis of macrophages from
exercising mice (33, 174) and decreased expression of M2-
associated genes (123). Therefore, some of the anti-tumour
effects of exercise are likely mediated through the repolarisa-
tion of TAMs.

The adaptive immune system also plays an important role in
the tumour microenvironment. T cells in the lymph nodes
must be activated by antigen-presenting cells holding
tumour-specific antigens, following which they travel to the
site of the cancer and infiltrate the tumour (29). Cytotoxic T
cells (CTLs) are responsible for tumour cell killing; howev-
er, their response can be switched off by inhibitory mole-
cules on the tumour cell surface (29). In addition, T,,, cells
and other immunoregulatory cell types can suppress CTL-
mediated cell killing through the secretion of inhibitory
cytokines, cytolysis and metabolic disruption (190). Exercise
may increase the proportion of intratumoral CTLs and
reduce T, cells, as evidenced by increased Cd8 and reduced
Foxp3 gene expression in mucosal scrapings from a trans-
genic mouse model for colorectal cancer, the ApcMin* mouse
(123). However, the immune microenvironment in the gut is
unique in that it tends to be highly immunosuppressive due
to the need for tolerance to food and commensal microbiota-
derived antigens, and thus these results may not be translat-
able to other cancer types. In breast cancer, it has been
shown that exercise decreases intratumoral gene expression
of Cc/22, a chemokine known to attract T, cells (55). How-
ever, none of these studies have investigated the functionali-
ty of intratumoral T cell subtypes following exercise, which
would be an important next step in determining how exercise
affects T cell immunity in tumours.

The role of hypoxia in anti-tumour immunity is fairly well
established, in that it inhibits anti-tumour immune responses
and promotes immunosuppression (6, 148). Specifically,
hypoxia has been shown to decrease tumour cell susceptibil-
ity to CTL and NK cell mediated lysis (47, 61, 147, 169),
increase T, cell attraction, induction and immunosuppres-
sive function (35, 111, 160), and promote an immunosup-
pressive phenotype in myeloid cells (reviewed in (148)).
Furthermore, a recent study has demonstrated that type 1 T
helper (T,;1) cells can contribute to intratumoral vessel nor-
malisation (182). On the other hand, T,, cells and M2
macrophages can induce (pathological) angiogenesis (160,
161). Therefore, exercise-induced modulation of the immune
phenotype within the tumour may be a contributing factor to
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the vessel normalisation and reduced pathological angiogen-
esis seen in some of the studies discussed in previous sec-
tions.

Although much progress has been made over the last few
years in determining the effects of exercise on the immune
microenvironment of the tumour, much is still unknown. The
bulk of research thus far has focussed on NK cells and
macrophages, with some work beginning to emerge on T
cells. Future work will focus on how exercise affects other
immune cell types within the tumour microenvironment (and
systemically), such as B cells and neutrophils, as well as spe-
cific subtypes (e.g. T helper cell subtypes such as T, 1, T,2
and T;17).

Taken together, current data shows that exercise increases
anti-tumour immunity and alleviates the immunosuppressive
microenvironment found in solid tumours, which may also
improve vessel patency and reduce hypoxia.

INTERPLAY OF HYPERLIPIDAEMIA AND
EXERCISE IN BREAST CANCER
PROGRESSION

Hyperlipidaemia is an inflammatory disease. This is at least
partly attributable to the activation of TLR signalling by oxi-
dised LDL, which induces a pro-inflammatory phenotype in
innate immune cells (74). In turn, chronic inflammation has a
well-established pro-tumour effect (17). Thus, we propose
that hyperlipidaemia contributes to breast cancer progression
through the induction of chronic inflammation. Conversely,
exercise can reduce chronic inflammation (110, 197). This is
likely through the action of anti-inflammatory myokines
(197). In addition, exercise has been shown to reduce TLR
expression on monocytes and reduce the number of circulat-
ing pro-inflammatory monocytes (197). Therefore, exercise
may inhibit breast cancer progression in hyperlipidaemic indi-
viduals by dampening TLR activation and by the action of
anti-inflammatory myokines, thereby reducing chronic
inflammation.

Hyperlipidaemia is characterised by elevated serum choles-
terol levels. This increase in serum cholesterol should result in
an increased exposure of tumour cells to cholesterol. As cho-
lesterol and some of its metabolites have been shown to
directly increase breast cancer cell proliferation in vitro and
breast tumour growth in vivo ((3, 143), reviewed in (8)), it is
likely that hyperlipidaemia also exerts pro-tumour effects
through the direct effect of cholesterol. On the other hand,
exercise can lower serum lipid levels, possibly by augmenting
the ability of skeletal muscles to utilise lipids rather than
glycogen or by increases in lecithin-cholesterol acyltrans-
ferase and lipoprotein lipase activity (reviewed in (120)).
Therefore, a further mechanism by which exercise may inhib-
it tumour growth in hyperlipidaemic individuals is the reduc-
tion of blood cholesterol, thereby reducing the amount of cho-
lesterol that tumour cells are exposed to.

Taken together, exercise may inhibit breast cancer progression
in hyperlipidaemic individuals by reducing hyperlipidaemia-
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Figure 4: Hypothesised interplay of exercise and hyperlipidaemia in breast cancer progression.

Hyperlipidaemia can promote breast cancer through the induction of chronic inflammation and the mitogenic action of cholesterol on tumour
cells. Exercise may work against the pro-tumour effect of hyperlipidaemia by reducing chronic inflammation, lowering serum lipids, increasing
the ability of the immune system to recognise and destroy tumour cells and by normalising the vascular network of the tumour, thereby reducing

hypoxia.

associated chronic inflammation, by lowering serum choles-
terol and thereby reducing the exposure of tumour cells to
cholesterol, by enhancing anti-tumour immunity and by nor-
malising the tumour vasculature (Figure 4, discussed in the
previous section).

CONCLUSION

Obesity-associated hyperlipidaemia and exercise have oppos-
ing effects on breast cancer growth and development, and as
such it is possible that exercise could be utilised in hyperlipi-
daemic patients to lower lipid levels and mitigate the pro-
tumour effect of hyperlipidaemia. To our knowledge, no pub-
lished work is available which specifically investigates this
issue. To date, substantial clinical and preclinical work has
been undertaken separately to investigate the effects of hyper-
lipidaemia and exercise on breast cancer. However, it is
unknown how hyperlipidaemia influences the anti-tumour
immune response and the immune microenvironment of the
tumour.

In terms of exercise, the optimal therapeutic ‘dose’ of exercise
remains unclear, as few studies are available which specifical-
ly investigate this. It seems likely that a minimum level is
required (it has been shown that the current WHO guidelines
appear to be adequate (106)), and that excessive exercise may
be detrimental, as overtraining is known to weaken the
immune system in healthy individuals (115).

Furthermore, most studies to date have focussed on exercise as
a monotherapy, whereas in the clinic it would function as an
adjunct to surgery, chemotherapy, radiation and/or targeted ther-
apies. Therefore, it is essential that future work determines how
exercise and other therapies together influence tumour growth
and the tumour microenvironment. In addition, it is unknown
whether the effects of exercise on the tumour microenvironment
differ according to tumour type and location. It needs to be fur-
ther explored how exercise modulates perfusion to the skin and
internal organs, and how this can have different effects on dif-
ferent cancer types. In this context, a recent study investigating
the association between cancer risk and leisure time physical
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activity in over one million adults reported that exercise was
associated with decreased risk of developing lung cancer, but
increased risk of developing melanoma (135).

Further work on the immune microenvironment of the tumour
is also required to determine how cell types or subsets, such as
neutrophils or T helper cell subsets, are affected by exercise.
Functionality assays on T cell subsets would provide informa-
tion as to whether exercise alters the cytotoxic or immunosup-
pressive activity of these cells, or whether it only influences
recruitment to the tumour site.

In summary, work to date indicates that exercise can slow
tumour growth and effect changes in the tumour microenvi-
ronment which make it less aggressive, more susceptible to
treatment and more likely to be recognised and attacked by
the immune system. In contrast, obesity-associated hyperlipi-
daemia makes tumours more aggressive. Joint analysis of diet
and exercise will provide further insight into how the two
modalities, which are two of the largest lifestyle factors
responsible for a person’s individual health and well-being,
can affect the progression of cancer. We suggest that exercise
may alleviate some of the pro-tumorigenic effects of hyperlip-
idaemia through the reduction of chronic inflammation, blood
lipid levels and by exerting specific anti-cancer effects on the
tumour microenvironment.
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ABSTRACT

There are common pathways by which psychological stress
and exercise stress alter immunity. However, it remains
unknown whether psychological stress plays a role in the in
vivo immune response to exercise. We examined the relation-
ship between anxiety and perceived psychological stress
reported before exercise and in vivo immunity after exercise
using skin sensitisation with Diphenylcyclopropenone
(DPCP). In a randomised design, sixty four, thoroughly
familiarised, males completed widely used psychological
instruments to assess state-anxiety and perceived psychologi-
cal stress before exercise, and ran either 30 minutes at 60%
(30M1) or 80% (30HI) VOzpegk, 120 minutes at 60% (120M1)
VO, or rested (CON) before DPCP sensitisation. Cuta-
neous recall to DPCP was measured as the dermal thickening
response to a low-dose series DPCP challenge 4-weeks after
sensitisation. After accounting for exercise (R? = 0.20;, P <
0.01), multiple-regression showed that pre-exercise state-anx-
iety (STAI-S; AR? = 0.19; P < 0.01) and perceived psycholog-
ical stress (AR? = 0.13; P < 0.05) were moderately associated
with the DPCP response after exercise. The STAI-S scores
before exercise were considered low-to-moderate in these
Sfamiliarised individuals (median split; mean STAI-S of low 25
and moderate 34). Further examination showed that the
DPCP response after exercise (30MI, 30HI or 120MI) was
62% lower in those reporting low vs. moderate state-anxiety
before exercise (mean difference in dermal thickening: -2.6
mm; 95% CI: -0.8 to -4.4 mm; P < 0.01). As such, the results
indicate a beneficial effect of moderate (vs. low) state-anxiety
and perceived psychological stress on in vivo immunity after
exercise. Moreover, correlations were of comparable strength
for the relationship between physiological stress (heart rate
training impulse) and the summed dermal response to DPCP
(r=-0.37; 95% CI: -0.05 to -0.62; P = 0.01), and state-anxi-
ety and the summed dermal response to DPCP (r= 0.39; 95%
CI: 0.08 to 0.63; P < 0.01). In conclusion, state-anxiety and
perceived psychological stress levels before exercise play an
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important role in determining the strength of the in vivo
immune response after exercise. These findings indicate a
similar strength relationship for the level of state-anxiety
prior to exercise and the level of physiological stress during
exercise with the in vivo immune response after exercise.
Future research is required to investigate exercise-immune
responses in athletes, military personnel and others in physi-
cally demanding occupations experiencing higher levels of
psychological stress than those reported in this study e.g.
related to important competition, military operations and
major life events. Nevertheless, the present findings support
the recommendation that exercise scientists should account
for anxiety and psychological stress when examining the
immune response to exercise.

Keywords: Running, Immunity, In vivo, Diphencyprone,
STAI

INTRODUCTION

Numerous studies report an increase in upper respiratory tract
infection (URTI) symptoms following a bout of strenuous
exercise and during periods of heavy training in athletes (25,
33, 37), and there is widespread agreement that a transient
suppression of immune function is at least partly responsible
(48). A multitude of training and lifestyle stressors are thought
to be involved in the observed decrease in immune function in
athletes and military personnel; including, prolonged training
sessions, exposure to environmental extremes (e.g. heat, cold
and high altitude), poor nutrition and poor sleep (41-43, 47,
48). For example, prolonged heavy exercise (> 2 h) transiently
decreases in vitro measures of immunity in isolated blood
samples (48) and more clinically meaningful in vivo measures
of immunity instigated at the skin, including delayed type
hypersensitivity (DTH) and contact hypersensitivity (CHS)
(6, 16, 24). Indeed, recent work highlights the immunosup-
pressive effect of prolonged exercise (2 h) on the induction of
CHS using the novel antigen Diphenylcyclopropenone
(DPCP) (16, 24). Besides the immunosuppressive effects of
prolonged heavy training sessions, the training environment
and lifestyle stressors such as nutritional deficits (e.g. energy,
macro- and micro- nutrients) and poor sleep (e.g. total depri-
vation and disruption) have long been implicated in the
decrease in immune function in athletes and military person-
nel (41-43). Somewhat surprisingly, field studies (multi-stres-



sor environment) and laboratory studies mimicking real-world
athletic and military scenarios by exposing participants to
these stressors, ecither separately or combined, demonstrate
only subtle and short-lived modulation of immunity at rest
and in response to exercise (5, 28, 31, 40). Rather than
decrease immunity, some studies actually show a beneficial
‘priming’ effect of stressors such as short-term sleep disrup-
tion (1 night) (28), intermittent cold exposure (29) and inter-
mittent hypoxic exposure on immunity (50). As such, there is
a pressing need for research investigating other likely behav-
ioural, environmental and lifestyle candidates involved in the
observed decrease in immune function in athletes and military
personnel.

Given the well-known and marked influence of psychological
stress on immunity and infection resistance (10, 13), and the
likely shared mechanisms by which psychological stress and
exercise stress alter immunity (36); i.e. principally through
activation of the hypothalamic-pituitary-adrenal (HPA) axis
and sympathetic-adrenal-medullary (SAM) axis and subse-
quent immunomodulatory hormones, it has been hypothesised
that psychological stress can play a role in the decrease in
immunity with prolonged heavy exercise and heavy training
(8, 36, 49). Unfortunately, exercise immunologists rarely
report measures of psychological stress in their studies and so
there is little by way of empirical evidence to support this
hypothesis (38). That there are striking similarities in the way
acute and chronic psychological stress and acute and chronic
exercise stress influence immunity provides indirect support
for this hypothesis. For example, although chronic psycholog-
ical stress is widely accepted to decrease immunity and
increase infection risk (10, 13), short-lasting, moderate-inten-
sity psychological stress can enhance in vivo immunity (21)
and is considered a fundamental adaptive response to help us
survive (13). Similarly, prolonged heavy exercise and heavy
training are widely accepted to decrease immunity and
increase infection risk (48), but short-lasting, moderate-inten-
sity exercise stress can enhance in vivo immunity (34).

With this information in mind, using a multiple linear regres-
sion model, we tested, and provide evidence supporting our
hypothesis that the level of anxiety and perceived psychologi-
cal stress reported by an individual prior to exercise play an
important role in determining the strength of the in vivo
immune response to DPCP after exercise.

METHODS

Using the CHS responses to exercise from a previous study
(16), here we present previously unpublished and novel
insights regarding the influence of anxiety and perceived psy-
chological stress on in vivo immunity after exercise.

Participants

Sixty four healthy, non-smoking, recreationally active males
(age 22 + 3 years; height 180 + 6 cm; body mass 76.7 + 11.5
kg; VOZpeak 57 + 6 mL/kg/min) gave written informed consent
to participate in the study. Participants had no previous history
of exposure to DPCP and were excluded if they were taking
any medication or dietary supplements, or had a history of
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atopy or any other immune-related or inflammatory dermato-
logical condition. Participants were required to abstain from
alcohol and exercise for 24 h before and 48 h after the experi-
mental trials. The study received local ethics committee
approval, and all protocols were conducted in accordance
with the Declaration of Helsinki (2013).

Participants were matched for age and aerobic fitness (gas
exchange threshold and VOzpeak) before being randomly
assigned to one of four groups. Groups were 1) 120 min of
seated rest (CON); 2) 30 min of moderate-intensity (60%
VO,,.,) exercise (30MI); 3) 30 min of high-intensity (80%
VOzpeak) exercise (30HI); or 4) 120 min of moderate-intensity
(60% VO,,,,) exercise (120MI).

Preliminary measures and familiarisation

VOzpeak was estimated by means of a ramped exercise test on a
treadmill (h/p/cosmos Mercury 4.0, Nussdorf-Traunstein,
Germany) as described (16). At least 24 h after the prelimi-
nary measures and approximately 7 days before the experi-
mental trial, participants were informed of their group alloca-
tion and attended the laboratory for familiarisation. For exer-
cising participants, the calculated exercise intensity was veri-
fied, and the participant was familiarised by running for 50%
of their allocated exercise duration. During this visit, all par-
ticipants were familiarised with blood sampling and other rel-
evant procedures.

Experimental procedures

On the day of the experimental trial, participants were trans-
ported to the laboratory at 0730 h and provided with a stan-
dard breakfast (0.03 MJ/kg) before completing widely used,
validated psychological instruments. The level of anxiety was
assessed using the state aspect of the State Trait Anxiety
Inventory (STAI-S): the STAI-S is one of the most commonly
used scales to measure anxiety, which has been defined as an
unpleasant emotional state that exists at a given moment in
time and at a particular level of intensity, and is characterised
by subjective feelings of tension, apprehension, nervousness,
and worry (45). The STAI-S consists of 20-items, with
responses being measured on a four-point Likert scale (from 1
‘not at all’ to 4 ‘very much so’) and a range of scores from
20—80 (composite reliability = 0.94). Perceived psychological
stress was assessed using the Perceived Stress Scale (PSS):
the PSS is a widely used psychological instrument for measur-
ing the perception of stress, and measures the degree to which
life situations are considered stressful by the individual during
the previous month (11). The PSS is a 14-item inventory, with
responses measured on a five-point Likert scale (from 0
‘never’ to 4 ‘very often’) and a range of scores from 0—56
(composite reliability = 0.73). Average PSS score for young
adults has been reported as 21 + 7 and high PSS score in post-
traumatic stress disorder patients as 34 + 8 (11, 26). Partici-
pants assigned to 120MI began running on a treadmill at 1100
h, and those assigned to 30HI and 30MI began at 1230 h, so
that all participants completed the exercise at the same time of
day (1300 h). Heart rate was monitored continuously during
the experimental trials (Polar FT1, Polar Electro, Kempele,
Finland). Immediately after the exercise, participants show-
ered and returned to the laboratory within 15 min of comple-
tion before being sensitised to DPCP at 1320 h, exactly 20
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min after exercise cessation. This short standardised delay in
sensitisation allowed cutaneous blood flow to return to base-
line (16).

Blood collection and analysis

Blood samples were collected before, immediately after, and
1 h after exercise or seated rest by venepuncture into two sep-
arate vacutainer tubes (Becton Dickinson, Oxford, UK), one
containing K;EDTA, and one containing lithium heparin. The
samples were spun at 1500 g for 10 minutes in a refrigerated
centrifuge. Plasma was aliquoted into Eppendorf tubes, and
immediately frozen at -80 °C for later analysis. Plasma epi-
nephrine and norepinephrine were determined on K,EDTA
plasma, and plasma cortisol was determined on lithium
heparin plasma using commercially available ELISA kits
(CatCombi, IBL International, Hamburg, Germany and DRG
Instruments, Marburg, Germany, respectively). The intra-
assay coefficient of variation for plasma epinephrine, norepi-
nephrine and cortisol was 4.1%, 4.1% and 4.4%, respectively.

Induction of CHS

The sensitising exposure to the novel antigen DPCP involved
application of an occluded patch, constituting a 12-mm alu-
minium Finn chamber (Epitest Oy, Tuusula, Finland) on scan-
por hypoallergenic tape containing an 11-mm filter paper disc
(16). The paper disc was soaked in 22.8 puL of 0.125% DPCP
in acetone (patch = 30 pg/cm? DPCP) and allowed to dry for 5
min before being applied to the skin on the lower back for
exactly 48 h.

Elicitation

The magnitude of in vivo immune responsiveness was quanti-
fied by measuring the responses elicited by secondary expo-
sure to DPCP. Twenty eight days after the initial sensitisation
to DPCP, all participants received a challenge with a low-con-
centration dose-series of DPCP on individual patches, each
comprising an 8-mm aluminium Finn chamber on scanpor
hypoallergenic tape containing a 7-mm filter paper disc.
Patches were applied to the volar aspect of the upper arm in
the following concentrations: 10 pL of DPCP: 0.0048%, 1.24
pg/cm?2; 0.0076%, 1.98 ug/cm?2; 0.0122%, 3.17 pg/cm?;
0.0195%, 5.08 pg/cm?; 0.0313%, 8.12 pg/cm?; and, 10 pL of
100% acetone served as a control patch for background sub-
traction. Patches were applied in randomly allocated order at
the local site to minimise any anatomical variability in
responses. Elicitation patches were removed after 6 h, and the
strength of immune reactivity was assessed as the cutaneous
responses 48 h after application (16).

Assessment of CHS responses

Dermal thickness was determined at each elicitation site using
a high-frequency ultrasound scanner (Episcan, Longport Inc,
Reading, UK). The ultrasound probe was placed over the cen-
tre of each patch site together with ultrasound gel. The mean
of three measurements was taken from each 12-mm scan
image assessed at a later time by a blinded investigator. Mean
skinfold thickness was determined from triplicate measure-
ments at each elicitation site using modified spring-loaded
skin callipers (Harpenden Skinfold Calliper, British Indica-
tors, England, UK). As previously described (24), this method
provides an objective measure of skin oedema (inflammatory
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swelling). Skinfold thickness was recorded to the nearest 0.1
mm by placing the jaws of the calliper at the outer diameter of
the response site and measuring skin thickness only (no sub-
cutaneous fat). Skinfold thickness assessed using skinfold cal-
lipers has previously been shown to be strongly related (r =
0.93) with high-frequency ultrasound readings of dermal
thickness (16). Mean skin erythema was determined from
triplicate measurements at each elicitation site using an ery-
thema meter (ColorMeter DSM11, Cortex Technology,
Hadsund, Denmark) which provides an objective measure of
skin redness (24). Mean background values were determined
from triplicate measurements at the acetone patch site for both
thickness and redness. To determine the increase in thickness
and redness, the value from the acetone-only site was sub-
tracted from each elicitation site value. The values for
increase in dermal thickness, skinfold thickness and erythema
over all the doses were summed to give an approximation of
the area under the dose-response curve, representative of the
overall reactivity of each participant to DPCP (24).

Statistical analyses

Hierarchical linear regression analysis was used to examine
the relationship between STAI-S and PSS (in 2 separate mod-
els) and in vivo immunity after exercise. In step 1 of each
model, the influence of exercise on the summed dermal thick-
ening response to DPCP was accounted for by calculating the
training impulse (TRIMP) to reflect the level of physiological
stress, as described (2). In step 2, the influence of each psy-
chological measure on the summed dermal thickening
response to DPCP was assessed. Sample size was deemed
appropriate for the multiple linear regression analysis with 2
steps, in line with recommendations (46). To further illustrate
the influence of anxiety on in vivo immunity after exercise,
we performed additional analyses by categorising the popula-
tion based on STAI-S scores using a median split; whereby,
the levels before exercise were defined as low anxiety (LOW:
STAI-S < 29; mean 25) and moderate anxiety (MOD: STAI-S
> 30; mean 34): the STAI-S ranges for LOW and MOD are in
line with those reported in the literature (30, 45). Independent
t-tests were used to compare the summed dermal responses to
DPCP in LOW and MOD in each group (30MI, 30HI, 120MI
and CON). Comparisons of psychological measures between
groups (30MI, 30HI, 120MI and CON) were made using one-
way ANOVA. A two-way, mixed-model ANOVA was used to
analyse DPCP responses across the full dose-series challenge
(anxiety level x dose) and circulating stress hormones (anxiety
level x time) with significant differences identified using post
hoc Tukey HSD, where appropriate. Pearson correlation coeffi-
cients were also calculated between physiological stress
(TRIMP) and the DPCP response, and anxiety and the DPCP
response. To determine the influence of anxiety on the threshold
DPCP dose that elicits a response, logarithmic transformation
was performed on the DPCP data (LOW vs. MOD). This
enabled the calculation of the x-intercept when y = 0, using lin-
ear regression on the linear portion of the dose-response curve.
A threshold dose for a response to DPCP was then calculated by
back transformation (antilog). Data are presented as mean + SD,
unless otherwise stated and statistical significance was accepted
at P < 0.05. Data were checked for normality and where appro-
priate natural log transformation was performed before analysis.
Statistical analyses were performed using common statistical



software packages (SPSS 22; IBM, Chicago, IL, and GraphPad
Prism 5.0, San Diego, CA). Cohen’s d effect sizes (d) are pre-
sented to indicate the meaningfulness of group differences for
DPCP responses; whereby, values greater than 0.2, 0.5, and 0.8
represent small, medium, and large effects, respectively (9).

RESULTS

STAI-S Anxiety

Prior to exercise, there were no differences in psychological
measures between groups (e.g. STAI-S scores for 30MI,
30HI, 120MI and CON) and participants reported low-to-
moderate STAI-S scores (Fig. 1A). In step 1 of the regression
model (Table 1), exercise (TRIMP; 78 + 60 AU) was a signif-
icant predictor accounting for 20% of the variance in the
summed dermal thickening response to DPCP (P < 0.01);
whereby, greater physiological stress was associated with a
lower DPCP response following exercise. In step 2, STAI-S
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FIGURE 1. Effect of state-anxiety (STAI-S) prior to exercise on the in
vivo immune response after exercise. (A) Low (LOW) and moderate
(MOD) levels of state-anxiety. Data are Mean + SD. (B) Contact hyper-
sensitivity (CHS) assessed as elicitation challenge 28 d after DPCP
induction. Dermal thickening response to the full dose-series chal-
lenge with DPCP is shown (30MI and 30HI). Data are Mean + SEM for
clarity. 'Shown for comparison.
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score was a significant predictor over and above exercise,
accounting for an additional 19% of the variance in DPCP
response (P < 0.01); together, exercise and anxiety accounted
for 39% of the variance in the dermal thickening response to
DPCP (Table 1). Pearson correlation coefficients were of
comparable, moderate strength for the relationship between
physiological stress and the summed dermal response to
DPCP (TRIMP; r = -0.37, R? = 0.13, P = 0.01), and anxiety
and the summed dermal response to DPCP (STAI-S score; r =
0.39, R? = 0.15, P < 0.01). This association between anxiety
before exercise and in vivo immunity after an exercise chal-
lenge indicates that LOW were more likely to have a lower
DPCP response following exercise stress than MOD (Fig.
1B). When reported as the summed response to the five DPCP
challenge doses, dermal thickening response was 62% lower
in LOW than MOD (LOW 1.6 + 2.3 and MOD 4.2 + 3.1 mm;
P<0.01;d=1.0).

The ubiquitous influence of anxiety on in vivo immunity after
exercise challenge (but not rested CON) is further illustrated
in the comparisons between LOW and MOD in each group
(30M1, 30HI, 120MI and CON; Fig. 2A-D). Responses to
DPCP assessed as skinfold thickness and erythema (data not
shown for brevity), were smaller in LOW vs. MOD for 30MI
(P <0.01) and 30HI (P < 0.05; Fig. 2A-B), but not CON. The
suppressive effect of LOW vs. MOD was also apparent in
120MI (P = 0.05; d = 0.9; Fig. 2C) which is particularly strik-
ing given that the suppressive effect of prolonged exercise on
the induction of DPCP immune memory has been reported
(16). The lower CHS response to exercise in LOW vs. MOD
is also illustrated in the smaller dermal thickening response
across the full dose-series of DPCP in LOW vs. MOD (F(1,
35) = 11.1, P < 0.01; Fig. 1B for 30MI and 30HI). Further-
more, the threshold dose for a positive response to DPCP was
calculated using the linear part of the dose-response curves.
Compared with MOD, LOW required a 4-times greater DPCP
dose (1.5 pg/cm?) to elicit a positive response.

Perceived Stress Scale

Participants reported low-to-moderate PSS scores (16.5 +
5.3). After accounting for the influence of exercise in step 1
of the regression model (Table 1), PSS score was a signifi-
cant, moderate predictor (in step 2), accounting for an addi-
tional 13% of the variance in DPCP response (P < 0.05);
together, exercise and PSS score accounted for 33% of the
variance in the dermal thickening response to DPCP (Table
1). This association between the perception of psychological
stress in the last month (i.e. the degree to which life situa-
tions are considered stressful) and in vivo immunity after
exercise challenge indicates that participants reporting lower
life stress were more likely to have a lower DPCP response
following an exercise challenge than participants reporting
moderate life stress.

Circulating stress hormones

When comparing LOW and MOD, a significant anxiety level
x time interaction was observed for circulating epinephrine
concentration (F(2, 88) =5.9; P <0.01); whereby, epinephrine
was lower in LOW than MOD at pre-exercise (LOW 0.25 +
0.17 vs. MOD 0.58 £ 0.46 nmol/L; P <0.01), but not different
at post or 1 h post-exercise. Similarly, an independent -test
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TABLE 1. Multiple linear regression analysis examining the influence of state-anxiety and
perceived psychological stress level prior to exercise on the subsequent in vivo immune
response after exercise. Contact hypersensitivity (CHS) assessed as the summed dermal
thickening response to the full dose-series elicitation challenge with DPCP 28 d after DPCP
induction. After accounting for the negative influence of exercise in step 1, separate models
show the positive influence of anxiety (from low to moderate levels), assessed using STAI-S
in step 2 (A) and perceived psychological stress (from low to moderate levels) over the last

month, assessed using PSS in step 2 (B), respectively.

The findings of the present study
demonstrate an important interaction
between the a priori level of anxiety
and perceived psychological stress
and the subsequent immune response
after an exercise challenge. We previ-
ously showed no significant influence

of 30MI or 30HI on in vivo immunity

Dependent variable: CHS B SE B t AF R? AR? o
(16), but these new insights show a
A.Step 1 lower in vivo immune response in
individuals reporting low compared
Exercise (TRIMP)! -0.005 0.002 -0.44 -2.93 8.56  0.20*%* 0.20** with moderate anxiety in 30MI and
30HI (Fig. 2A-B). Moreover,
Step 2 .
although we have previously shown a
STAL-S 0.06 002 044 324 1050 039%*F 0.19%* suppressive effect of 120MI com-
pared with rested control on in vivo
immunity (16), particularly striking is
the 50% lower in vivo immune
B. Step 1 C .
response in individuals reporting low
Exercise (TRIMP)' -0.005 0002 -044 293 856 0207 0.20%* compared with moderate anxiety on
120MI (Fig. 2C). Given that DPCP is
Step 2 benign, determining the clinical sig-
nificance of these findings, with spe-
PSS 0.06 0.02 0.36 2.54 6.45 0.33**  (0.13*

cific regard to infection (skin and

'TRIMP = training impulse; STAI-S = State Trait Anxiety Inventory; PSS = Perceived Stress

Scale;* P <0.05; ** P<0.01.

showed that circulating cortisol concentration was also lower
pre-exercise in LOW than MOD (LOW 545 + 190 vs. MOD
699 + 289 nmol/L; P < 0.05); albeit, there was no significant
interaction. Nevertheless, the lower circulating epinephrine
and cortisol concentration in LOW than MOD before exercise
represent large (d = 0.94) and medium (d = 0.63) effects,
respectively. Circulating norepinephrine was not different
between LOW and MOD.

DISCUSSION

The aim of this work was to investigate the influence of anxi-
ety and perceived psychological stress on the in vivo immune
response after exercise. The findings support our hypothesis
that the level of anxiety and perceived psychological stress
reported by the individual prior to exercise play an important
role in determining the strength of the subsequent in vivo
immune response after exercise (Table 1 and Fig. 1): in vivo
immunity was assessed by DPCP sensitisation after exercise
and recall responses measured 28 d later. Moreover, the find-
ings indicate a similar, moderate strength relationship for the
level of anxiety prior to exercise (STAI-S; » = 0.39) and the
level of physiological stress during exercise (TRIMP; r = -
0.37) with the in vivo immune response after exercise chal-
lenge. The ubiquitous influence of anxiety on the immune
response after exercise is further evidenced by a lower in vivo
immune response to DPCP in individuals reporting low com-
pared with moderate anxiety, regardless of the intensity and
duration of the exercise challenge (30MI, 30HI and 120MI,
Fig. 2A—C). These findings support the recommendation that
exercise scientists should account for anxiety and psychologi-
cal stress when examining the immune response to exercise.
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other) is an important avenue for
future research. Preferably, the
strength of the cutancous recall
response to DPCP could be gener-
alised beyond skin immunity to indicate the immune system’s
general ability to respond to an infectious challenge. The
available evidence in this regard is supportive as cutancous
immune measures are impaired in individuals with acute
infectious illness (3, 22), diabetes and psoriasis (1) and predict
mortality in critically ill HIV-infected patients (17). That we
show lower pre-exercise circulating cortisol and epinephrine
in the low compared with moderate anxiety group raises the
possibility that stress hormones may modulate the immune
response to subsequent exercise; indeed, stress hormones are
considered to play important roles in preparing the immune
system for challenge (13, 15). For example, administration of
physiological doses of corticosterone and epinephrine
increased T-cell drainage away from the site of DTH chal-
lenge to lymph nodes, which in-turn enhanced the DTH
response in rats (15). In addition, adrenalectomy has been
shown to eliminate stress-induced immune-enhancement in
rats, likely by reducing the glucocorticoid and epinephrine
response (15). Nevertheless, post-exercise circulating cortisol
and epinephrine were not different between individuals
reporting low and moderate anxiety in the present study; as
such, further research is required into the underlying mecha-
nisms.

Regarding the timing of the psychological measurements, the
findings were unlikely due to an acute anticipatory effect
prior to exercise as our participants underwent thorough
familiarisation to all procedures, including running 50% of
their allocated exercise duration; indeed, the success of famil-
iarisation is shown as similar STAI-S scores prior to exercise
and rested CON (Fig. 1A). In addition, our findings for the
relationship between STAI-S score and the in vivo immune
response after exercise are further supported by the relation-



ship between PSS score and the in vivo immune response
after exercise: PSS assesses the perception of stress, and
measures the degree to which life situations spanning the last
month are considered stressful (whereas STAI-S provides an
acute measure of anxiety) (11). As such, the PSS findings
provide added confidence regarding the observed association
between psychological stress and the in vivo immune
response after exercise challenge. It remains to be shown
whether individuals are predisposed to respond to stressful
situations, such as competitive sport or military scenarios, in
a predictable manner with regards to neuro-endocrine-
immune responses. In support of this notion, there is some
evidence that personality traits predict endocrine stress-reac-
tivity (4, 19); nevertheless, further research is required to
investigate this novel concept in exercise immunology, and to
establish whether the findings of the present study extend to
other immune measures e.g. vaccination responses (7) and
mucosal immunity (23). Further research is also required to
disentangle the influence of psychological and physiological
strain during prolonged exercise (e.g. during endurance and
ultra-endurance events) on in vivo immunity. Psychological
stress measurements were made before exercise in the pres-
ent study and it is reasonable to assume that psychological
stress during more prolonged exercise (e.g. 120MI) might
also play a role in the observed decrease in the in vivo
immune response (Fig. 2C).
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Bridging the gap between exercise immunology and
psycho-neuro-immunology

Research investigators have long since acknowledged a role
for psychological stress in the decrease in immunity associat-
ed with heavy exercise and training but there is little empirical
research to support this hypothesis (8, 36). Since Clow and
Hucklebridge’s Exercise Immunology Review article high-
lighting this working hypothesis in 2001 (8) there have been >
3,000 peer-reviewed publications in exercise immunology
(using the search terms ‘exercise’ and ‘immune’, Web of Sci-
ence™) yet < 5% of these publications include the search
terms ‘psychological stress’ or ‘anxiety’. Closer inspection of
this small subset of exercise immunology publications reveals
that the large majority mention a putative role for psychologi-
cal stress or anxiety in exercise-immune modulation; howev-
er, only a small handful of original investigations either
attempt to manipulate psychological stress or include objec-
tive measures of psychological stress (27, 32, 38, 39). The
present study answers the recent calls to physiologists (51)
and exercise immunologists (49) to incorporate objective psy-
chological measurements in their human studies.

The findings herein support the recommendation that exercise
immunologists should include aspects of mental health (e.g.
psychological stress and others), in a broader conceptual
framework of exercise-immune interactions alongside other
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FIGURE 2. Effect of state-anxiety prior to exercise on the in vivo immune response after exercise of varying intensity and duration. (A-D)
Summed increase in skinfold thickening response to DPCP challenge for each exercise group (30MI, 30HI and 120Ml) and rested CON. Data are
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factors thought to decrease immunity in athletes and military
personnel (e.g. prolonged training sessions, poor nutrition etc.).
This will inform and direct research questions and experimental
designs with the aim of improving our understanding of the
complicated exercise-immune interactions and with the potential
to provide effective countermeasures to immune impairment in
those concerned. To this end, the exercise immunologist’s toolk-
it will be enhanced by joining forces with experts in the ever
expanding field of psycho-neuro-immunology to begin to disen-
tangle the psychosocial and physiological underpinning of
decreased immunity and increased infection risk in high level
athletes, military personnel and others in physically demanding
occupations. Our finding that pre-exercise anxiety and perceived
psychological stress accounted for additional variance in post-
exercise in vivo immunity after accounting for exercise (using
TRIMP) emphasises the importance of incorporating psycholog-
ical measurements in studies investigating the immune response
to exercise. As do the similar strength correlations for pre-exer-
cise anxiety (STAI-S; » = 0.39) and physiological stress during
exercise (TRIMP; » = -0.37) with in vivo immunity after exer-
cise. These findings indicate a beneficial effect of moderate (vs.
low) anxiety and perceived psychological stress on in vivo
immunity after exercise (Fig. 2A and D); as such, the findings
accord with the immune-enhancement theory of moderate stress
(13, 20, 21). Further research is required to investigate exercise-
immune responses in athletes, military personnel and others in
physically demanding occupations (e.g. firefighters and moun-
tain rescue workers) experiencing higher levels of psychological
stress than those reported in this study e.g. as might occur in
relation to important competition, major life events etc. The
immuno-suppressive effects of chronic high stress in rats (3
weeks of restraint and shaking stress) (14) and humans (exami-
nation period) (44) are widely acknowledged (13). As such,
research is required to test the hypothesis that chronic high lev-
els of psychological stress exacerbate the decrease in in vivo
immunity after exercise. Irrespective, the present findings sup-
port the recommendation that exercise scientists should account
for anxiety and psychological stress when examining the
immune response to exercise, and for coaches and support staff
to monitor anxiety and psychological stress alongside more tra-
ditional physiological measures of training stress. Accordingly,
recent evidence highlights that aspects of mental health such as
psychological stress and depression are important risk factors for
illness in Olympic athletes (18). In time, studies may demon-
strate the utility of interventions to alter psychological stress in
order to optimise immunity and host defence in athletes, military
personnel and those in physically demanding occupations. There
is good reason for optimism as an §-week mindfulness medita-
tion programme increased the antibody response to influenza
vaccine in employees working in a highly stressful environment
(vs. waiting-list controls) (12). Also, although somewhat limited
methodologically, preliminary work in competitive athletes
showed that a 3-week stress management intervention reduced
the number of days out due to illness and injury (35).

CONCLUSIONS

In conclusion, these findings show that anxiety and perceived
psychological stress levels prior to exercise play an important
role in determining the strength of the in vivo immune
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response after exercise. Moreover, these findings indicate a
similar, moderate strength relationship for the level of state-
anxiety prior to exercise and the level of physiological stress
during exercise with the in vivo immune response after exer-
cise. Future research is required to investigate exercise-
immune responses in athletes and others in physically
demanding occupations experiencing higher levels of psycho-
logical stress than those reported in this study e.g. related to
important competition and major life events. Nevertheless,
these findings support the recommendation that exercise sci-
entists should account for anxiety and psychological stress
when examining the immune response to exercise.
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ABSTRACT

Background/Purpose: Ageing has profound impact on the
immune system, mainly on T-cells. However, it has been sug-
gested that chronic exercise may delay immunosenescence.
Master athletes represent an interesting sub-demographic
group to test this theory since they maintain a high training
frequency and load throughout life. The purpose of this study
was to evaluate the effects of lifelong training on the senes-
cence and mobilization of T lymphocytes in response to acute
exercise.

Material and Methods: Nineteen athletes who regularly par-
ticipated in training and competitions for more than 20 years
throughout their lives and a control group of 10 healthy indi-
viduals participated in this study. All subjects performed a
progressive test to exhaustion on a cycle ergometer. Blood
samples were obtained before (Pre), 10 min after the test
(Post) and 1 h after the test (1h). Phenotypic study of periph-
eral blood T-cells was performed by flow cytometry. Genes of
interest expression was done on T-cells purified by cell sort-
ing.

Results: Master athletes had a lower percentage of senescent
naive, central memory and effector memory CD8* T-cells and
senescent naive and effector memory CD4% T-cells. Age had a
positive effect on SLEC CD8* T-cells and a negative effect on
naive CD8* T-cells. VO,, . positively correlated with the pro-
portion of naive CD4" T-cells and negatively correlated with
the percentage of total lymphocytes. No differences were
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founded for CD4* and CD8" T-cells and their subsets
between master athletes and the control group at all times of
measurement. No differences were observed in the CD45RA
expressing effector memory cells (EMRA) for the various
study conditions. The mRNA expression of the CCR7 gene for
naive CD8" T-cells and the Fas-L gene for effector-terminal
CD8" T-cells was not different between masters and controls
and did not change in response to the maximal protocol test.
Conclusion: In conclusion, maintaining high levels of aerobic
fitness during the natural course of aging may help prevent
the accumulation of senescent T-cells.

Keywords: Immunosenescence; KLRG1; Cytomegalovirus;
CCR7; Fas-L; Immune space.

INTRODUCTION

The age-associated decline in immune function, referred to as
immunosenescence, is well characterized in the adaptive
immune system and, in particular, within T-cells. The charac-
teristics of immunosenescence in the T cell pool, include low
numbers and proportions of naive T-cells (especially CD8* T-
cells) and a large number of memory T-cells (CD8" T-cells
especially in late stage of differentiation) (1, 9, 21, 22); poor
vaccination responses (18, 41); and a CD4:CDS8 ratio <1.0
(17). These changes are largely driven by infection with
cytomegalovirus (455). Depletion of the naive T cell pool may
result in fewer naive cells capable of responding to new anti-
gens; in fact, the extended pool of memory cells may actually
prevent populations of naive cells from being able to prolifer-
ate and expand in sufficient numbers (26).

The onset of senescent T cells occurs due to excess clonal
expansions occurring as part of a normal immune response to
pathogens that invade or reactivate infections in the body
throughout life (33). Repeated exposure to antigenic stimuli
throughout life (like reactivation of latent viral infections)
leads to further rounds of cell division and premature senes-
cence. As these senescent T cells still preserve effector cell
functions (like death of virus-infected cells) and are highly
pro-inflammatory, their accumulation in blood and tissues



may also contribute to a number of pathologies associated
with inflammation (33).

Spielmann et al. (2011) demonstrated that the proportions
of senescent CD4+ and CD8" T-cells increased with advanced
age, at a corresponding rate of 10% and 10.2% per decade,
respectively. This was accompanied by a reduction in the pro-
portions of naive CD4* and CD8* T-cells (10% and 9.9% per
decade, respectively). Interestingly, the authors found that
subjects who had above-average VO,, . values had fewer
senescent CD4* and CD8" T-cells and increased numbers of
naive CD8" T-cells than those with lower VO,, . values, even
after adjustment for age, body mass index, and percentage of
body fat. Surprisingly, the authors found that the well-accept-
ed association between age and senescent T-cells no longer
existed when age was adjusted for VO,, .., indicating that aer-
obic fitness may be a strong determinant of T-cell phenotypic
changes with greater impact than chronological age. This
effect was limited to senescent cells, and VO,,, . was not asso-
ciated with increased memory cells after adjustment for age.
The study was the first to show that aerobic fitness is associat-
ed with a moderation of natural age-related accumulation of
senescent T cells in peripheral blood, highlighting the benefi-
cial effects of maintaining a physically active lifestyle on
immunosenescence (38).

Many aspects of immune function change with age, and
some of these changes can be restored temporarily by exercise
by delaying the onset of immune ageing or by rejuvenating
aged immune profiles (20, 28, 34, 36, 40). This theory has
been developed based on the evidence that exercise "stimu-
lates" the immune function (43, 44). For example, moderate
or intense training throughout life leads to strong response to
vaccines against influenza, resulting in higher percentages of
protected subjects (2). Furthermore, the immunosurveillance
of lymphocytes, the cells which seek tissue antigens derived
from viruses, bacteria or malignant transformation is thought
to be facilitated by lymphocytosis and subsequent transient
exercise-induced lymphopenia (10, 40). Also, some forms of
exercise are anti-inflammatory, and if regularly repeated
throughout life, there is a lower morbidity and mortality from
diseases with an immunological and inflammatory etiology
(11).

Many aspects of immune function change with age, and
some of these changes can be restored temporarily by exer-
cise. A recent theory proposed that exercise can trigger pre-
ventive and / or restorative mechanisms of T-cell immunose-
nescence (28, 34) involving a three steps process. Firstly, as
shown by many studies (4, 32, 33), cells in a late differentiat-
ed stage are mobilized to the peripheral blood during exercise.
Secondly, these cells extravasate from the blood to peripheral
and / or inflamed tissues 1-2 h after exercising (6, 43, 44). At
these sites, it is thought that T-cells are exposed to a variety of
pro-apoptotic stimuli (e.g., reactive oxygen species, glucocor-
ticoids, cytokines) that may cause apoptosis of these cells
(15). The third and final phase of this hypothesis, proposes
that the naive T-cell repertoire is then able to expand in
response to the "immune space"” that has been created, initiat-
ed by a hypothetical negative feedback loop that governs the
number of naive and memory cells (12, 28).

If exercise can reverse the immunosenescent phenotype by
causing selective apoptosis (28) is still a topic of debate (30,
40). For example, exercise could also prevent accumulation of
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terminally differentiated/exhausted T-cells with age by pre-
venting CMV reactivation (31). Moreover, there is evidence
for and against this model, including the idea suggesting that
not all cells bearing a so-called “senescent” phenotype are
actually senescent (40). More recent advances showed that
many CMV-specific CD8" T cells, identified using MHC-
class I tetramers, are multifunctional, producing IFN-y, IL-2
and TNF-a and exhibiting potent cytotoxic activity (25). In
addition, these cells have telomeres of intermediate length,
despite ‘“‘senescent’ cell-surface characteristics (e.g.,
CD45RA*CD27-) (29).

Although, many studies indicate that exercise can slow
human biological aging, the effects of long-term exercise on T
cell function are not well known (5, 19, 23, 39). Therefore, the
aim of this study was to evaluate the effects of training
throughout life on the senescence of T cell and on the mobi-
lization of senescent T cell subsets in response to a maximal
acute exercise test.

The hypothesis of increasing the frequency of terminally
differentiated T-cells in the blood after acute exercise suggests
that the selective mobilization and death of these cells by
acute and regular exercise could eventually allow naive T-
cells to occupy vacant immune space and increase the T cell
repertoire (32). The analysis of this hypothesis in master ath-
letes is original and was tested in this study.

MATERIALS AND METHODS

Participants

Nineteen master athletes volunteered to participate in this
study. The subjects (n=15 men and n=4 women) were swim-
mers, judo and track and field athletes over 40 years old who
had participated in training and competitions for more than 20
years throughout their life. The study also included a healthy,
non-smokers, body mass and age-matched control group of 10
subjects (n=7 men and n=3 women) who performed no regu-
lar physical training in the last 20 years (Table 1). The inclu-
sion criteria for masters were a minimum of twenty years of
regular training and competition participation and being cur-
rently participating in regular training and competition. The
inclusion criteria for the control group, was to not have per-
formed regular physical training in the last 20 years. Exclu-
sion criteria for both groups included smokers, any known
cardiovascular, musculoskeletal or neurological disease and
the use of any medication or supplementation. The master ath-
lete sports history was accessed through a self-reported
regarding the beginning of athletic life, the modalities prac-
ticed and the duration dedicated to each category, including
the starting and finishing year, the hours per week and the
months per year in the mentioned sport and the episodes of
injury. A second questionnaire regarding the planning of the
training period, including the development of the activities,
namely type of activity, category, hours / week, classification
of effort intensity (easy, moderate, intense or very intense),
competitions in which the athlete participated and the results
obtained, was also applied.

All subjects completed a medical and health questionnaire
and gave their written informed consent to participate in this
study. The experimental procedure was approved by the
Ethics and Human Subjects Review Board of the Faculty of
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Sports Science and Physical Education, University of Coim-
bra.

Table 1. Participants characteristics

human/mouse KLRG1-APC (allophycocyanin, Clone
2F1/KLRGI, Biolegend, San Diego, CA).

Briefly, peripheral blood cells (PBCs) were

labelled and incubated for 10 min at room tem-

perature in the dark. After this, 2 ml of FACS

lysing Solution (BD Biosciences) was added;

Masters Control
Age (years) 53.5+8.94 53.7+6.04
Height (cm) 171.5+5.86 169.7+8.23
Body mass (kg) 74.7+15.17 70.45 £13.71
BMI (kg.m?) 25.7+4.65 24.6+3.18

VOamax (L.min-1) 2859.5 £ 697.22

VO2max (mL.kg-1.min-1) 40.36 £ 11.55

2094.55+4.14 a
29.29+697.22b

cells were incubated at room temperature for a
further 10 min and then washed with 2ml of
PBS. The tubes were then centrifuged at 540 g
for 5 min and the supernatant was discarded. The
cells were resuspended in 0.5 ml PBS, and
immediately acquired in a flow cytometer.

For acquisition, initially, 1.000.000 events,

Values are Mean + Standard Deviation (SD). N= Masters (19), Control (10). BMI= Body Mass

Index; VOamax = Maximal Oxygen Consumption. a= P<0.01 compared to masters; b= P<0.001

compared to masters.

Experimental design

All participants agreed to refrain from caffeine and alcohol in
the previous 24 h and avoided strenuous exercise 72 h prior to
the laboratory procedures. Participants arrived at the laborato-
ry at 09:00am. First, they completed a comprehensive health-
screening questionnaire. All subjects completed a maximal
oxygen uptake (VO,, ) test on an electro-magnetically
braked cycle ergometer (Lode Excalibur Sport V4.67, Gronin-
gen, The Netherlands). Participants began cycling at 75W and
the power output was increased by 25W every 3 min until
volitional fatigue. Oxygen uptake (breath-by-breath) was
measured using an automated gas-analysis system (Quark
CPET COSMED, COSMED, Rome, Italy). Heart-rate, using
short range telemetry (COSMED, Rome, Italy), and ratings of
perceived exertion Borg Cr-10 scale (RPE) were recorded at
each 3-min stage and at the end of the test. Intravenous blood
samples were collected in 6ml vacuum tubes containing
EDTA as an anticoagulant (Becton-Dickinson, Oxford, UK)
before (Pre), immediately after (Post), and 1 h after exercise.

Peripheral Blood Cell Counts

Total leukocyte and lymphocyte counts were determined
using an automated cell counter (Coulter ACT Diff, Beckham
Coulter, USA).

Flow cytometry

Specific lymphocyte populations were identified by immuno-
fluorescent antibody staining of whole blood by eight-colour
flow cytometry (FACSCanto II, BD Bioscience, San Jose,
CA, USA). The following monoclonal antibodies (mAbs)
were used: anti-human CD3-PB (pacific blue, clone UCHTI,
Pharmingen, San Diego, C.A. USA), anti-human CD4-APC-
H7 (allophycocyanin-hilite 7, Clone 13B8.2, Beckman Coul-
ter, Miami, FL, USA), anti-human CD8-KO (Krome Orange,
Clone 5MZ.332, Beckman Coulter, Miami, FL, USA), anti-
human CD25-PE (phycoerythrin, Clone 2A3, BD Bioscience,
San Jose, CA, USA), anti-human CD127-FITC (fluorescein
isothiocyanate, Clone R.34.34, Beckman Coulter), anti-
human CD27-PECyS5 (phycoerythrin-cyanine 5, clone R.8.01,
Beckman Coulter), anti-human CD45RA-PECy7 (phycoery-
thrin-cyanine 7, Clone L48, BD Bioscience) and anti-
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corresponding to all nucleated cells present in
the sample, were collected and information
stored. Blood lymphocytes were identified and
electronically gated using the forward and side
light-scatter mode. T lymphocytes were identi-
fied according to their positivity for CD3 and
typical light scatter. Two parameter dot plots were generated
from the gated lymphocyte cell population to identify
CD3*/CD4* or CD3*/CD8&" T-cell subset populations. CD4+
and CD8+ T-cells were subsequently further differentiated
into naive, central memory (CM), effector memory (EM), and
CD45RA expressing effector memory cells (EMRA) subsets
by CD45RA expression in combination with CD27. Senescent
T-cells were detected based on the expression of KLRG1™.
The flow cytometer was routinely calibrated using Calibrite
beads (BD Biosciences) and single labelled antibody tubes
were used for further compensation adjustments. Data analy-
sis was performed in the Infinicyt version 1.7 software
(Cytognos, Salamanca, Spain). Absolute counts were calculat-
ed using a dual platform methodology (flow cytometry and
haematological cell analyser — Beckman Coulter LH 750,
Miami, USA) (Figure 1).

Cell purification by fluorescence-activated cell sorting

CD8* naive and EMRA T cell populations were purified by
FACS (using a FACSAria II flow cytometer; BD) according
to their typical phenotype. The purified cell populations were
subsequently used for mRNA expression studies.

Analysis of mRNA expression in purified CDS8 T-cells:

The content of sorted purified cells were transferred to a 1.5-
mL Eppendorf tube and centrifuged for 5 min at 300 g, and
the pellet ressuspended in 350 pL of RLT Lysis Buffer (Qia-
gen, Hilden, Germany). Total RNA was extracted with the
RNeasy Micro kit (Qiagen) in accordance with the manufac-
turer instructions. Total RNA was eluted in a 20-uL volume
of RNase-free water and was reverse-transcribed with Tetra
cDNA Synthesis (Bioline, London, UK) in accordance with
the manufacturer instructions. Relative quantification of
gene expression by real-time polymerase chain reaction
(PCR) was performed in the LightCycler 480 II (Roche
Diagnostics, Rotkreuz, Switzerland). Real-time PCRs were
carried out by using 1x QuantiTect SYBR Green PCR Mas-
ter Mix (Qiagen) and 1x QuantiTect Primer Assay (CCR7:
QT00025718; FAS-L: QT00041685, Qiagen) in a final vol-
ume of 10 pL. The reactions were performed by using the
following thermal profile: one cycle of 10 min at 95°C, 50
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Figure 1. Representative analysis strategy used to define the different CD4+ and CD8+ T-cells populations and the % of these cells expressing the

marker KLRGI1.

The lymphocyte population was defined based on their low scatter (side scatter) and their small size (forward scatter) (Figure 1a). T lymphocytes were identi-
fied according to their CD3 positivity (Figure 1b). CD4+ and CD8+ T-cells were defined based on their positivity for CD4 and CD8, respectively (Figure 1c).
Each subpopulation of CD4* and CD8" T-cells was divided into naive (CD27*CD45RA"), central memory (CM; CD27"CD45RA"), effector memory (EM;
CD27-CD45RA") and CD45RA expressing effector memory cells (EMRA; CD27-CD45RA") (Figure 1d, e). CD8" T-cells were further subdivided into another
population, short-lived effector cells (SLEC, CD27-1oWwCD45RA*) (Figure 1f). All populations were analysed for their positivity for the KLRG1 marker (Fig-

ure 1g).

cycles of 10 s at 95°C, 20 s at 55°C and 30 s at 72°C, one
cycle of 5 s at 95°C, 1 min at 65°C and continuous at 97°C,
and one cycle of 10 s at 21°C. Real-time PCR results were
analysed with the LightCycler software (Roche Diagnostics).
GeNorm software (Primer Design Ltd., Southampton, UK)
was used to select the reference genes to normalize data. The
reference genes used for gene expression analysis were
cytochrome cl (CYC1; QT00209454) and glyceraldehyde 3-
phosphate dehydrogenase (GAPDH; QT012504271). The
normalized expression levels of the genes of interest were
calculated by using the delta Ct (change in threshold cycle)
method.

Statistical analysis

Descriptive results are presented as means + standard devia-
tion (SD). The Gaussian distribution for each parameter was
assessed by a Shapiro-Wilk test. Alpha level was set at 0.05.
All these routine analyses were assessed using SPSS software
v19.0 (IBM Company, NY, USA).

For the analyses of change, accounting for the multilevel
design of the study [level 1 units (intra-individual) within
each level 2 unit (individuals of different groups)], hierarchi-
cal random effects models (REM) were constructed using a
multilevel modelling approach (MLwiN v2.26, Center for
Multilevel Modelling, University of Bristol, Bristol, UK) (3).
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Analysis models that contained variables measured at dif-
ferent levels of a hierarchy are known as multilevel regression
models. The following additive polynomial multilevel model
was adopted to describe the changes in response to a maxi-
mum effort protocol:

Yij = (a+ ) + B+ vj) xij + (71 + 720 + -+ znij) + eij

This equation is an example of REM in which level 1 regres-
sion coefficients are treated as random variables at level 2. In
this example, the minutes from start (x) is in both the fixed
and random parts of the model. This is seen clearly when
equation 1 is rearranged into fixed and random parts:

Yij = (a+ B xij) + (z1ij + 72ij + -+ znij) + (W + vjxij + €ij)

where y is the %Total Ly, %Total LyT, %LyT, %Total CD4",
%CD4", %Total CD8" and %CDS8"; naive, central memory
(CM), effector memory (EM) and CD45RA expressing effec-
tor memory cells (EMRA) of CD4* T-cells (%CD4); naive,
central memory (CM), effector memory (EM) and CD45RA
expressing effector memory cells (EMRA) of CDS8*
T-cells  (%CDS8); LyT/KLRG1*, %CD4*/KLRGI1",
%CD4%/naive/KLRG1*,  %CD4*/CM/KLRG1* and
%CD4"/EM/KLRG1*, %CD4"/EMRA/KLRGI1* on measure-
ment occasion i in the jth individual, a is the constant for each
jt individual, B, x;; is the slope for the dependent parameters
over time (i.e., minute of measurement) for the jth individual;
and 7z, to z, were the coefficients of explanatory variables
(e.g., age, sex, VO, etc.) at assessment occasion i in the jth
individual. These were the fixed parameters in the model.

Both 4, vx, and ¢; formed the random parameters in the
model. They were assumed to be independent and follow a
normal distribution, with means equal to zero and variance 2.
&,~N[0,var(¢;)] was the level 1 residual (within-individual
variance) for the i assessment of %Total Ly, %Total LyT,
%LyT, %Total CD4*, %CD4*, %Total CD8" or %CD8";
naive, central memory (CM), effector memory (EM) or
CD45RA expressing effector memory cells (EMRA) of CD4*
T-cells (%CD4); naive, central memory (CM), effector memo-
ry (EM) or CD45RA expressing effector memory cells
(EMRA) of CD8* T-cells (%CD8); LyT/KLRGI",
%CD4*/KLRG1*, %CD4*/naive/KLRG1*, %CD4*/CM/KLRG1*
or %CD4*/EM/KLRG1", %CD4*/EMRA/KLRG1* in the j# indi-
vidual. Also, u~N[0,var(x)] was the between individuals inter-
cept variance and v,x,~N[0,var(v,x,)] was the between indi-
viduals slope variance; thus, being used as the level 2 residu-
als (between subjects) variances for the ;7 individual. The
equation uxv,x,~N[0,var(xxv,x;)] explained the intercept-
slope covariance relationships among the intercepts and
slopes in the model (3, 13).

Models were built using a stepwise procedure, i.e. predic-
tor variables (z fixed effects) were added one at a time, and
likelihood ratio statistics were used to judge the statistical fit
of the model (3). Predictor variables (z) were accepted as sig-
nificant if the estimated mean coefficient was greater than
twice the standard error of the estimate. If the retention criteri-
on was not met, the predictor variable was discarded. Minute
of measurement power functions were introduced into the lin-
ear models to allow for the nonlinearity of changes in the
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dependent parameters. The following variables were intro-
duced as predictors in the multilevel models: minute of meas-
urement, minute of measurment?, age, height, body mass and
VO,,.... Dummy variables were created for sex and sample
groups with female participants and controls, respectively, as
reference categories. A total of twenty-eight independent mul-
tilevel REMs was constructed.

RESULTS

Participants anthropometric and physiologic characteristics
are shown in table 1. Data from the questionnaires on training
history and training habits showed that on average, master
athletes had a practice of history of 24.6 + 1.8 years and
trained 10.3 + 0.2 months per year with approximately 5 hours
per week (5.5 + 0.4 hours) per month trained.

The results obtained for the different cell subpopulations
after analysis using multilevel models are summarized in
tables 2, 3, 4, 5 and 6.

Table 2 shows the results from multilevel models for the
proportion of total Ly, total LyT, total CD4 and CD4 T cells,
total CD8 and CDS8 T-cells. For the six models, the random
effects are significant within individuals, indicating that
%Total Ly, %Total LyT, %Total CD4, %CD4, %Total CDS§
and %CDS8 T-cells are increasing significantly at each minute
of measurement within individuals (P<0.05). The between
individuals variance matrix for each model indicates that indi-
viduals have significantly different curves in terms of their
intercepts [constant/constant (p,xp), P<0.05] but not in terms
of the slopes of their lines [minute of measurement/minute of
measurement (vx,<vyx,), P>0.05], except for proportion of
total CD4* cells (P<0.05). Also, the variance of these inter-
cepts and slopes are not significantly correlated [constant/age
(wxvx,), P>0.05], except proportion of total CD8cells. The
variance between individuals is not, therefore, different at dif-
ferent minutes of measurement, except for %Total CD4 and
%Total CD8. The fixed effects that significantly predicted
%Total Ly, %Total LyT, %Total CD4, %CD4, %Total CDS
and %CD8 indicates that once the time of measurement is
controlled (1 minute predicts 0.4%, 0.1, -0.5, -0.05, -0.6, 0.1
and 0.4, respectively). Once time of measurement is account-
ed for no significant effect of sports participation (controls vs
masters) was noted for all variables. VO2max had an inde-
pendent, significant and negative association with proportion
of total Ly.

Table 3 summarizes the results from multilevel models for
the proportion of CD4 naive, CM, EM and EMRA. For the
four models, the random effects are significant within individ-
uals. The proportion of CD4 naive, CM, EM and EMRA are
increasing significantly at each minute of measurement within
individuals (P<0.05). The between individuals variance
matrix for each model indicates that individuals have signifi-
cantly different curves in terms of their intercepts (P<0.05)
but not in terms of the slopes of their lines (P>0.05). Also, the
variance of these intercepts and slopes are not significantly
correlated (P>0.05). The variance between individuals is not,
therefore, different at different minutes of measurement. The
fixed effects that significantly predicted %CD4 naive, %CD4
CM, %CD4 EM and %CD4 EMRA indicate that once the
time of measurement is controlled (1 minute predicts -0.01%,
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Table 2. Multilevel regression models for the proportion of Total lymphocytes, Total T-lymphocytes, T-lymphocytes, Total CD4", CD4", Total

CDS8" and CD8" T-cells.

%Total Ly %Total LyT %LyT %Total CD4 %CD4 %Total CD8 %CD8
Fixed effects
Constant 31.3845+4.0097 18.1119+£1.0056  75.4511+2.9632 13.1916+1.0026 59.0956+1.6833  6.0599+0.5640 32.5100+1.5327
Minute of measurement 0.3709+0.0756 0.0930+0.0339  -0.5072+0.0838 -0.0470+0.0190 -0.6316+0.0675 0.1038+0.0238 0.3606+0.0578
Minute of measurement 2 -0.0075+0.0012 -0.0023+0.0008  0.0092+0.0013 0.0005+0.0002 0.0112+0.0011 -0.0021+0.0004 -0.0066+0.0009
Age NS NS NS NS NS NS NS
Females vs males NS NS -6.4202+3.1680 -3.4520+1.1493 NS NS NS
Controls vs masters NS NS NS NS NS NS NS
Height NS NS NS NS NS NS NS
Body mass NS NS NS NS NS NS NS
VOaumax -0.023+0.0010 NS NS NS NS NS NS
Random effects
Level 1
Constant (&;) 10.8641+£2.0350  5.5379+£1.0374  13.3507+2.5010 0.6474+0.1702 8.6572+1.6217 1.0756+0.2820 6.3568+1.1908

Level 2
Constant (W)
CA centered (vx;)

P> ViXij

26.6720+7.9999
NS
NS

24.0956+6.8292
NS
NS

55.4478+15.7697
NS
NS

6.6531+1.8609
0.0005+0.0002
NS

73.9934+20.2087

NS
NS

8.2070+2.3434 62.1141+16.8800
NS NS
-0.0344+0.0169 NS

Abbreviations: %Total Ly, percentage of lymphocytes to the total number of white blood cells; %Total LyT, percentage of T-lymphocytes to the

total lymphocytes; %LyT, T-lymphocytes percentage; %Total CD4", percentage of CD4" T-lymphocytes to the total lymphocytes; %CD4, CD4"

T-lymphocytes percentage; %Total CD8", percentage of CD8" T-lymphocytes to the total lymphocytes; %CD8, CD8" T-lymphocytes percentage;
VOomax, maximal oxygen consumption.
Fixed effect values are presented as estimated mean coefficients + SEE (standard error of estimate) of Total Ly, Total LyT, LyT, Total CD4, CD4,
Total CD8 and CD8 in %. Random effects values are presented as estimated mean variance + SEE (Total Ly, Total LyT, LyT, Total CD4, CD4,
Total CD8 and CDS in %?2).

Table 3. Multilevel regression models for naive, central memory (CM), effector memory (EM) and CD45RA expressing effector memory cells

(EMRA) CD4" T-cells.

%CD4
Naive M EM EMRA
Fixed effects
116.9764+48.9 . 1.2080+0.551
Constant 146 50.9481+2.9232 78.6447438.3960 0
Minute of  0.0061£0.0140 -0.4028:0.0789  0.2614£0.0515  0.00970.007
measurement 3
Minute - of N 0.0071£0.0012  -0.0046+0.0008 ~ NS
measurement
Age NS NS 0.2820£0.1317 NS
Females vs males NS 9.1919+3.2184 -11.8384+3.5127 NS
Controls vs masters NS NS NS NS
Height 20.6979+£0.3126 NS NS NS
Body mass NS NS NS NS
VOimax 0.0599+0.0024 NS NS NS
Random effects
Level 1
Constant (c;) é0'8009ﬁ‘01 L 11.65003.0600  5.0347:0.9431 2'8678*2'078
Level 2
Constant (i) ;2'901 L2172 5 47534192889 34.933749.6265 ?'995‘&0'561
CA centered (vjx;j) NS NS NS NS
WX ViXij NS NS NS NS

Abbreviations: %CD4, CD4" T-lymphocytes percentage; CM, central memory; EM, effector memory; EMRA, CD45RA expressing effector
memory cells; VOamax, maximal oxygen consumption.
Fixed effect values are presented as estimated mean coefficients + SEE (standard error of estimate) of naive, CM, EM and EMRA in %. Random
effects values are presented as estimated mean variance + SEE (naive, CM, EM and EMRA in %?).
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Table 4. Multilevel regression models for naive, central memory (CM), effector memory (EM) CD45RA expressing effector memory cells

(EMRA) CD8" T-cells.

CM EM EMRA

%CD8
Naive SLEC
Fixed effects
Constant 59.3528+12.6252  -52.4484+17.0325

Minute of measurement -0.4232+0.06554  0.1254+0.0259

Minute of measurement 2 0.0074+0.0010 -0.0023+0.0004

Age -0.5964+0.2192 0.1840+0.0774
Females vs males -8.9289+4.0912 NS
Controls vs masters NS NS
Height NS 0.2856+0.0969
Body mass NS NS
VO2max NS NS

36.0371£2.1766 14.2907+1.4504 23.8093£2.9579

-0.2643+0.0707 NS 0.4659+0.0876
0.0052+0.0011 NS -0.0085+0.0014
NS NS NS
NS NS NS
NS NS NS
NS NS NS
NS NS NS
NS NS NS

Random effects

Level 1

Constant (g;) 7.6713+1.4370 1.2250+0.3217
Level 2

Constant () 85.4878+23.1379  22.7971+6.1739
CA centered (vxij) NS 0.0007+0.0003
WXViXjj NS -0.1136+0.0410

9.5113+1.7816 8.3741£1.5687 14.4887+3.8030
128.3961+34.5698
NS NS NS

NS NS NS

55.5906£15.3509 240.0121+65.5292

Abbreviations: %CDS8, CD8" T-lymphocytes percentage; SLEC: short-lived effector cells; CM, central memory; EM, effector memory; EMRA, CD45RA expressing effector

memory cells; VOamax, maximal oxygen consumption.

Fixed effect values are presented as estimated mean coefficients + SEE (standard error of estimate) of naive, CM, EM and EMRA in %. Random effects values are presented

as estimated mean variance + SEE (naive, CM, EM and EMRA in %?).

-0.4, 0.3 and -0.01, respectively) no significant effect of sports
participation (controls vs masters) was noted for all variables.
VO,,... had an independent, significant and positive associa-
tion with the proportion of CD4 naive T cells.

Table 4 summarizes the results from multilevel models for the
proportion of naive, SLEC, CM, EM and EMRA CD8+ T-
cells. For the five models, the random effects are significant
within individuals. The proportion of naive, SLEC, CM, EM
and EMRA CD8" T-cells are increasing significantly at each
minute of measurement within individuals (P<0.05). The
between individuals variance matrix for each model indicates
that individuals have significantly different curves in terms of
their intercepts (P<0.05) but not in terms of the slopes of their
lines (P>0.05), except for the proportion of CD8* SLEC T-
cells (P>0.05). Also, the variance of these intercepts and

Table 5. Values (%) of cells CD3", CD3" T-cells and CD3*CD4*/CD8" T-cells and KLRG1 expression in response

to a maximum effort protocol.

slopes are not significantly correlated (P<0.05). The variance
between individuals is not, therefore, different at different
minutes of measurement, except for the proportion of CD8*
SLEC T-cells. The fixed effects that significantly predicted
naive, SLEC, CM and EMRA CD4" SLEC T-cells indicate
that once the time of measurement is controlled (1 minute pre-
dicts -0.4%, 0.1, -0.3 and 0.5, respectively) no significant
effect of sports participation (controls vs masters) was noted
for all variables.

The effects of exercise and age on total T-lymphocytes, CD4*
and CD8" T-cells and the KLRGI expression are shown in
Table 5. Total CD3*, CD4" and CD8" T-cells percentages did
not increase with exercise. Senescent CD4" and CD8* T-cells
were elevated in control compared to masters (p < 0.05)
before and 1 h after exercise (Table 5).

Table 6 summarizes the results from
multilevel models for the proportion of
LyT, CD4", CD4" naive, central memo-
ry, effector-memory and EMRA

Pre Post Ih expressing KLRG1. The random effects
% Masters Control Masters Control Masters Control describe the two levels of variance
CD3* 66.28+10.45 70.99+6.94  62.46:9.06  66.38+7.66 67.34=x12.10 72.16+10.13 [within individuals (Level 1 of the hier-
CD3*KLRG1* 6.58+4.08  9.19+44.92  9.70+5.77  12.23£6.09  8.68+£5.33  13.69+7.57 archy) and between individuals (Level
CD3"CD4" 58.66+830  58.73:9.68 5195+10.70 531541020 60.44+8.53  60.67+9.58 2 of the hierarchy)]. For the six models,
the random effects are significant with-

CD3'CD4'KLRGI"  8.0545.06*  13.49+8.17  11.35%6.79  17.0749.80  7.3124.97*  12.78+6.17 R L
in individuals, indicating that propor-
CD3CD8* 30.64+820 31.93+8.18 35.63+10.24 35.26+8.49  28.37+9.77  30.73%7.14 tion of senescent LyT, CD4*, naive
2 b 2
25.22+12.94  36.54+14.9 22.14+12.83 CM. EM and EMRA CD4+ T-cells are

&
CD3'CD8'KLRG1" * 1 323241590  42.63+12.58 * 37.90+11.80

increasing significantly at each minute

Values are Mean £ SD. N=9 (Control); N= 19 (Masters). * P<0.05 compared to control.

EIR 24 2018

of measurement within individuals



Master Athletes and Immunosenescence o 41

Table 6. Multilevel regression models for the proportion of T-lymphocytes, CD4" and naive, central memory, effector memory, CD45RA

expressing effector memory CD4" T-cells expressing KLRGI.

%CD4*

%LyT/KLRG1" %CD4"/KLRG1™* naive/KLRG1* CM/KLRGI1* EM/KLRGI1* EMRA/KLRGI1*
Fixed effects
Constant 23.792242.9145 13.835142.0220 10.9632+1.9997 8.8069+1.5148 NS NS
Minute of measurement 0.4936+0.0856 0.3158+0.0583 0.1216+0.0496 0.1227+0.0507 0.4557+0.1047 0.3514+0.1577
Minute of measurement? -0.0090+0.0013 -0.0055+0.0009 -0.0019+0.0008 -0.0022+0.0008 -0.0087+0.0016 -0.0076+0.0028
Age NS NS NS NS NS NS
Controls vs masters -6.7829+3.0608 -5.8145+2.4227 -5.3182+2.5761 -4.3505+1.9356 NS NS
VOaumax NS NS NS NS NS NS
Random effects
Level 1
Constant (&;) 14.0597+2.6338 6.0097+1.1357 3.5199+0.7511 3.6377+0.7756 18.3809+3.6048 34.3770+12.1479
Level 2
Constant (y)) 69.5709+19.5392 33.8227+9.5824 34.0991£10.6367 18.6913+6.0067 183.2635+52.5409  349.0878+131.5839
Minute of measurement (vix;) NS NS NS NS NS NS
WX VX NS NS NS NS NS NS

Abbreviations: %LyT, T-Lymphocytes percentage; %CD4, CD4" T-cell percentage; CM, central memory; EM, effector memory; EMRA, CD45RA expressing effector memory

cells; VOamax, maximal oxygen consumption.

Fixed effect values are presented as estimated mean coefficients + SEE (standard error of estimate) of LyT/KLRG1", CD4"/KLRG1",CD4"/naive/KLRG1*,CD4"/CM/KLRGI",
CD4"/EM/KLRG1*, CD4"/EMRA/KLRGI1* in %. Random effects values are presented as estimated mean variance + SEE (LyT/KLRG1*, CD4"/KLRGI",

CD4"/naive/KLRG1", CD4"/CM/KLRG1", CD4"/EM/KLRG1", CD4"/EMRA/KLRG1" in %?).
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Figure 2: Proportion of naive, central memory, effector memory and CD45RA
expressing effector memory CD4* T cells expressing KLRG1 before and in response
to a maximum effort protocol for control and master athlete groups. The values are
presented as the mean + standard deviation. a P<0.05 compared to master athletes in Pre. b
P <0.05 compared to master athletes in Post. ¢ P<0.05 compared to the master athletes in
1h. * P <0.05 Post compared to Pre. # P<0.05 1h compared to Post. & P<0.05 1h compared
to Pre. Abbreviations: %CD4"KLRGI1* = percentage of CD4" T-cells expressing KLRGI.
Pre (before), Post (10 min after test), 1 h (1 h after test). Control (N = 9); Masters (N = 19).

(P<0.05). The between individuals variance matrix
for each model indicates that individuals have sig-
nificantly different curves in terms of their inter-
cepts [constant/constant (p,xp), P<0.05] but not in
terms of the slopes of their lines [minute of meas-
urement/minute of measurement (vyx;Xvyx,),
P>0.05]. Also, the variance of these intercepts and
slopes are not significantly correlated [constant/age
(wxvyx,), P>0.05]. The variance between individu-
als is not, therefore, different at different minutes of
measurement. The fixed effects that significantly
predicted %LyT/KLRGI1*, %CD4*/KLRGI1,
%CD4%/naive/KLRG1*, %CD4*/CM/KLRGI1*
indicate that once the time of measurement is con-
trolled (1 minute predicts 0.5%, 0.3, 0.1 and 0.1,
respectively), masters had significant less propor-
tion of senescent LyT (-6.7829+3.0608%), CD4" T-
cells (-5.8145+2.4227), naive (-5.3182+2.5761) and
effector memory (-4.3505+1.9356%) CD4" senes-
cent T-cells than controls, while no significant effect
of sports participation (controls vs masters) was
noted for the proportion of effector memory and
EMRA senescent CD4* T-cells.

Considering that the proportion of senescent
CD4+ T-cells and subsets of naive, CM, EM and
EMRA CD4" T-cells increases with each minute of
measurement, we compared the mean values of the
proportion of senescent CD4* T-cells and subsets at
Pre, Post and 1h using ANOVA for repeated meas-
ures. The results of this analysis are presented in
Figure 2. Senescent CD4* T-cells are mobilized by
exercise only in the master athletes group, as shown
by the significant increase in senescent CD4" T-cells
at Post (Figure 2), corroborating the results of the
multilevel analysis (Table 6). The proportion of
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Table 7. Multilevel regression models for the proportion of CD8", naive, short-lived effector cell, central memory, effector memory and CD45RA

expressing effector memory CD8" T-cells expressing KLRGI.

%CD8"

%CD8"/KLRG1" naive/KLRG1* SLEC/KLRGI* CM/KLRGI1* EM/KLRGI1" EMRA/KLRGI1*
Fixed effects
Constant NS 15.8408+7.023 53.0178+3.6679 25.4383+3.3874 40.3917+5.7790 42.8580+4.2705
Minute of measurement 0.6729+0.1108 0.1058+0.0538 0.6824+0.1846 0.6063+0.0877 0.4867+0.1173 0.2627+0.1247
Minute of measurement > -0.0117+0.0017 -0.0019+0.0008 -0.0120+0.0029 -0.0106+0.0014 -0.0091+0.0018 -0.0056+0.0019
Age NS NS NS NS NS NS
Controls vs masters -13.06614+4.9568 -9.3624+2.0992 NS -7.0282+3.0654 -12.0034+5.4968 NS
VOomax NS NS NS NS NS NS
Random effects
Level 1
Constant (&;) 23.3417+4.3484 5.3239+1.0110 64.9409+12.1082 14.3256+2.7075 26.0568+6.8358 27.2463+7.4122
Level 2
Constant () 114.6349+40.0272 25.0755+7.1753 328.8600+£92.0476 85.0265+24.0171 344.0468+94.8657 466.6415+131.9003
Minute of measurement
vixij) NS NS NS NS NS NS
WXViXi NS NS NS NS NS NS

Abbreviations: %LyT, T-Lymphocytes percentage; %CD8, CD8" T-Lymphocytes percentage; SLEC, short-lived effector cells; CM, central memory; EM, effector memory;

EMRA, CD45RA expressing effector memory cells; VOamax, maximal oxygen consumption.

Fixed effect values are presented as estimated mean coefficients + SEE (standard error of estimate) of LyT/KLRG1*, CD8"/KLRG1",CD8"/naive/KLRG1", CD8*/CM/KLRG1",

CD8*/EM/KLRG!1", CD8'/EMRA/KLRG1" in %.

Random effects values are presented as estimated mean variance + SEE (LyT/KLRG1*, CD8"/KLRGI*, CD8"/naive/KLRG1*, CD8"/CM/KLRGI1", CD8'/EM/KLRG1",

CD8/EMRA/KLRG1" in %?).
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Figure 3: Proportion of senescent naive, central memory, effector memory and CD45RA
expressing effector memory CD8" T-cells before and in response to a maximum effort
protocol for control and master athletes groups. The values are presented as the mean +
standard deviation. a P<0.05 compared to master athletes in Pre. b P <0.05 compared to mas-
ter athletes in Post. ¢ P<0.05 compared to the master athletes in 1h. * P <0.05 Post compared
to Pre. # P<0.05 1h compared to Post. & P<0.05 lh compared to Pre. Abbreviations:
%CD8*/KLRGI1* = percentage of CD8" T-cells expressing KLRG1. Pre (before), Post (10
min after test), 1 h (1 h after test). Control (N = 9); Masters (N = 19).
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senescent CD4* T-cells return to Pre-values in 1h
(Figure 2). The results indicated that the propor-
tions of senescent naive and CM CD4" T-cells are
not different between the two groups. The senes-
cent EM and EMRA CD4" T-cells increased in
Post for master athletes and return to the baseline
values in 1h. In the control group, the only differ-
ence observed was the proportion of the senes-
cent CD4" EM T-cells, with lower values at 1h
when compared to Pre.

Table 7 summarizes the results from multilevel
models for the proportion of senescent CD8*,
naive, SLEC, CM, EM e¢ EMRA CD8" T-cells.
The random effects are significant within individ-
uals, indicating that proportion of CD8", naive,
SLEC, CM, EM ¢ EMRA CD8* T-cells express-
ing KLRGI1* are increasing significantly at each
minute of measurement within individuals
(P<0.05). The between individuals variance
matrix for each model indicates that individuals
have significantly different curves in terms of
their intercepts [constant/constant (p> W),
P<0.05] but not in terms of the slopes of their
lines [minute of measurement/minute of meas-
urement (vx,*vx,), P>0.05]. Also, the variance
of these intercepts and slopes are not significant-
ly correlated [constant/age (p>vx;), P>0.05].
The variance between individuals is not, there-
fore, different at different minutes of measure-
ment. The fixed effects that significantly predict-
ed the proportion of senescent CD8*, naive,
SLEC, CM, EM ¢ EMRA CD8* T-cells indicates
that once the time of measurement is controlled



(1 minute predicts 0.7, 0.1, 0.7, 0.6 and 0.5 and 0.3 respective-
ly), master athletes had significant less senescent CD8" T-
cells (-13.0661+4.9568), CD8" naive (-9.3624+2.0992), cen-
tral memory (-7.0282+3.0654) and effector memory (-
12.0034+5.4968) senescent T-cells than controls.

Senescent CD8' T-lymphocytes and subsets increased in
response to each minute of measurement of the test protocol.
The senescent CD8* T-cells are mobilized by the exercise and
return to the pre-exercise values at 1h in the master athletes
group (Figure 3). The senescent CD8* T-cells and the senes-
cent SLEC, CM, EM CD8" T-cells are also mobilized by exer-
cise in the master athletes group. The values returned to Pre-
values 1h after the end of the protocol. In the control group,
only the senescent CD8" CM T-cells increased at Post and the
values remained elevated after 1h. The senescent CD8*
EMRA T-cells did not increase at Post but decreased in 1h to
values below those observed at Post and Pre in the master ath-
letes group (P <0.05).

The mRNA expression of the CCR7 for CD8* naive T-cells
and the Fas-L for CD8" EMRA T-cells was not different
between masters and controls. The mRNA expression for both

genes did not change in response to the maximal effort test
(Figure 4).
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Figure 4. Effect of acute exercise on expression of CCR7 genes in CD8* naive and Fas-L

in CD8* EMRA T-cells.

Data are presented as mean + SD. Pre (before), Post (10 min after test), 1 h (1 h after test).

Control (N =9); Masters (N = 19).

DISCUSSION

Differences between masters and controls, suggesting lifelong
training effects, were observed for senescent CD4+ T cells and
naive and CM CD4" T-cells subsets, and for senescent CD8*
T-cells and naive, CM, EM CDS8" T-cells subsets. The propor-
tion of senescent CD4+ and CD8" EMRA cells did not differ
between conditions. The results also indicate that the propor-
tion of CD4* and CD8* T-cells and their subsets are not differ-
ent between masters and controls at all times of measurement
(Tables 2, 3 and 4). Age had a negative effect on the propor-
tion of CD8* naive T-cells and a positive effect on the propor-
tion of CD8" SLEC T-cells. VO,,,. negatively influenced the
proportion of total lymphocytes and showed a positive effect
on the proportion of CD4* naive T-cells.

In general, studies in both mice and humans, have showed
a gradual reduction of naive CD4+* and CD8" T-cell numbers
with aging, a consequence of the decreased production of
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these cells by the thymus. Despite this decrease in thymic pro-
duction from puberty to old age, it is known that humans have
a remarkable ability to maintain relatively constant numbers
of lymphocytes over many decades through the homeostatic
proliferation of peripheral T-cells in healthy adults (1). How-
ever, there are important differences between the CD4* and
CDS8" T-cells populations. It has been demonstrated, in the
elderly, that the low thymus functionality shows a thymocyte
production tendentious for CD4" T-cells (7). In fact, all sub-
jects with a very low thymic function, defined as the percent-
age of double positive thymocytes below 10%, had CD4/CD8
ratios higher than 2 (7). This suggests a dysregulation of
homeostasis, mainly affecting the subgroup of CD8" naive T-
cells. CD8" T-cells undergo major expansion after activation
and can establish a stable set of highly differentiated memory
cells at rest. In contrast, the ability of CD4* T-cells to expand
and survive appears to be lower, so that the vast majority of
activated CD4*' T-cells can undergo apoptosis quickly. Fur-
thermore, the total CD4" T-cell repertoire appears to be less
likely to have late-differentiated compared to CD8" T lym-
phocytes (1). We observed a negative influence of age on
CD8" naive T-cells, and a positive effect of VO,,,,. on CD4*
naive T-cells. This suggests that the effect of age is greater
than training on CD8" naive T-cells, whereas individuals with
a better physical condition (higher VO, val-
ues), tend to have higher numbers of CD4" naive
T-cells (Table 2).

On the other hand, the results showed a posi-
tive effect of age on CD8* SLEC T-cells. CD8*
SLEC T-cells are cells that still express CD45RA
but lose expression of CD27 (Figure 1e) and have
high expression of KLRGI1 (Figure 3). When
visualized by APS (Automatic Population Sepa-
rator) these were shown to be a distinct popula-
tion of the CD8" naive T-cells (Figure 1f). We
classified these cells based on the definition
found in the literature for short-lived effector
cells (SLEC) cells (46). Yuzefpolskiy and col-
leagues found that cells with high expression of
KLRGI1 (KLRG1h) represent the SLEC popula-
tion. In addition, it appears that SLEC cells have
a preferential localization at non-lymphoid sites, suggesting
that they are continuously encountering antigens at peripheral
sites, thus undergoing a terminal differentiation process (46).
We suggest that future studies should develop new method-
ologic approaches for a better characterization of this popula-
tion.

Changes with age have been observed in gene expression
of several genes in the naive compartment of CD4* T and
CDS8" T-cells (Mirza et al., 2011). Taking this into account, we
quantified the expression of CCR7 mRNA in CDS8" naive T-
cells. CCR7 participates in both regulation of trafficking and
homing of leukocytes to lymph nodes (8). T-cells become pro-
gressively differentiated, suffering loss of the surface mole-
cules, initially CD45RA undergoes downregulation, followed
by loss of CCR7 expression and ultimately a decrease in
CD28 and CD27 expression (24). The CCR7 gene expression
was not modified by the maximal exercise test and was the
same for masters and controls (Figure 4). This suggests that
neither exercise nor age seem to affect the homing capacity of
these cells.

1h
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Exercise induces leukocytosis, but the response of major
leukocyte subtypes is not uniform. According to Simpson and
colleagues (2015) there are 3 main characteristics that are
shared by all leukocyte subsets that are preferentially redis-
tributed after a single exercise session, namely: 1) the cells
mobilized by the exercise tend to have an increased cytotox-
ic/effector function and have a mature/differentiated pheno-
type; 2) these cells redistributed with exercise tend to present
phenotypes associated with tissue migration; 3) leukocyte
subtypes which are preferentially redistributed with exercise
show high expression of adrenergic receptors (f2-ARS) and
glucocorticoid receptors, and are therefore highly sensitive to
catecholamines and cortisol (35). This is an important factor
to consider since aging is associated with profound declines in
immunity and older individuals (> 50 years) having a dimin-
ished ability to redistribute certain leukocyte subtypes in
response to a single exercise bout (37). Spielmann and col-
leagues (2014) showed that this was due to a lower mobiliza-
tion of naive T-cells, possibly due to the reduction in the
thymic output. Thus, senescent T-cells accumulate with age,
reducing the repertoire of naive T-cells and increasing the risk
of infection in the host. Senescent T-lymphocytes are cells
that have already encountered an antigen, and express the
KLRGI and/or CD57 receptor, do not expand clonally after
antigenic restimulation and prevail in the blood of older
adults. Because this response is likely to be influenced by cer-
tain lifestyle factors, we examined the association between
aerobic fitness (VO,,,,,) and age-related senescent T-cell accu-
mulation. We found no interactions between VO, . or age in
any of the subsets of KLRG1" cells, contrary to previous stud-
ies (38). However, master athletes, which had higher aerobic
capacity values than controls, showed lower values of senes-
cent CD4", CD8" T-cells and their subsets when compared to
controls. The exception was observed for senescent CD4* and
CD8" EMRA T-cells. This suggests that repetitions of lifelong
exercise avoid accumulating of senescent T-cells, corroborat-
ing the theory of immune space proposed by Simpson (28).
Therefore, we postulate that maintaining high levels of aerobic
fitness during the natural course of aging may help prevent the
accumulation of senescent T-cells, enhancing the beneficial
effects of maintaining a physically active lifestyle in the
immune system of adult subjects. If it is possible to maintain
an adequate number of naive T-cells, the immune system will
be better able to recognize and respond to new pathogens (38).

The theory of the immune space indicates that exercise can
make space by the mobilization of senescent or terminally dif-
ferentiated T-cells and death of this cells by apoptosis as a
result of the apoptotic signals produced by exercise (28). We
are able to confirm the mobilization of senescent CD4* and
CD8* T-cells by exercise (Fig. 2 and 3). Regarding cells of a
late-stage differentiated phenotype (EMRA), the results
showed that only EMRA CD4* T-cells (not CD8* T-cells)
were mobilized during exercise. Because the ‘post’ sample
was collected 10-minutes after exercise, is it possible that we
have missed the peak cell mobilization (29). A recent study
showed that the mobilization and apoptosis of low and highly
differentiated T-cell subsets immediately after exercise was
dependent on the kind of exercise performed with continuous
exercise deleting mainly low differentiated T-cells (14). We
assessed an apoptotic marker on the sorted CD8" EMRA T-
cells. The Fas-L gene expression in these cells was not differ-
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ent between the groups and between the measurement points.
Fas and Fas-L are two molecules involved in the regulation of
cell death, and their interaction leads to apoptosis of thymo-
cytes that fail to properly rearrange TCR genes and those that
recognize autoantigens, a process called negative selection. In
addition, the Fas and Fas-L interaction leads to activation-
induced cell death, a form of apoptosis by repeated TCR stim-
ulation, responsible for the peripheral deletion of activated T-
cells (42). Since the gene expression of Fas-L was not differ-
ent between the groups, it is possible that cellular homing
markers are involved (16). We suggest that future research
should include the determination of cellular homing markers
and other markers of apoptosis such as caspase-3 and anti-
apoptotic marker like Bcl-2 to refute or corroborate this
hypothesis. The results of a study similar to ours showed that
in athletes (65-85 years old) who underwent intense training,
there was less apoptosis of CD45RO" and CD45RA™* T-cells
than in athletes with moderate training routine or untrained
people, as demonstrated by a higher expression of Bel-2 and a
lower expression of caspase-3 (27). However, these were not
measured after acute exercise. Therefore, it is necessary to
determine which mechanisms are responsible for the lower
number of senescent T-cells in master adult athletes and if this
response is maintained in elderly master athletes. The secre-
tion of IL-7, that is produced by skeletal muscle and regulates
Bcl-2 expression, could explain why athletes would be pro-
tected from spontaneous T cell apoptosis (27). Not all cells
bearing the classic ‘senescent’ phenotype are senescent and
there are new markers of senescence (i.e. P16ink4a) and
markers of exhaustion (i.e. PD-1) that should be looked at on
these cell types.

CONCLUSION

CD8* naive T-cells decreased and CD8* SLEC T-cell
increased with age while VO, positively influenced the pro-
portion of CD4" naive T-cell, suggesting that individuals with
better physical condition are better at preserving their CD4*
naive T-cell population. However similar values of total naive
CD4" and CD8* T-cells and their memory subsets were found
for the master and control groups. The main differences
between groups were found in the KLRG1 senescence marker
expression. Lifelong training decreased the percentage of the
senescent naive, CM and EM CD8* T-cells and senescent
naive and CM CD4* T-cells. In both CD4" and CD8" T-cell
subsets, the percentage of senescent EMRA T cells was also
lower in the master athletes. This suggests that lifelong train-
ing induces the death of these cells and corroborates the
immune space hypothesis proposed by Simpson and col-
leagues (27). In addition, we postulate that maintaining high
levels of aerobic fitness during the natural course of aging
may help preserve the proportion of CD4" naive cells and pre-
vent the accumulation of senescent T-cells, hallmarks of a
“younger” immune system.
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Aerobic exercise inhibits acute lung injury: from mouse to human evidence
Exercise reduced lung injury markers in mouse and in cells
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ABSTRACT

Acute respiratory distress syndrome (ARDS) is defined as
hypoxemic respiratory failure with intense pulmonary inflam-
mation, involving hyperactivation of endothelial cells and
neutrophils. Given the anti-inflammatory effects of aerobic
exercise (AE), this study investigated whether AE performed
daily for 5 weeks would inhibit extra-pulmonary LPS-induced
ARDS. C57BIl/6 mice were distributed into Control, Exercise,
LPS and Exercise+ LPS groups. AE was performed on a tread-
mill for Sx/week for four weeks before LPS administration.
24hours after the final AE physical test, animals received
100ug of LPS intra-peritoneally. In addition, whole blood cell
culture, neutrophils and human endothelial cells were pre-
incubated with IL-10, an anti-inflammatory cytokine induced
by exercise. AE reduced total protein levels (p<0.01) and neu-
trophil accumulation in bronchoalveolar lavage (BAL)
(p<0.01) and lung parenchyma (p<0.01). AE reduced BAL
inflammatory cytokines IL-1f, IL-6 and GM-CSF (p<0.001),
CXCLI/KC, IL-17, TNF-alpha and IGF-1 (p<0.01). Systemi-

Corresponding author:

Prof. Dr. Rodolfo de Paula Vieira, rodrelena@yahoo.com.br
Universidade Brasil, Instituto de Pesquisa, Rua Carolina Fonseca 285,
Itaquera, Sao Paulo - SP, Brazil, 08230-030

EIR 24 2018

cally, AE reduced IL-1p, IL-6 and IFN-gamma (p<0.001),
CXCLI/KC (p<0.01) and TNF-alpha (p<0.05). AE increased
IL-10 levels in serum (p<0.001) and BAL (p<0.001). Further-
more, AE increased superoxide dismutase SOD (p<0.01) and
decreased superoxide anion accumulation in the lungs
(p<0.01). Lastly, pre-incubation with IL-10 significantly
reduced LPS-induced activation of whole blood cells, neu-
trophils and HUVECs, as observed by reduced production of
IL-1p, IL-6, IL-8 and TNF-alpha. Our data suggest that AE
inhibited LPS-induced lung inflammation by attenuating
inflammatory cytokines and oxidative stress markers in mice
and human cell culture via enhanced IL-10 production.

Key words: exercise immunology, lung inflammation,
immune response, acute lung injury, cytokines.

INTRODUCTION

Acute and chronic exercise alters both the innate and adaptive
immune response (38, 39). Anti-inflammatory effects are
observed in individuals who perform low to moderate intensi-
ty exercise, as well as endurance exercise with marginal
effects on innate immune cell numbers. In contrast, acute high
intensity and/or long duration exercise induce profound
increases in the number of neutrophils and lymphocytes (13,
38). The innate immune response is the first line of defense
against infectious pathogens, while adaptive immune
response corresponds to a pathogen-specific immune response
(5).

In addition to exercise’s ability to modulate the systemic
immune response in healthy subjects (38, 39), a growing num-
ber of studies have shown that exercise also positively modu-



lates the innate and adaptive pulmonary immune response in
the context of respiratory diseases, such as asthma (33-37),
chronic obstructive pulmonary diseases (COPD) (37), lung
fibrosis (26, 27), as well as acute respiratory distress syn-
drome (ARDS) (8, 28, 30). In general, these studies have
shown that low and moderate intensity exercise when per-
formed regularly, results in NF-kB deactivation, anti-inflam-
matory cytokine release, and reduced oxidative stress.

ARDS is characterized by hypoxemic respiratory failure,
intense bilateral pulmonary inflammation, accumulation of
proteinaceous exudate in the alveoli, and disruption of alveo-
lar membrane barrier; processes which are mediated by pro-
inflammatory cytokines (29). The mortality rate increases pro-
gressively with age, ranging from 24 percent among patients
15 to 19 years of age to 60 percent among patients 85 years of
age older (overall 41%) (31). Survivors need special attention
to non-pulmonary comorbidities, such as skeletal muscle
wasting and weakness, in which physical and exercise therapy
could present beneficial effects, as recently demonstrated in
an experimental study (10). At the time of this submission no
correlation studies have been performed linking physical fit-
ness to ARDS outcome.

Given the ability of chronic, moderate AE to suppress sys-
temic and pulmonary inflammation (13) as well as oxidative
stress (7), the aim of the present study was to investigate
whether chronic, moderate intensity aerobic exercise (AE)
prior to injury attenuates extra-pulmonary LPS-induced
ARDS.

METHODS

Animals and experimental design

This study was approved by the research ethics committee at
the Nove de Julho University (UNINOVE), protocol:
ANO0035.2013.

Forty male C57B1/6 mice, 8 weeks of age,weighing
between 20 and 25g were maintained in the animal center of
the UNINOVE in standard conditions. Mice (n=10/group)
were distributed into Control (Control), LPS (LPS), Exercise
(Exe) and Exercise+LPS (Exe+LPS).

Treadmill aerobic exercise test and training

Exercise physical test and training was performed as previ-
ously described (34). Briefly, the animals from all groups
were adapted to the treadmill training during three days (15
min, 25% grade, 0.3Km/h) before the first physical test. Then,
maximum exercise capacity test was performed as follow; 5
minutes warm-up (25% grade, 0.3Km/h) followed by an
increase in the treadmill speed (0.1Km/h each 2.5 min) until
the animals’ exhaustion, until they were not able to run even
after 10 mechanical stimuli. Maximal exercise capacity
(100%) was set as the maximum speed reached by each
mouse. Mice were then trained using moderate intensity exer-
cise (60% of average maximum speed) for 60 min/session, 5
days/week for 4 weeks. The maximum exercise capacity test
was repeated for all animals after four weeks (34).

Extra-pulmonary model of LPS-induced ARDS
Twenty-four hours after the last maximum exercise capacity
test, the animals were anesthetized (ketamine 100 mg/kg and
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xylazine 10 mg/kg) and received intra-peritoneal administra-
tion of 100 pg of Escherichia coli LPS (026:B6; L3755,
Sigma Aldrich, St. Louis, MO, USA) suspended in phosphate
buffered solution (PBS). Control and Exercise groups were
submitted to intra-peritoneal injection of PBS. Treadmill
training was performed for 4 weeks followed by the final
physical test. Then, twenty-four hours after final physical test,
animals received LPS administration, as stated above. Then,
twenty-four hours later, animals were anesthetized and the
following analysis were performed.

Blood collection and processing

One milliliter of blood was collected via cava vein and imme-
diately centrifuged at 950g, 4°C, during 7 min. The serum was
collected and stored at -70°C for cytokines measurement.

Bronchoalveolar lavage (BAL) fluid

To assess lung inflammation total and differential cells counts
of BAL fluid was performed. BAL was obtained through a
gentle washing of 3 x 0.5 ml PBS. The volume recovered was
centrifuged at 900g, at 4°C, for 7 min. The supernatant was
stored at -70°C for cytokines analysis and the cell pellet was
resuspended in ImL PBS. The total number of cells was
counted using a hemocytometer and the differential cells
count was performed through a cytospin preparation, stained
with Diff Quick and 300 cells were counted according to the
hematological criteria (28, 30).

Total proteins measurement in BAL

Total proteins in BAL fluid was quantified using the bicin-
choninic acid (BCA) method to evaluate lung vascular perme-
ability as previously described (30).

Cytokines measurements

The levels of IL-1B, IL-6, CXCL1/KC, IL-10, IL-17, TNF-a,
GM-CSF, IFN-y and IGF-1 were evaluated using ELISA kits
from R&D Systems (Minneapolis, MN, USA) and BioLegend
(San Diego, CA, USA) according to the manufacturer’s
instructions.

Histomorphometric study

To evaluate the effects of exercise on parenchymal inflamma-
tion, a hallmark of ARDS, lungs were collected, fixed in 10%
formalin and submitted to histological routine. Briefly, Sum
thickness lung slices were stained with hematoxylin and
eosin. 15 random fields of the lung parenchyma of each
mouse were photographed. Image Pro Plus 4.0 software was
used to measure the air and tissue area of all photomicro-
graphs. Neutrophils were counted according to morphological
criteria by an experienced researcher; groups were blinded.
The number of neutrophils per square millimeter of lung tis-
sue was presented (30, 35).

Oxidative stress and superoxide dismutase evaluation

The cranial lobe was washed with PBS and frozen at -70°C
for analysis of oxidative stress. Approximately 50mg was
used for the evaluation of superoxide dismutase (SOD) and
QL (superoxide anion). After homogenization for 30 seconds
in 1.15% phenyl methyl sulfonyl fluoride (PMSF)
(100mmol/L) and in isopropanol 10uL/mL, the samples were
centrifuged for 10min, 4°C, at 950g and the supernatant was
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frozen at -80°C. Protein content was measured by the

Lowry’s’ method (21).

Chemiluminescence (QL): Lipid peroxidation was assessed
by chemiluminescence. The chemiluminescence assay was
performed with a liquid scintillation LKB Rack Beta 1215

(stimulated with IL-10), LPS (only LPS-stimulated) and IL-
10+LPS (incubated with IL-10 for 1 hour + LPS stimulation
and recovery after 4 hours). After 4 hours of LPS stimulation,
the cells were centrifuged for 7 minutes, at 4°C. IL-1f, IL-6,
IL-8 and TNF-alpha; indicators of cellular activation were
measured in both the serum and supernatant.

spectrophotometer (LKB Producer AB, USA) in order to

room temperature (25°C to 27°C) to
out-of-coincidence. Supernatants were
diluted in 140 mM KCI and sodium
phosphate buffer 20 mM pH 7.4 and
added to glass tubes, which were placed
in scintillation vials; 3 mM tert-butyl
hydroperoxide was added, and chemilu-
minescence was determined at the emis-
sion maximum (14, 17).

Superoxide Dismutase (SOD): SOD
activity was measured by spectropho-
tometry in lung homogenates by inhibi-
tion of pyrogallol autoxidation rate at
420 nm. The enzymatic activity was
reported as U/mg protein. The technique
used was based on inhibition of super-
oxide radical reaction with piragalol.
Since it is unable to determine the con-
centration of the enzyme or its activity
in terms of substrate consumed per unit
time, quantification was expressed in
relative units. One unit of SOD is
defined as the amount of enzyme that
inhibits the reaction by 50% of the oxi-
dation rate detector. The oxidation of
pyrogallol leads to the formation of a
colored product, which was detected at
420nm for 2min. The SOD activity was
determined by measuring the rate of for-
mation of the oxidized pyrogallol. In the
reaction medium, 20ul of lung
homogenate was used, 973ul Tris-
Phosphate buffer 50 mmol/L (pH 8.2),
8uL pyrogallol (to 24 mmol/L) and 4ul
of CAT (30umol/L). This curve
obtained was used as a blank. A stan-
dard curve was also performed using

three different concentrations of SOD (0,25U, and 0.5U 1U),
and values were calculated based on the slope-intercept of the

standard curve.

Human Cell Cultures Studies

For all in vitro studies, IL-10 was used in order to mimic the
effects observed in the in vivo exercise protocol, which was
performed prior to LPS inoculation and resulted in a strong
release of anti-inflammatory cytokine IL-10. In summary, we
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Figure 1. Neutrophils count in BAL and parenchyma. Results expressed as the number of
neutrophils x 105 in BAL per mL (Figure 1A) and as number of neutrophils per mm2 of lung
parenchyma (Figure 1B). *** p<0.001. Figures 1C-F are representative photomicrographs of
lung parenchyma stained with hematoxylin and eosin, respectively from Control (Figure 1C),
Exercise (Figure 1D), LPS (Figure 1E) and Exercise+LPS (Figure 1F) groups. *** p<0.001.

Whole blood cell culture

Blood samples were drawn from each mouse and were cul-
tured using whole blood culture system as described previous-
ly (1). Briefly, venous blood samples were drawn from the
antecubital vein in a sitting position and collected into endo-
toxin-free K3-EDTA tubes (Vacuette, Greiner bio-one-Frick-
enhausen, Germany). 3 X 4-ml whole blood were stimulated
with or without IL-10 and lipopolysaccharide (LPS) in 6 well
plate in humid atmosphere as described above.

cell cultures (whole blood cells, neutrophils and endothelial

cells) were pre-incubated with human recombinant IL-10 (10
ng/mL) for one hour and followed by stimulation with
lipopolysaccharide (LPS) (Escherichia coli 026:B6; L3755,
Sigma Aldrich, St. Louis, MO, USA; final concentration 10
ng/mL) for 4 hours, at 37°C, 5% CO2 at humid atmosphere.
Therefore, we had four final conditions in our cell culture per-

Human umbilical vein endothelial cells (HUVEC) culture
HUVEC (3 x 104 cells/300uL medium) were cultivated in
vascular cell basal media (ATCC PCS100030) supplemented
with endothelial cell growth kit (ATCC PCS100040) compo-
nents. The stimulation protocol was applied as described
above.

formed in triplicate: Control (medium stimulated only), IL-10
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Human neutrophils

Five milliliter of venous blood were collected and the neu-
trophils were isolated by using the EasySep™ Human Neu-
trophil Enrichment Kit (Stemcell, Cod 19257, Cambridge,
MA, USA), according to the manufacturer’s instructions. 5 x
104/mL neutrophils per well per mL were seeded in 24 well
plate and stimulated as described above.

Statistical analysis

Graph pad prism 5.0 software was used to perform two-way
ANOVA, followed by Student-Newman—Keuls post hoc test.
Differences were considered significant for p< 0.05.

RESULTS

Aerobic exercise inhibits pulmonary inflammation

During lung injury, cytokines hone neutrophils to the lung to
clear and kill invading pathogens. Neutrophil influx was
measured in both the bronchial alveolar lavage fluid (BAL)
and lung parenchyma. AE reduced neutrophil influx in the
BAL of Exercise+LPS mice (Figure 1A). Likewise, the num-
ber of neutrophils was reduced in the lung parenchyma (Fig-
ure 1B). Representative photomicrographs of lung parenchy-
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ma stained with hematoxylin and eosin (H+E) reveal reduced
neutrophil number in the alveolar spaces and in the parenchy-
ma of Exercise+LPS animals (Figure 1F) compared to LPS
alone (Figure 1E). Neutrophil numbers were low in sedentary
(Figure 1C) and exercised animals (Figure 1D).

Aerobic exercise modulates pulmonary cytokine and
growth factor release

A pro-inflammatory cytokine “storm” is implicated in death
due to ARDS. Therefore, pro and anti-inflammatory cytokine
levels were assessed in the BALF using ELISA technique. AE
reduced BAL levels of inflammatory cytokines including
interleukin (IL) IL-18 (Figure 2A), IL-6 (Figure 2B),
chemokine (C-X-C motif) ligand 1 (CXCL1)/KC (Figure 2C),
IL-17 (Figure 2E), tumor necrosis factor (TNF)-alpha (Figure
2F), Granulocyte-macrophage colony-stimulating factor
(GM-CSF) (Figure 2G), and IGF-1 (p<0.01) (Figure 2I). In
contrast, anti-inflammatory cytokine IL-10 was increased in
both exercise only and Exe+LPS mice (Figure 2D). Interfer-
on-gamma was not significantly regulated in this model (Fig-
ure 2H). The results are expressed as picograms of cytokines
per mL of BAL. *** p<0.001; ** p<0.01; * p<0.05. In sum-
mary, pro-inflammatory cytokines were reduced in exercised
mice and anti-inflammatory cytokine IL-10 was increased.
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Figure 2. Pro and anti-inflammatory cytokines in BAL. The results are expressed as picograms of cytokines per mL of BAL. *** p<0.001; **

p<0.01; * p<0.05.
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Aerobic exercise modulates systemic cytokine release
Serum cytokine levels can also indicate extent of severity of
ARDS. Therefore, serum was collected and cytokines were
measured by ELISA (Figure 3). IL-B (Figure 3A), IL-6 (Fig-
ure 3B), CXCLI1 (Figure 3C), and TNF-alpha (Figure 3F)
were reduced in Exercise+LPS animals. Anti-inflammatory
cytokine IL-10 was increased in serum of exercised animals
(Figure 3D). IFN-gamma was slightly reduced in Exe+LPS
mice versus LPS mice (Figure 3E). In summary, exercising
before injury resulted in reduced levels of pro-inflammatory
cytokines in the serum.

human whole blood cell culture (Fig-
ure 5A to D, respectively). Similarly,
pre-incubation with IL-10 also
reduced the production of IL-1B
(p<0.001), IL-6 (p<0.01), IL-8 (p<0.001) and TNF-a
(p<0.001) by human endothelial cells (Figure 5 E through H,
respectively). In addition, pre-incubation with IL-10 also
inhibited the production of IL-1B (p<0.001), IL-6 (p<0.01),
IL-8 (p<0.001) and TNF-a (p<0.01) by human neutrophils
(Figure 5 I through M, respectively). Taken together,
increased IL-10 significantly inhibited the activation of
human structural and inflammatory cells that play a pivotal
role in the pathophysiology of ARDS.
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DISCUSSION

This study demonstrated for the first time that chronic, moder-
ate intensity aerobic exercise (AE) may have prophylactic
effects against ARDS from extra pulmonary origin, a disease
that often occurs unexpectedly and for which there is no cure.
While pro-inflammatory cytokines were reduced, as well as
oxidative stress levels, anti-inflammatory cytokine IL-10, was
increased in LPS+Exe mice compared to LPS (sedentary) ani-
mals providing additional evidence that chronic, moderate,
AE is an effective, cost-efficient, preventative, medicine
against pulmonary disease.

In contrast to sedentary mice receiving LPS, Exe+LPS
mice showed decreased neutrophil accumulation both in BAL

fluid and in the parenchyma as well as less damage to the
alveolar epithelium as measured by protein content in the
BAL. Reduced injury in Exe+LPS mice was likely due to the
reduction of neutrophils and neutrophil chemoattractants
including reduced: IL-1f, IL-6, (CXCL1)/KC, IL-17, TNF-q,
GM-CSF, and IGF-1.

While exercise alone does not regulate CXCL1/KC,
increased CXCL1/KC in BAL is related to endothelial dam-
age and contributes to leukocyte recruitment (22). Thus
decreased CXCL1/KC in Exe+LPS animals compared to LPS
animals was likely due to decreased neutrophil damage in the
endothelial compartment. Likewise, increased IGF-1 is asso-
ciated with ARDS and has been demonstrated to activate
fibroblasts (repair) and permit epithelial cell death (32). Like
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CXCLI/KC, IGF-1 was not regulated by exercise alone,
however, levels were reduced in Exe+LPS animals indicat-
ing decreased injury compared to LPS animals.

Recent studies have implicated that IL-17 may play an
important role in ARDS. In addition to forming a positive
feedback loop involving IL-1f and IL-6 (24), IL-17 pro-
motes IL-6, IL-8, TNF-a, IL-1pB, G-CSF, and monocyte
chemo-attractant protein (MCP)-1 (11, 23). IL-17 is
increased in ARDS patient BAL fluid and has been shown to
increase permeability across alveolar epithelial monolayers
(19). Furthermore, IL-17 knockout mice exposed to acute
lung injury showed reduced inflammation (20). While exer-
cise alone did not regulate 1L-17, IL-1pB, or IL-6, these
cytokines were reduced in Exe+LPS groups compared to
LPS alone, confirming the old notion that exercise can sup-
press endotoxin-stimulated inflammatory cytokines in blood
culture (40). However, exercise alone increased IL-10 which
has been demonstrated to repress the release of cytokines by
macrophages and lymphocytes, including IL-17 (15). In
addition, although it was not evaluated in the present study,
exercise-induced IL-10 release have been attributed to
increased mobilization of T-regulatory cells (21) and also by
IL-10 derived from bronchial epithelial cells (38). Further-
more, low concentrations of IL-10 are associated with poor
prognosis for ARDS. (3, 9).

GM-CSF has been shown to prime the neutrophilic
response to LPS by up-regulating toll-like receptors (TLR2
and TLR4), the main receptors for LPS. In addition, the
over-production of GM-CSF in ARDS contributes to pul-
monary destruction by neutrophils, as GM-CSF is also a
neutrophil chemo-attractant. In horses that underwent mod-
erate, chronic AE, TLR expression was reduced in pul-
monary alveolar macrophages compared to unconditioned
animals (10). In this model, moderate AE blunted GM-CSF
production, which likely repressed LPS-induced TLR
expression and contributed to reduced inflammation in the
Exe+LPS group. While GM-CSF was not significantly regu-
lated by exercise alone, increases in the anti-inflammatory
cytokine IL-10 (observed in both the Exe and Exe+LPS
groups) may have had a repressive effect on GM-CSF and
other cytokine production.

Recently, SNPs in genes involved in oxidative stress have
been identified in ARDS patients and may contribute to
patient prognosis (2). Levels of oxidative stress and anti-oxi-
dant activity were maintained at “reduced” exercise-only
levels (compared to uninjured mice) in Exe+LPS mice.
Importantly, these results indicated that at least for rodents,
chronic, moderate AE significantly represses oxidative stress
levels and enhances anti-oxidant activity after 24 hours of
basal, sedentary activity. Further studies exploring the length
of “sedentary” time for which AE modulates both oxidative
stress and cytokine activity would help to further define a
general, prophylactic exercise program against a variety of
pulmonary diseases.

While chronic, moderate AE in rodents has been repeated-
ly demonstrated to improve outcomes in a variety of lung
disease models, in order to assess the extent by which physi-
cal fitness at the time of injury effects ARDS prognosis, lon-
gitudinal studies correlating with previous physical fitness,
not just body mass index, should be performed.
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ABSTRACT

Microparticles (MPs) are shed membrane vesicles released
from a variety of cell types in response to cellular activation
or apoptosis. They are elevated in a wide variety of disease
states and have been previously measured to assess both dis-
ease activity and severity. However, recent research suggests
that they also possess bioeffector functions, including but not
limited to promoting coagulation and thrombosis, inducing
endothelial dysfunction, increasing pro-inflammatory
cytokine release and driving angiogenesis, thereby increasing
cardiovascular risk. Current evidence suggests that exercise
may reduce both the number and pathophysiological potential
of circulating MPs, making them an attractive therapeutic tar-
get. However, the existing body of literature is largely com-
prised of in vitro or animal studies and thus drawing mean-
ingful conclusions with regards to health and disease remains
difficult. In this review, we highlight the role of microparticles
in disease, comment on the use of exercise and dietary manip-
ulation as a therapeutic strategy, and suggest future research
directions that would serve to address some of the limitations
present in the research to date.

Keywords: Exercise, microparticles, immunology,

INTRODUCTION

Microparticles (MPs) are shed membrane vesicles, usually
ranging in size from 0.1 to 1 pm. They are distinct from exo-
somes, which tend to be smaller (<0.1 um) and have a differ-
ent method of formation (1) — this review will focus solely on
MPs, their pathophysiology within clinical populations and
the potential of exercise as a therapeutic strategy.

Causes of formation

MPs are released from the cell membrane during apoptosis or
activation, elicited by a variety of stimuli. For example, the
activation stimuli could be inflammation, oxidative stress or
mechanical/haemodynamic fluctuations depending on the par-
ent cell in question. After their formation, MPs express sur-
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face proteins and antigens that are suggestive of their cellular
origin, through which they can be identified by laboratory
techniques (the most common MP cellular sources and their
corresponding surface antigens are listed in Table 1). The MP
membrane might also include negatively charged phospho-
lipids, the majority of which are phosphatidylserine (PS)
which is exposed on the outer layer (2). For a list of possible
detection methods and a comparison of their minimum
detectable vesicle sizes, see Van Der Pol et al (3).

Table 1. The most common cellular sources of MPs, along with the
corresponding antigens exposed on their outer surface. As many cel-
lular sources can be represented by several cell surface markers, dif-
ferences may occur in the literature when studies have used different
markers for the same MP derivation, which could lead to inaccura-
cies. CD = Cluster of Differentiation, PECAM = platelet-endothelial
cell adhesion molecule, ICAM = intercellular adhesion molecule. *The
value of measuring PS (by assessing the degree of ligation with its
detector reagent Annexin-V) to quantify ‘all MPs’ has been ques-
tioned; as many as 80% of MPs do not bind with Annexin-V in vitro
and therefore do not express PS on their outer surface (4). PS-nega-
tive MPs which do not bind with Annexin-V demonstrate reduced pro-
coagulant activity compared to their PS-positive counterparts (4)
however their functional significance remains unclear and warrants
further investigation.

MP Cellular Source Surface antigen/s used for determination

All cells Phosphatidylserine*

Leukocyte CD11a, CD45

Granulocyte CD11b, CDF66

Platelet CD31 (PECAM-1), CD40L, CD41/a, CD42b,
CD61

Monocyte CD11b, CD14, CD16

Endothelial cell CD31, CD51, CD54 (ICAM-1), CD62E
(E-Selectin), CD62P (P-Selectin), CD105

(endoglin), CD144 (VE-Cadherin), CD146

(S-Endo 1)
Neutrophil CD66b
Erythrocyte CD235a
Lymphocyte CD3, CD4, CD36

Mechanisms of formation

A resting, inactivated phospholipid membrane will display
phospholipid asymmetry, i.e. different phospholipids dis-
played on the outer and inner layer (PS is displayed on the
inner layer in a healthy membrane(5)). This asymmetry is
maintained by the enzymes gelsolin, aminophospholipid



translocase, floppase, scramblase and calpain (for a full
review of these enzymes’ kinetics and how they pertain to MP
formation, see Piccin, Murphy, & Smith, 2007)(6). Cellular
activation or apoptosis causes the endoplasmic reticulum to
release calcium into the cytosol, which alters the actions of
these enzymes, resulting in a restructuring of the cytoskeleton
and a reversal of the phospholipid asymmetry and therefore
externalisation of PS. This causes outward ‘blebbing’ of the
cell membrane and ultimately fissure, resulting in a released
vesicle that might express both PS and surface proteins related
to its parental cell on its outer membrane. This process is dis-
played in Figure 1.
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thrombi due to their reported expression of adhesion mole-
cules (e.g. P-Selectin) (10) or Tissue Factor (TF) (11), respec-
tively, meaning they are not removed from the circulation but
are not detectable using standard techniques, creating the illu-
sion of their absence. Further investigation is necessary to elu-
cidate how MPs are acutely removed from the circulation.

Sources

MPs can be derived from many different cellular sources as
shown in Table 1, including leukocytes, platelets, erythrocytes
and endothelial cells (12). The stimuli for the release of MPs
from these cells differ depending on the cell, as various condi-
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Figure 1. The steps involved in the process of MP formation. a) Demonstrating a healthy membrane, with phospholipid asymmetry and the
presence of the regulatory enzyme floppase (interchangeable in this diagram with the other regulatory enzymes mentioned). b) Activation or
apoptotic stimuli causes fluctuations of cytosolic calcium, altering the activity of the regulatory enzymes and causing cytoskeletal disruption. c)
Membrane blebbing, and loss of phospholipid asymmetry resulting in externalisation of phosphatidylserine. d) Fissure of the membrane, result-
ing in the formation of an MP which is now a distinct vesicle from its original membrane. This MP will express surface antigens representative of
its parent cell, which can be assessed to identify the origin of the MP. The MP size and number of phospholipids present in the membrane in
Figure d) is not truly representative; the purpose of this diagram is to illustrate the formation process. In reality, the MP is of far greater size rela-
tive to the phospholipids, which are also present in far greater abundance in the MP membrane.

Less is known about how MPs are acutely cleared from the
circulation. Firstly, clearance must exceed production, mean-
ing that the activation/apoptotic stimulus must either be
removed or decreased to a large enough extent to allow the
return of cell quiescence, thus reducing MP formation.
Beyond reduced production, proposed mechanisms for the
removal of MPs from the circulation include direct binding of
phagocytes to either PS or opsonisation proteins (e.g. comple-
ment) on the MP surface (7), [gM-mediated phagocytosis by
macrophages (8), and destruction by circulating phospholi-
pases (9). Particle size may influence the method employed to
clear MPs (8), however this requires further investigation.
Conversely, MPs may also adhere to the endothelium or form

tions will initiate activation and/or apoptosis of each cell type.
Whilst MPs are present in healthy populations (13), the pri-
mary aim of this review is to explain the pathophysiological
role of MPs in clinical populations and the potential impact of
exercise.

Methods of Detection

There are several different laboratory techniques that are reg-
ularly used for the identification of circulating MPs in the lit-
erature. Broadly, these include: flow cytometry; transmission
electron microscopy; nanoparticle tracking analysis, and
resistive pulse sensing. Whilst flow cytometry generally has a
higher minimum detectable threshold than other techniques
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and can be time and labour intensive, it provides the most
information with regards to MP size, complexity and cellular
surface marker expression, and therefore remains the ‘gold
standard’ technique most applicable to clinical research
(3,14). Flow cytometry also provides high throughput whilst
remaining relatively cheap, making it desirable when com-
pared to other techniques (15). More novel techniques for
detection of MPs include Raman microspectroscopy, micro
nuclear magnetic resonance, and small-angle X-ray scattering.
However, whilst these techniques may offer new insights in
MP research, they are very specialised and not yet commer-
cially available (16). Lastly, it must also be noted that sample
collection and preparation techniques, including needle
gauge and anticoagulant used for sample collection, tourni-
quet use, centrifugation protocol, freezing and thawing proto-
col, and buffer filtration may influence the detection of total
(17,18) and phenotype-specific MPs (19) and thus should be
considered when interpreting results. The lack of uniformity
in MP collection and analysis protocols used in the literature
makes the results difficult to interpret.

Microparticles in Disease

Elevated MP levels have been found in a variety of disease
states (20), leading to the investigation into their use as prog-
nostic markers to both comment on the current pathophysio-
logical condition and predict future outcomes. There now
exists a steadily growing body of literature that suggests that
MPs can also display biological effector functions, i.e. they
are able to influence other cells or systems (21), primarily in a
pathophysiological manner.

Biomarker functions

As MPs are released upon cell stress, they are elevated in a
variety of disease states and might be used as biomarkers of
disease severity. MPs are elevated in a number of chronic sys-
temic inflammatory conditions (22) including rheumatoid
arthritis (23) and systemic lupus erythematosus (24), cardio-
vascular diseases (25) including stroke and acute coronary
syndrome patients (26,27), various forms of cancer including
colon, prostate, breast, ovarian and gastric cancer (28,29),
HIV (30), and various forms of renal disease including pre-
dialysis chronic kidney disease, patients receiving varying
dialysis modalities and renal transplant recipients (31,32).
Many other conditions have been associated with increased
MP levels — their rather unspecific nature of release (i.e. upon
an activation or stress stimuli) means that a wide variety of
stimuli can elicit MP shedding from a large number of cell
types. For this reason, elevations in total or phenotype-specif-
ic MP counts may not be unique for each disease (33). There-
fore, it may be more pertinent to ‘profile’ trends in the
changes of many MP surface markers in different disease
states to identify a panel of a combination of markers, the
changes of which can be much more sensitive to disease
severity or risk than the measurement of one MP phenotype or
marker alone (34). This profiling method has been successful
in strengthening the use of MPs as biomarkers in conditions
such as various liver diseases (35), malaria (36) and athero-
sclerosis (37). However, this approach is not always success-
ful in delineating different diseases, for instance in various
forms of cancer (34). In this case, combining the identification
of surface makers with measures of micro RNA content can
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increase the biomarker sensitivity of MPs (38,39) and
improve diagnostic power.

Bioeffector functions

More recently MPs have also been considered as biologically
active with effector functions rather than simply biomarkers
of disease (21). The majority of this research has occurred
either in vitro or ex vivo, owing to the difficulty of isolating
the effects of MPs in an in vivo setting and the ethical issues
involving MP infusion in human participants due to their
potential pathophysiological impact. Several studies have
used in vivo study designs to investigate MP infusion in ani-
mals, for instance to explore the mechanism behind MP-asso-
ciated coagulation (40) and thrombus formation (41) in mice,
however the primary purpose of this review is to comment on
the current state of the literature concerning MPs in diseased
human populations.

Endothelial MPs (EMPs) can induce endothelial activation
and dysfunction (42) by reducing endothelium-dependent
vasodilation in response to acetylcholine (43,44) and decreas-
ing the release of the vasodilation-inducing nitric oxide (NO)
(44,45) when incubated in vitro with rat aortic rings. This can
reduce the ability of the vasculature to respond to fluctuations
in haemodynamic pressure, inducing cardiac stress and left
ventricular hypertrophy (46), and increasing cardiovascular
mortality (47). Similarly, angiotensin II, which promotes
vasoconstriction via activation of the renin angiotensin sys-
tem and thus increases cardiovascular risk (48) can increase
EMP release when incubated in vitro with murine endothelial
cells (49), indicating endothelial damage. Increased circulat-
ing count of MPs of all cellular derivations has been positive-
ly associated with the circulating concentration of several
reactive oxygen species (ROS), including plasma glutathione
peroxidase and superoxide (50,51). When EMPs are incubat-
ed in vitro with human umbilical vein endothelial cells
(HUVECsS), the detrimental changes seen in angiogenesis
(e.g. a reduction in total capillary length) were alleviated the
presence of superoxide dismutase (52), implicating ROS pro-
duction as a potential mechanism by which MPs can impair
vascular function.

EMPs released from HUVECS in response to the pro-inflam-
matory cytokine TNF-a have a high calcium content and can
induce osteogenesis and calcification when incubated with
vascular smooth muscle cells (53). Similarly, platelet MPs
(PMPs) incubated with rat aortic rings can promote angiogen-
esis via increased vascular endothelial growth factor (VEGF)
activity (54) whilst EMPs incubated with HUVECs can
increase PI3K activity, which plays a critical role in angiogen-
esis (55). Whilst angiogenesis is important for maintaining
vascular health and homeostasis (56), excessive or dysregulat-
ed angiogenesis has been implicated in many conditions,
including cancer (via loss of tumour growth suppression),
some autoimmune disorders, atherosclerosis, pulmonary
hypertension and inflammatory bowel disease, among others
(57). These effects on the vasculature may increase cardiovas-
cular risk and thus risk of mortality (58,59). Lastly, PS exter-
nalised on MPs can bind with the pro-thrombotic and pro-
coagulant TF to initiate and promote thrombosis and coagula-
tion (60—62) increasing the risk of embolism and driving ath-



erosclerosis (63). Elevated MP counts might therefore be pre-
dictive of mortality in a variety of conditions (64—66).

Whilst the ‘quantity of MPs (i.e. concentration in the circula-
tion) is important, their ‘quality’ (i.e. sourced from healthy or
dysfunctional parent cells, their protein and RNA contents and
composition) also impacts their transfer of information and
thus bioeffector functions (67). EMPs released from a healthy
endothelium help to maintain a protective low-grade procoag-
ulant activity by increasing platelet clot stability (68), whilst
EMPs released from damaged endothelial cells (e.g. due to
atherosclerosis) can further induce endothelial dysfunction in
a ‘vicious cycle’ manner by promoting atherogenesis (21,25).
MPs isolated from human atherosclerotic plaque contain the
metalloprotease TNF-a converting enzyme which increases
TNF-a shedding from HUVECs, whilst this enzyme is not
found in MPs isolated from healthy human internal arteries
(37). Similarly, EMPs isolated from acute myocardial infarc-
tion, when incubated with rat aortic rings, caused a significant
reduction in acetylcholine-induce endothelium dependent
relaxation which was not seen when EMPs isolated from non-
ischaemic patients were incubated at the same concentration
(43) suggesting a difference in the quality of these MPs. Sim-
ilarly, MPs were found at similar levels in the circulation of
cardiac surgery patients and healthy controls, however the
MPs from the patient group expressed significantly more TF,
and thus promoted thrombogenesis to a greater extent in an in
vivo model (11). Furthermore, the mRNA and micro RNA
composition of EMPs as well as the ability of EMPs to trans-
fer these RNAs to their target cells differs in certain disease
conditions, for instance in coronary heart disease (69). Simi-
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larly, activation status may alter the micro RNA composition
of MPs (70,71).

Consequently, any intervention which reduces the level of cir-
culating MPs and positively alters their composition in clini-
cal populations might be a therapeutic strategy, which could
ultimately reduce morbidity and mortality. However, caution
must be exercised when interpreting findings from in vitro
studies. Whilst in vitro studies provide useful and direct infor-
mation regarding how a particular variable impacts MP kinet-
ics, they cannot account for the plethora of other factors that
may influence these parameters in an in vivo setting. This is
particularly pertinent in patients that suffer from systemic
conditions that may alter a wide array of factors that could be
expected to alter MP kinetics.

It should be noted that beneficial effects of MPS are also
reported in the literature. MPs deliver RNAs, growth factors
and cell surface receptors to target cells and as such are neces-
sary for cellular communication (72). MP functions that are
detrimental when aberrantly regulated (e.g. accelerated
thrombosis) are a necessary response to vascular injury and
important in wound healing. Additionally, platelet-derived
MPs can inhibit apoptosis of polymorphonuclear leukocytes,
potentially mediated by the influence of TGF-B1 (73). Simi-
larly, shedding of endothelial cell MPs prevents an accumula-
tion of caspase 3 and thus promotes cell survival via preven-
tion of premature endothelial cell detachment and apoptosis
(74). Some leukocyte derived MPs stimulate NO production
(75) and can release anti-inflammatory effectors such as
Annexin 1 (76) which can prevent endothelial leukocyte adhe-
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sion and thus endothelial dysfunction (77). However, the vast
majority of the research to date focusses on the deleterious
effects of MPs (67) and thus they are considered to be largely
pathophysiological in nature.

Signalling Mechanisms

MPs exert their bioeffector functions by implementing a vari-
ety of immunologic signalling mechanisms. MPs may bring
about activated T-cell apoptosis by exposing Fas ligand (FasL
— a death receptor ligand) (78) which can contribute to
immune suppression and has been implicated in indirectly
promoting tumour growth (79). MPs also mediate antigen
presentation via the exposure of MHC class I and II molecules
(80) which they can present to dendritic cells to facilitate
immune surveillance (81). Similarly, the lipid component of
MPs can activate Toll Like Receptor 4 on macrophages, stim-
ulating antigen presentation (82). Additionally, MPs promote
inflammation by transferring transport receptors to target cells
(83) — for instance MPs from activated leukocytes increase
tyrosine phosphorylation of endothelial cells, thus inducing
their activation and increasing TF and IL-6 production (84).
The pro-atherosclerotic role of MPs is mediated in part by the
ability of MPs to transfer Intercellular Adhesion Molecule-1
(ICAM-1) to endothelial cells, thus increasing monocyte
adhesion to the endothelium and promoting atherosclerotic
plaque progression (85). MPs can also alter protein structure
and function by transferring genetic information to their target
cells, for instance mRNA and microRNA, which subsequently
alter post-transcriptional regulation (83,86). Lastly, MPs may
promote virus survival and growth via transfer of chemokine
receptors, For instance, MPs released from HIV-infected cells
can transfer CCR5 and CXCR4 to cells lacking these recep-
tors, therefore making them susceptible to HIV (87). The
immunologic signalling mechanisms of extracellular vesicles
are discussed in greater depth by van der Pol et al (83) and are
summarised in Figure 2.

Exercise and Microparticles

The beneficial effects of regular, moderate intensity aerobic
and resistance exercise are well documented in the general
population, and include improved body composition (88),
increased physical capacity (89), reduced cardiovascular dis-
ease risk (90), reduced systemic inflammation (91), enhanced
immune function (92) and reduced mortality (93). Exercise
may also influence MP release via haemodynamic mecha-
nisms. Aerobic exercise elicits increased blood flow to meet
the extra oxygen demands of the working muscles, which can
modify haemodynamic activation of both freely circulating
cells and cells adhered to the endothelium via alterations in
shear stress. Shear stress is a product of blood viscosity and
flow rate; therefore aerobic exercise-induced increased blood
flow can increase shear stress (94), which has been implicated
in MP formation and release via modulation of cell membrane
quiescence (95-97) due to mechanic and haemodynamic cel-
lular activation. When considering platelets, increased shear
stress may increase GPIb-dependent binding to endothelial
Von Willebrand Factor, which can initiate PMP formation and
thrombosis (96). The mechanism by which increased shear
stress elicits increased MP shedding from other cell types is
less clear and warrants further investigation. Additionally,
both reduced physical activity and enforced physical inactivi-
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ty can cause endothelial dysfunction (impaired flow-mediated
dilation) accompanied by increased circulating resting EMP
levels (13,98). Whilst acute aerobic exercise can also tran-
siently increase MP formation as explained above, regular
aerobic exercise training has been shown to improve endothe-
lial function in cardiovascular disease populations (99,100)
and therefore may be expected to reduce resting MP levels.
Acute aerobic exercise may also increase cellular activation
by transiently increasing catecholamine (e.g. norepinephrine)
levels (101), thus increasing MP shedding by lowering mem-
brane quiescence. Lastly, acute acrobic exercise can increase
leukocyte apoptosis (102), potentially triggered by increases
in cellular oxidative stress caused by increased reactive oxy-
gen species production (103). As MPs are released by apop-
totic cells (104), this exercise-induced apoptosis also increas-
es MP production.

Healthy Population

There has been a great deal of recent research investigating
the effects of acute and chronic exercise on MP kinetics in
healthy participants undertaking aerobic exercise. However,
the findings seem to be conflicting; some studies report
increased post-exercise MP counts of platelet origin, particu-
larly after strenuous exercise (105-109), which suggests a
pro-thrombotic effect due to the high TF expression usually
found on platelet-derived MPs (110,111). Mechanical activa-
tion of platelets and thus accelerated MP shedding is cited as
the cause of this. Conversely, other studies have found no
change in EMP or PMP levels following high-intensity (100%
peak power output) cycling (112) or even shown a reduction
in circulating EMPs following cycling of various intensities
(55-100% peak power output) (113). This disparity may be
caused by training status; the studies mentioned above which
found increased MPs used healthy but sedentary (i.e. exercise
frequency of < 1/week) participants, whilst those that found
decreased MPs used trained participants (either author-
defined as ‘fit’ (112) or trained triathletes and cyclists (113)).
This hypothesis is supported by studies investigating chronic
regular aerobic exercise training, which display both an atten-
uation in the acute exercise-induced increase in MPs (neu-
trophil and platelet derived) (108,109) and a reduction in rest-
ing EMP counts (97,114) following prolonged training (e.g. 3
times/week for 6 months). Therefore, in the general popula-
tion, it seems that whilst acute aerobic exercise may increase
circulating MP counts, regular aerobic exercise training can
either attenuate or abolish this effect and reduce resting circu-
lating MP levels. This may be due to an adaptation effect
caused by the repeated exposure of the endothelium to high
SS elicited by aerobic exercise, which would prevent endothe-
lial leukocyte adhesion and endothelial cell activation and/or
apoptosis. Regular exercise training also improves endothelial
function and increases resting NO availability (115), which
may partially mitigate the increased SS caused by increased
blood flow and thus prevent MP formation as explained above
(52).

Clinical Populations

There is less research concerning exercise and MPs in clinical
populations, especially considering the importance of health
improvements when compared to the already ‘healthy popula-
tion’. When compared to healthy controls, patients with vas-



cular disease referred for stress echocardiography (incremen-
tal intravenous Dobutamine infusion until 85% of age-predict-
ed maximum heart rate was reached) displayed a diminished
post-test increase in leukocyte, granulocyte and monocyte
MPs, whilst platelet, erythrocyte and endothelial MPs
increased as normal (116). Similarly, a single bout of high
intensity interval cycling (intervals completed at 100% peak
power output) did not affect platelet or endothelial MP counts
in coronary heart disease patients (112). It is unclear why
patients with cardiovascular deficiencies would exhibit
reduced MP release, as they would be expected to display
reduced exercise-induced vasodilation due to arterial stiffen-
ing (117) and potentially increased shear stress-mediated MP
release. A possible explanation is that CVD patients display
reduced cardiac contractile power due to a reduction in stroke
volume mediated by left ventricular hypertrophy and a
reduced ejection fraction. Therefore, the haemodynamic
response to aerobic exercise may be blunted in CVD patients
(118), blunting the subsequent MP response. However, fol-
lowing 12 weeks of either continuous or interval aerobic exer-
cise training, coronary artery disease patients displayed no
change in resting EMP levels, despite showing improvements
in endothelial function as measured by flow mediated dilation
(119). In the same study, baseline EMP levels were inversely
correlated with increases in peak VO, consumption, suggest-
ing that pre-existing elevated EMP levels (perhaps suggesting
the presence of endothelial dysfunction) may prevent subse-
quent aerobic training adaptation. A possible explanation,
similar to above, is that cardiovascular disease-associated
contractile and endothelial impairments create a vascular
‘dormancy’ which reduces MP increases in response to exer-
cise. This increase is seen as a normal physiological response
(116), the absence of which may prevent the chronic training-
associated improvements in MP levels seen in the general
population. However, renal transplant recipients displayed
reduced circulating EMP levels following 6 months of aerobic
exercise training compared to non-exercise controls (120).
Renal transplant recipients are considered at heightened risk
of cardiovascular events (121) and display impaired flow
mediated dilation (122) and increased prevalence of left ven-
tricular hypertrophy (123), demonstrating that exercise can
improve MP levels in a population displaying cardiovascular
decrements. This was accompanied by a reduced endothelial
progenitor cell concentration, which may signify either
reduced vascular repair capacity or reduced vascular damage
(which is more likely considering the reduced EMP levels),
therefore reducing the repair stimulus and subsequent progen-
itor cell response.

There is a clear lack of uniformity concerning the effects of
exercise on MP levels and composition in clinical populations
in the current body of literature. This may be in part due to the
different methods of isolation used. Flow cytometry was the
most commonly used technique to measure MPs in the studies
mentioned above, however the processing and isolation proto-
cols used were not uniform which may have impacted the MP
counts. Whilst it is evident that regular exercise training is
effective in reducing cardiovascular risk in both healthy and
diseased populations, the disparity seen in the MP literature
may suggest that one size does not fit all. For instance, it is
unclear why acute aerobic exercise, particularly of a very high
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intensity, would elicit an increase in circulating MP counts in
sedentary healthy individuals (105,106) but not in the cardio-
vascular disease population (112). It is possible that MP
release is increased following exercise in cardiovascular dis-
ease patients but they are not measurable in the circulation,
for instance because they have formed clots or adhered to
endothelial cells, thereby promoting their pathophysiological
influence. As previously mentioned, little is known about the
clearance of MPs from the circulation (124) and therefore this
may require further investigation. Similarly, patients from dif-
ferent disease populations display differing MP responses to
comparable exercise interventions. More research is neces-
sary to investigate the effects of different exercise regimens
on MP kinetics in various patient populations in order to tailor
rehabilitation programmes more effectively to patients
depending on their comorbid conditions. For instance, cardiac
rehabilitation programmes in coronary heart disease patients
typically consist of regular moderate intensity aerobic exer-
cise (125) however this type of training does not seem to
influence MP levels in this population (119). Similarly, the
lack of changes in MP kinetics seen after high intensity train-
ing requires further investigation. As the primary cause of MP
formation during exercise is suggested to be cellular activa-
tion caused by haemodynamic activation, it is unclear why
this type of training would not elicit increased MP release in
certain populations (112,119). Lastly, resistance training is an
effective training modality for reducing cardiovascular risk in
diseased populations (126) however the impact on MP kinet-
ics is under-researched. Research investigating the role of
resistance training in modulating MP levels and reducing car-
diovascular risk will allow more well-rounded exercise pro-
grammes to be designed for specific patient populations.

Interestingly, MPs may also play a role in the adaption to
exercise training. MPs and exosomes released during aerobic
exercise have been proposed to contain proteins and nucleic
acids (for instance heat shock protein 70) (127) that are
hypothesised to mediate organ crosstalk and promote sys-
temic adaption to aerobic exercise (128). As such, it is been
hypothesised that small extracellular vesicles released from
the muscle during aerobic exercise may mediate many of the
systemic adaptations to endurance exercise that prevent or
lessen the severity of health conditions such as obesity and
Type 2 Diabetes Mellitus (129). However, this concept
requires further investigation.

Diet and Body Composition

Diet, body composition and gender also influence MP levels,
and these relationships may be modulated by exercise. Inac-
tive, obese males displayed reduced circulating EMP levels
following moderate-to-high intensity cycling compared to a
non-exercise control trial completed in a randomised counter-
balanced manner, whilst overweight females displayed
increased EMP levels compared to their non-exercise control
trial (130). The cause of this gender disparity is unknown; the
authors suggest a possible modulating effect of oestrogen with
regards to cardiovascular disease risk. Indeed, in healthy indi-
viduals, increased EMP and PMP counts have been observed
in females, the levels of which may be altered by the menstru-
al cycle stage (i.e. luteal versus follicular phase) and the asso-
ciated fluctuations in oestrogen and progesterone (131). Addi-
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tionally, other cardiovascular risk factors such as central obesi-
ty, elevated total cholesterol and reduced high-density lipopro-
tein cholesterol may be more prevalent in females (132). MP
kinetics may therefore be another mechanism by which cardio-
vascular risk differs based on gender. Furthermore, females
display elevated endothelial progenitor cell counts compared
to males (133), suggesting stimulated repair mechanisms in
response to greater activation or damage, which would explain
the increased EMP levels. Regardless of gender, excessive adi-
pose tissue has been associated with elevated circulating PMP
levels compared to age-matched non-obese controls (134).
This elevation was partially reduced by a 12 week calorie-
restricted diet (1200 kcal/day for women, 1700 kcal/day for
men) which reduced BMI by roughly 10%, and was reduced to
a greater degree by a 12 week programme of calorie restriction
and regular aerobic exercise (3 times/week, 60 minutes, 12-14
RPE) which reduced BMI by roughly 12%. Diet coupled with
exercise was also more efficacious in reducing fat tissue mass,
visceral and subcutaneous fat area, and total and LDL choles-
terol, offering other possible explanations for the reduced PMP
count beyond simply reducing BMI. The increased MP levels
seen in obesity may be partially caused by the MP response to
a high fat and/or carbohydrate diet. Postprandial hypertriglyc-
eridaemia and hyperglycaemia caused by high dietary fat and
carbohydrate intake can induce vascular dysfunction (i.e.
impaired vasodilatation), possibly mediated by increased
oxidative stress and NO inactivation (135), or increased adhe-
sion molecule (VCAM-1, ICAM-1) expression, increasing
leukocyte infiltration (136). As such, EMP and total MP are
elevated in response to high fat and carbohydrate meals
(137,138), offering a possible explanation for the increased
coagulation and thrombotic activity of the TF pathway seen
during hypertriglyceridaemia and hyperglycaemia (139).
However, this response may be ameliorated by exercise. Mod-
erate intensity cycling (60-75% VO, to elicit an energy expen-
diture of 4-6 kcal/kg) completed 1 hour before ingestion of a
high-fat meal blunted the postprandial increase in EMP levels
that was seen in the non-exercise control trial (140). However,
100 mins of cycling at 70% VO, peak completed the previous
evening did not affect the increase in EMPs seen in response to
a high fat meal ingested the following morning (141). This
suggests a more direct effect on MPs rather than indirect via
lipid alterations, as moderate exercise completed the day
before the consumption of a high fat meal can attenuate post-
prandial lipaemia (142). MPs would also be affected if they
were dependent on blood lipid levels.

It is unclear whether or not the increase in MP counts often
seen after consumption of a high fat meal represents a clini-
cally significant effect that could elicit pathophysiological
consequences. In some disease states, such as diabetes or
coronary artery disease, the disparity between the MP counts
of the disease population and the healthy population is compa-
rable with the magnitude of the increase seen between pre-
and post-prandial conditions (141,143). Whilst this suggests
the potential to exert pathophysiological effects, the transient
nature of the post-prandial MP increase may prevent the
development of any clinically significant health decrements.
Further research is required to investigate the impact of regu-
lar high fat meal consumption on MP kinetics and the possible
downstream pathophysiological consequences.
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Clinical Implications and Further Research

In summary, elevated MP levels and altered composition are
seen in a number of disease states, having a number of patho-
physiological effector functions. Exercise may help to reduce
MP levels and thus diminish their pathophysiological poten-
tial but more research is needed to elucidate these effects, par-
ticularly in clinical populations that display elevated cardio-
vascular risk. Studies investigating chronic exercise training
in clinical populations are needed to investigate MP levels and
composition, and how they relate to measures of systemic
inflammation, thrombotic potential, vascular damage and var-
ious cardiovascular risk factors. Additionally, the effects of
resistance exercise with regards to MPs are under-researched,
as resistance exercise can be a powerful therapeutic tool for
reducing morbidity and maintaining physical function in clin-
ical populations (144). Increases in blood pressure and associ-
ated reductions in arterial compliance (145) caused by skeletal
muscle contraction during resistance exercise could create an
environment that promotes MP shedding, an interesting topic
for future research. The evidence to date is encouraging, and
suggests that, whilst acute exercise can increase circulating
MP counts, regular exercise training can diminish this effect
and eventually reduce overall resting MP counts, partially pre-
venting their pathophysiological effects. This effect has been
demonstrated within as little as 5 weeks of regular aerobic
exercise training (109). However, given the widespread sys-
temic effects of exercise and the numerous pathways eliciting
MP release from various cell types, more research must be
done to better understand how exercise affects the number and
bioeffector function of microparticles.
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ABSTRACT

Background: Obesity and metabolic syndrome are disorders
that correlate with the activation of pro-inflammatory path-
ways and cytokine production, to which Toll like receptors
(TLR) contribute. Exercise may act as an anti-inflammatory
modulator, but there is no consensus about the role of the TLR
in this tuning.

The present styudy aims to systematically review the current
evidence on exercise-induced TLR regulation in animals and
humans suffering from obesity and metabolic syndrome.
Methods: Pubmed and Scopus databases were searched for
publications from 1990 to September 2015. Search terms
included: “Toll like Receptor”, “TLR”, “exercise”, “obesi-
ty”, “diabetes”, and “metabolic syndrome”. Elegibility crite-
ria comprised: randomized control trials, cross-sectional and
cohort studies; human or animal models with metabolic syn-
drome; any type of exercise; TLR expression measurement in
any tissue by a clearly reported technique. The quality of
selected studies was assessed using a modified version of the
Downs and Black Quality Assessment Checklist. Data of study
design; population, exercise type, timing and training ele-
ments; measurement technique, tissue analyzed and main out-
come were extracted and categorized to facilitate data synthe-
SIS.

Results: 17 studies were included, of which 11 publications
obtained a high, 5 a moderate and 1 a low score for quality
assessment. A total of 8 human studies were analyzed: 6 stud-
ies used endurance continuous or interval training protocols,
1 study resistance training and the remaining study was per-
Jformed following a marathon race. Blood cells were analyzed
in seven studies, of which four studies sampled peripheral
blood mononuclear cells (PBMC), three analyzed whole
blood and one study sampled skeletal muscle. Nine animal
studies were included: 8 used endurance training and 1 acute
aerobic exercise. A variety of tissues samples were explored
such as PBMC, skeletal muscle, adipose, vascular and nerv-
ous tissue. Globally, the animal studies showed a marked ten-
dency towards a down-regulation of TLR2 and 4 expression
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accompagnied with, a reduced activation of nuclear factor-
kappaB (NF-kB) signaling and cytokine production, and an
improvement in insulin sensitivity and body composition.
Conclusion: While animal studies showed a marked tendency
towards TLR2 and 4 down-regulation after chronic endurance
exercise, the current evidence in human is not sufficiently
robust to conclude any role of TLR in the anti-inflammatory
properties of exercise.

Keywords: TLR2, TLR4, nuclear factor-kappaB, chronic
inflammation, immunomodulation, cytokines, diabetes, meta-
bolic disorders

INTRODUCTION

Overweight and obesity have become increasingly prevalent.
According to the World Health Organization (WHO) approx-
imately two billion adults are overweight and over half a bil-
lion are obese (37). Over half the adult population in devel-
oped countries is either overweight or obese (14). Obesity
prevalence is directly associated to the country income level
(37). As it is a main risk factor for metabolic co-morbidities
related to premature death (32), obesity is a key public health
concern. Associated endocrine and metabolic alterations lead
to the development of the metabolic syndrome (MetS), a col-
lection of medical conditions including insulin resistance,
type 2 diabetes mellitus, dyslipidemia, hypertension,
obstructive sleep apnea and non-alcoholic fatty liver disease

(14).

Obesity is often associated with a chronic low-grade inflam-
mation state caused by a pathological expansion of the adi-
pose tissue, leading to elevated levels of free fatty acid (FFA).
Activation of innate immune receptors, such as Toll like
receptors (TLR), in obesity and MetS is possibly part of the
chronic pro-inflammatory process (11). TLR are pattern-
recognition receptors (PRR) expressed in different cell com-
partments. In mammals, there are 12 known members
involved in detection and immune response to diverse exoge-
nous signals such as pathogen-associated molecular patterns
(PAMP), as well as endogenous ligands like damage-associat-
ed molecular pattern molecules (DAMP) involved in sterile
inflammation induced by tissue damage and cellular stress
(15). Within the recognized ligands, FFAs and endotoxin like
lipopolysaccharides (LPS), activate I kappa B kinase (IKK),
nuclear factor-kappa B (NF-«xB) signaling (1) and also the
mitogen-activated protein kinase (MAPK) pathway (12).



TLR activation may have an important protective role against
viral infections when detecting gram- negative and gram-pos-
itive bacteria (1). However, in obesity conditions the majority
of animal studies have reported increased TLR expression
associated to a pro-inflammatory state (11). Inversely, sup-
pression of TLR2 and TLR4 expression or their deficit
reduces chronic inflammation, suggesting a pathogenic role
for TLR in obese animal model (11). In humans with obesity
and type 2 diabetes, elevated TLR activity has been correlated
with the severity of insulin resistance (15). Exercise modu-
lates TLR expression in monocytes, adipose tissue and skele-
tal muscle, which could be a molecular mechanism by which
exercise exerts its anti-inflammatory effect (8). Reduced
TLR4 expression at the cell surface of leukocytes has been
found in young and old physically active individuals, in
whom cytokine production following LPS stimulation was
lower compared with sedentary participants (21). Moreover,
exercise reduces plasma FFA levels, thereby decreasing TLR
activity (32).

Exercise is a well-known tool to counteract the chronic pro-
inflammatory state and the consequences of metabolic syn-
drome but the mechanisms are not totally elucidated, certainly
when focusing on TLR signaling. Exercise is able to modify
TLR expression in some conditions in both human and animal
models (9). However, currently no consensus exists regarding
exercise-induced TLR regulation. This mechanism possibly
reduces the low-grade inflammation that often accompanied
obesity and MetS. Hence, the present study aims to systemati-
cally review the current evidence on TLR expression in any
tissue of either obese/MetS animals or humans undergoing an
exercise program. We aim to better understand how exercise
affects immune signaling and to set a precedent that could
contribute to the development of guidelines related to physical
activity that could be useful for clinical practitioners.

METHODS

This systematic review was conducted using the PRISMA
statement for reporting systematic reviews (19).

Search strategy and study selection

In September 2015, the electronic databases PubMed and
Scopus were queried. The following search terms were used
as keywords: “Toll Like Receptor”, “TLR”, “exercise”, “obe-
sity”, “obese”, “diabetes”, and ““ metabolic syndrome” using
the Boolean connectors AND/OR respectively. The query was
limited to articles published between 1990 - September 2015

in English, Spanish, Portuguese and French.

The following criteria were applied: 1) Population type:
human or animal with metabolic syndrome, e.g., obesity, dia-
betes, hyperglycemia, hypertension, dyslipidemia, and athero-
sclerosis (11). No age restriction was applied and all activity
levels (active or sedentary) were admitted. 2) Study type: ran-
domized control trials, cross-sectional studies and cohort
studies. 3) Exercise type: any type of exercise, e.g., endurance
and/or resistance training. 4) Outcomes type: all types of Toll
like receptor expression, e.g., mRNA or protein in any tissue,
measured by a clearly reported technique.
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After removing duplicates, IR began the study selection
process by screening titles and abstracts. Subsequently, the
full text versions of the selected publications were reviewed in
detail by IR and HZ to ensure the existence of metabolic syn-
drome in the studied subjects. Populations with pathologies
unassociated to metabolic conditions were excluded. Alterna-
tive interventions in addition to exercise were admitted, such
as pharmacological administration, TLR agonist, insulin
clamps, and pathogen injection. The papers were discussed by
IR and HZ and discrepancies were resolved in consensus.

Data collection and synthesis

IR extracted the data from the selected studies and HZ
checked these data. The template used was classified by popu-
lation type (human or animal) and sorted by the study charac-
teristics (author, year and study type). The following informa-
tion was provided: participants’ characteristics (sample num-
ber, sex-age distribution and metabolic disorder); exercise
intervention type (e.g., endurance, or resistance); timing (e.g.,
acute or chronic); training elements (duration, frequency,
intensity, volume, and mode); measurement technique; tissue
analyzed; and main outcome. A qualitative synthesis was per-
formed with the extracted data; the quantitative analysis was
not feasible given the diverse analytical techniques to report
the main outcome.

Quality assessment

The Downs et al. checklist (6) adapted by Munn et al. (23)
was selected to measure the quality of the included (non)-ran-
domized studies. The Munn’s list (2010) was complemented
with items from the original list and some descriptions were
adapted to be applicable to both human and animal studies
based on the Gold Standard Publication Checklist to improve
the Quality of Animal studies (10). In animals experiments,
the characterization was evaluated by specific criteria
(species, genetic background, origin and source) added in the
third item of the checklist. The item 4 of the original Downs et
al. checklist (1998) was re-included to obtain the duration,
frequency, intensity, volume and mode of exercise; for animal
studies, the time schedule, housing, nutrition and drug admin-
istration were also obtained (10). The confounding variables
that had to be reported to score the item 5 in human studies
were sex and age. In case of animal models, the weight at the
beginning of the experiment had to be stated as well. To con-
sider the number and characteristics of patients lost during
follow-up, the original Item 9 of Downs et al. (1998) was re-
incorporated. The Item 11 was modified to include the assess-
esment of source, recruitment, and selection procedure. The
items 12, 21 and 22 of Munn et al. (2010), for which a repre-
sentative sample from the entire population is required, were
discarded because the participants have to be screened to
ensure the presence of metabolic disorder. For animal models,
the sample size calculation had to be reported and had to
include the minimum of animals required by the calculation
(10).

The original Item 13 of the Downs et al. (1998) checklist was
adapted and its description complemented to verify interven-
tion supervision and the proper performance of the exercise.
Item 15 of the Downs et al. (1998) checklist was incorporated
to ensure that the data examiner was blinded from the charac-
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teristics of the subjects tested (name, sex, age, and activity
level). Item 16 of the Munn et al. (2010) list was omitted since
the data dredging was relevant for the present study. Item 20
demands a standardized technique to be clearly described to
ensure the validity and reliability of the main outcome. The
original Item 24 of the Downs et al. (1998) checklist was re-
included to ensure the randomization of the intervention
groups. Item 25 demands separate analysis to ensure adequate
adjustment for confounding analyses in the presence of signif-
icant differences in sex, age, or weight at the beginning of the
trial. Supplementary 1 contains the checklist template adapted
for this systematic review and the description of the items.

The Downs et al. (1998) scale was used to score each item.
Questions were answered “YES” if the description requested
was provided (score = 1); and “NO” (score = 0) when no
report was given or was unclear. IR checked every item, fill-
ing a template with data extracted from the paper to support
the assigned rate. The results were discussed with HZ to
assign the final scores. Study quality was determined using
Munn’s scoring scale (23): positive answers were summed
and converted to a percentage: high quality studies scored
over 70%, moderate between 60-74%, and low quality scored
under 60%.

Results

Literature Search

Querying both databases generated 477 records, of which 214
duplicates were removed. The remaining 263 titles and
abstracts were screened. One hundred ninety-four did not
meet the eligibility criteria: 1 by language, 1 by year of publi-
cation, 42 by study design, 134 by intervention (no exercise
training), 16 by outcomes (no TLR expression report in ana-

)

Records identified by database
search

206 PubMed
271 Scopus
(n=477)

i

Identification

[

)

@ i Records excluded by intervention (n = 134),
E Titles and abstracts —p outcomes (n = 16), study design (n =42),
§ screened language (n = 1), year of publication (n = 1)
& (n=263) Total (n=194)

= Full-text articles assessed Full-text articles excluded by population
Z for eligibility > pathologies (n = 52)

é" (n=69) Total (n = 52)

[

l

Full text articles included
in qualitative synthesis
n=17)

Figure 1. Search results through the review process
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lyzed tissue). Sixty-nine full texts were reviewed to confirm
eligibility and the presence of metabolic syndrome in the stud-
ied populations, upon which 52 studies were excluded: 41 for
being healthy, 2 due to chronic fatigue, 2 due to brain
ischemia, 1 due to Alzheimer's disease, 1 due to lower back
pain, 1 due to induced hypoxia, 1 due to severe liver injury, 1
due to myopathy, 1 due to myositis, 1 due to stroke. Seventeen
records met the eligibility criteria and were included for qual-
itative synthesis (Figure 1).

Quality assessment of studies included

Among the 17 studies, the quality scores ranged from 56 -
94% (Supplementary 2). Eleven publications obtained a high
score, five a moderate and one a low score. All publications
had clear descriptions of the hypothesis/objective. The main
outcome to be measured, related to Toll like receptors and
exercise was mentioned within the introduction or methods in
16 papers. The participant source and inclusion/exclusion cri-
teria were reported in 5 of the 8 human studies. In animal
studies, the origin, source, species and genetic background
was mentioned in 8 of 9 studies. Exercise intervention type
and its protocol was described in 7 of 8 human publications;
while in animal studies this information was detailed with
time schedule, housing and nutrition in 7 of 9 studies. The dis-
tribution of principal confounding variables such as sex and
age were stated in 7 of 8 human studies; besides the distribu-
tion of these variables in animals, the initial weight was pro-
vided only in 3 of 9 studies.

All 17 studies described simple outcome data from findings
associated with Toll like receptors and exercise interventions.
The 17 papers reported estimates of random variability (stan-
dard error/standard deviation), probability values, and num-
ber/characteristics of patients lost during follow up. Of the 8
human studies, 4 papers did not report the participants’
source or selection procedure while the remaining four clear-
ly described the selection process by screening. Four of the
nine studies in animal calculated the sample size and includ-
ed the minimum sample amount. The exercise interventions
were supervised by an examiner or monitored in all 17 stud-
ies. Internal validity by blinding the examiner from partici-
pants’ characteristics was reported in 3 of the 17 publications.
Appropriate statistical analyses were performed in 9 of 17
studies. Toll like receptors expression measurement tech-
nique and the tissue analyzed was stated in all 17 studies.
Randomization of the intervention groups was specified in 13
of 17 papers, and an adequate adjustment for confounding
variables within the groups was performed in 11 of 17 publi-
cations.

Characteristics of included studies

Methods

The main characteristics of the 17 selected studies are present-
ed in Table 1 and Table 2. All 17 studies were intervention
studies, of which 12 were randomized control trials (RCTs), 4
non-randomized control trials (NRS) and one quasi random-
ized trial (QRCT). All publications were in English and pub-
lished between 2010 and 2015. Eleven studies were from the
Americas: 7 from the United States, 3 from Brazil, and one
from Canada. The remaining 7 studies were European or
Asian: 3 from Germany, 3 from China and 1 from Japan.
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Table 1: Summary of the 8 human studies included in the systematic review
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Human studies

Reference | Study | Population | # Subjects, Exercise type Timing/duration of Analytical Primary outcome
type | types and | gender and intervention and intensity technique/
conditions age blood cell type
or tissue
Liuetal, | RCT |e Type2 Total: n=62 | Chronic endurance |® AR: aerobic ex 12 weeks, |e® Real-time o Before treatment: higher
2015(20) diabetic |® AR+DCT: and resistance 3d/wk, 10-30 min at 40- quantitative TLR4 mRNA and protein
(AR/DCT)| n=42, 30F + | training with elastic| 60% VO:max + resistance PCR expression levels in AR and
e Healthy 12M, 52.6y band ex 2-3d/wk, 2 sets of 8-10 |® Western blot DCT than in CTL.
control e CTL: n=20; repetitions at 50-60% IRM |e PBMC o After exercise intervention:
subjects 13F +7M, o DCT: drug therapy and diet | (Mononuclear | TLR4 mRNA and protein
(CTL) 51.2y control blood cells) expressions were
e CTL: No intervention significantly lower in AR
group than DCT group.
Coenetal, | RCT |e Hyperchol| Total: n=49 | Chronic endurance |® R: 20 weeks of rosuvastatin [e Color flow e Higher TLR4 expression
2010(5) esterolemi |® R: n=17, (treadmill and calcium (10mg/d) treatment | cytometry after treatment in R.
c OM + 8F, walking) and o RE: same as R with the last @ Whole blood |e Percentage  of  CDI14*
physically | 52.1y resistance training | 10 weeks including ex monocytes expressing
inactive |e RE: n=16, (leg press, leg training (3d/wk). A session TLR4 was not different
subjects 7™ + 9F, extension, leg curl, | consisted in 20min at 60- between and within R, RE
(R/RE) 522y chest press, lat pull-| 70% of HR reserve + 2 sets and ACTL throughout the
e Hyperchol [e ACTL: down, seated row, | of 8 resistance exercises at study.
esterolemi| n=16,7M + | leg adduction, and | 80% IRM e More TLR4 expressed in
c 9F, 51.6y leg abduction). |e ACTL: No intervention pro-inflammatory than
physically classic monocytes.
active
subjects
(ACTL)
Lambert et | RCT |e Sedentary | Total: n=16 | Chronic endurance |® AR: 12 weeks (3d/wk), ® Real-time o AR reduced TLR4 mRNA.
al, obese e DCT: n=8, |(treadmill, step-ups,| endurance ex for 20min at quantitative | @ Expression remained
2008(16) elderly 4F +4M, climbing, stationary | 75-90% HRpeak + 30- PCR unchanged in DCT.
subjects 69.6y cycling, stair-master| 40min resistance ex at 65- |® Muscle vastus
e AR/DCT |e AR: n=8, 4F exercise) and 80% 1RM (6-12 repetitions)| lateralis
+4M, 68.5y | resistance training |® DCT: 12 weeks of weight
(squats, leg press, loss therapy (energy deficit
knee extension, diet and behavior therapy)
knee flexion, row,
seated chest press,
biceps curl, and
triceps extensions)
Nickel et | NRS |® Obese Total: n=47, | Chronic endurance |® 10 weeks (4d/wk) of ® Real-time e Before training: TLR2, 4
al, amateur M, 40y training continuous endurance and | quantitative and 7 mRNA: no
2011(25) marathon |® ONE: n=15 interval training PCR (all differences between the
runners |® LNE: n=16 e [ntensity given by groups) and groups.
(ONE) e LE: n=16 individual target HR western blot | @ After training: higher TLR2
e [ ean non e ONE and LNE: 40km/wk; (onlyin LNE) | mRNA in LNE, up-
elite LE: 55km/wk e PBMC regulation of TLR4 and 7
(LNE) mRNA in all groups.
e [ean elite e No exercise-induced
(LE) changes in MyD88mRNA
gene-expression  between
the groups.

e In LNE, increase in TLR4
and 7 protein expression
after training, no change in
TLR2 and MyD88. No
protein analysis in ONE and
LE.

Robinson | RCT |e Sedentary | Total: n=38 | Chronic endurance |® HIIT: 10 sessions spread e Flow e Decreased TLR4 expression
et al, pre- e HIIT: n=20, training (cycle over 2 weeks consisting in cytometry in lymphocytes and CD14*
2015(33) diabetic 17F + 3M, ergometer, 4-10 repetitions of 1-min  |® Whole blood monocytes in both MICT
subjects 52y treadmill, outdoor | intervals at 85-90% Wpeak and HIIT.
o HIIT/MIC | MICT: walking, elliptical | and 1-min rest at 20% o Decreased TLR4 expression
T n=18, 14F + training) Wpeak in CD15" neutrophils only
4M, 52y e MICT: 10 sessions spread in MICT, no change in
over 2 weeks consisting in HIIT.
20-50 min of continuous e TLR2  expression  was
training at 32.5% Wpeak reduced in both MICT and
HIIT in lymphocytes but
not in monocytes and
neutrophils.
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Reyna et NRS |e Sedentary | Total: n=36 | Chronic endurance |® 40min/d of endurance ex |® Western blot |e Before intervention higher
al, and lean (no gender training (cycle for 15 consecutive days e PBMC TLR4 protein content in
2013(31) subjects distribution ergometer) e Each session consisted in 4 T2DM and OB.
(LE) reported) x 8min at 70% VOzpeak o After ex training and insulin
® Obese e LE:n=17, followed by 2min of rest infusion: no change in
(OB) 39y o First session within the TLR2 and 4 expressions in
e Type 2 e OB:n=38§, week after insulin clamp, any group.
diabetic 40y which was repeated 36h
(T2DM) |e T2DM: after last session
n=11, 50y
Nickel et | NRS |® Obese Total: n=47, | Acute endurance |e® Marathon race ® Real-time e Immediately after race: no
al, amateur M, 40y bout (marathon) quantitative change in TLR2 mRNA
2012(24) marathon |® ONE: n=15 PCR (all levels in any group, down-
runners  |® LNE: n=16 groups) and regulation in TLR4 in only
(ONE) e LE: n=16 western blot LNE group, TLR7 mRNA
e [ ean non (onlyin LNE) | levels decreased in all
elite e PBMC groups. No change in
(LNE) TLR2, 4 and 7 protein in
e [ can clite LNE, no protein analysis in
(LE) LE and ONE.
®24 hours post-race: no
change in TLR2 mRNA
levels in any group, increase
in TLR4 and 7 mRNA
levels in all groups. Only
TLR7 protein expression
decreased in LNE, no
protein analysis in LE and
ONE.
Philips et | qRCT |® Obese Total: n=23, F| Chronic resistance |® RE: 12 weeks (3d/wk), 3 ® Real-time o TLR4 mRNA expression in
al, post- e RE: n=11, |[training (chest press,| sets of 10 repetitions at quantitative whole blood was not
2012(28) menopaus | 64.8y shoulder press, and | 100% of 8SRM PCR different  between  the
al women |e® OCTL: seated row or cable |® OCTL: stretching, health ~ |® Whole blood groups after interventions.
interventio| n=12, 66.4y | press, abdominal education and safety talks |® Subcutaneus |e® After RE intervention:
n (RE) crunches, and back |e Test: 1 week after last adipose tissue | TLR4 mRNA expression
® Obese extensions) session: a single resistance (SCAT) remained unchanged in
post- bout with 3 sets of 10 SCAT.
menopaus exercises at 8 RM with e Total volume load was
al women 1.5min recovery negatively  correlated to
control TLR4 mRNA in SCAT.
(OCTL) o RE improved body strength
and reduced circulating
CRP, leptin and TNF levels

RCT: Randomized Control Trial; NRS: Non-Randomized Control Study; qRCT: quasi-Randomized Control Trials; ex: exercise; min: minutes ;
wk: week; d: day; h: hour; HR: heart rate; Wpeak: peak power output; VO2max: maximum oxygen consumption; VO,peak: peak oxygen
uptake; 1RM: One Repetition Maximun; m/min: meters per minute; PBMC: peripheral blood mononuclear cells; TLR: Toll Like Receptor;
mRNA: Messenger RNA; CRP: C-Reactive Protein; TNF: Tumor Necrosis Factor; MyD88: Myeloid differentiation primary response gene 88.

Table 2: Summary of the 9 Animal studies included in the systematic review

Animal studies

Reference | Study Population # Animals, sex Exercise Timing/duration of Analytical Primary outcomes
type types and and age intervention type | intervention and intensity | technique/ blood
conditions cell type or tissue
Li et al, RCT |e Sprague Total: n=122, Chronic o ND: regular diet e Western blot e Higher protein and
2015(18) Dawley rats male no age endurance e S: sedentary e Muscle soleus mRNA levels of
e Diet induced reported (treadmill e DIO: high fat diet for 12 e Muscle ventricle] TLR2 and 4 in
obesity e RD-S: n=31 running) weeks soleus and
e ND/ND- o RD-EX: n=29 e EX: 8 weeks, 5d/wk, ventricule of DIO-S
EX/DIO- e DIO-S: n=30 60min/session, 18m/min versus ND-S and
S/DIO-EX e DIO-EX: n=32 DIO-EX.

e TLR2 and 4 protein
and mRNA levels
were lower in DIO-
EX compared with

ND-EX and DIO-S.
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Wu et al, RCT |e ApoE null Total: n=36 Chronic e AS: atherosclerotic control |e Immunohistoch |® TLR4 protein
2014(38) C57BL/6J e 10 week old endurance mice e-mistry expression was
mice male mice training e AD: 12 weeks of 10mg/kg |e Vascular tissue increased in AS.
o Diet induced |e® no specific (treadmill) simvastatin treatment o TLR4 protein
obesity amount of mice o AEX: 12 weeks, 5d/wk, expression reduced
o AS/AD/AEX | per group 60min/session, 13m/min in AD and AEX
(zero slope) groups, with a
larger reduction in
AD compared with
AEX.

e Increased
expression of miR-
146a in both AD
and AEX.

Carpenter | RCT |e CDI mice Total: n=24 Chronic e CTL-non DIO: normal diet, |® Flow cytometry |® Before LFD, the
etal, o Diet induced |® 6 male endurance no exercise e PBMC expression of TLR4
2012(3) obesity mice/group training (forced- |® CTL-DIO: induced obesity, | (Monocytes in CTL non DIO
e CTL- ® 2-14 weeks at | treadmill running | no exercise blood cells) was higher than in
DIO/FEX/VE | start of DIO and voluntary |e FEX: 8 weeks, 5d/wk DIO.
X and CTL (CTL- wheel running) (Monday to Friday), forced e After LFD, TLR2
non DIO DIO/FEX/VEX treadmill running, 60min at expression was
but not CTL non 12 to 20 m/min lower in VEX than
DIO), 64-66 o VEX: 8 weeks, 5d/wk, in the other 3
weeks at start of (Monday to Friday) groups. TLR4
low-fat diet voluntary wheel running expression was
(LFD, 4 groups) with 24h access lower in VEX than
+EX in CTL non DIO
(FEX/VEX) for and FEX.
8 weeks
Kawanishi | RCT |e C57BL/6 Total: n=38, 4 wk- Chronic o ND: regular diet with e Real-time o TLR4 mRNA levels
et al, mice old endurance standard chow quantitative varied as an effect
2010(13) e Diet induced |e ND: n=7 training (treadmill |® DIO: high fat diet for 16 PCR of diet and exercise
obesity o ND-EX: n=7 running) weeks e Adipose tissue training alone as
e non DIO/non |e DIO: n=12 o EX: 16 weeks, 5d/wk, well as diet
DIO- e DIO-EX: n=12 60min/session, 12-20m/min combined with
EX/DIO/DIO- exercise.
EX e Differences in
TLR4 expression
between ND vs DIO
and DIO vs DIO-
EX.

e Down-regulation of
TLR4 mRNA levels
after DIO-EX
compared with DIO.

Esposito et| RCT |e Outbred CD-1 Total: n=36 Chronic e DIO: high fat diet for 6 e Flow cytometry |® At the end of the
al, 2010(7) mice ® 12 male endurance weeks ® intensity intervention, DIO
e Diet induced mice/group training (treadmill |® DIO-EXE: 6 weeks of DIO |e PBMC expressed more
obesity e 6-8 week-old running) + ex as follows: Sd/week, (Monocytes TLR4 than DIO-
e DIO/DIO- 1h/session, 21-22 m/min, blood cells) EXE and ND, with
EXE/ND 1% grade no difference
e ND: normal diet with between the latter
standard chow, sedentary two.
Zhouetal,| NRS |e C57BL/6J Total: n=20 Chronic e ND: standard chow e Real-time e Lower TLR2 but
2011(39) mice ® 4 mice/group endurance e DIO: long-term high fat diet| quantitative higher TLR4
o Diet induced |e 6 week-old training induced obesity PCR mRNA levels in
obesity ® 10 sex (treadmill) e DIO-ND-EX: long-term e Bone marrow- DIO and DIO-ND-
e ND/DIO/OB- | distribution high fat diet and switch to derived EX compared with
ND-EX normal diet plus exercise macrophages ND, with no

for 4 weeks (5d/wk,
1h/session, 12m/min)

difference between
DIO and DIO-ND-
EX.

Exercise did not
reverse the decrease
in TLR2 mRNA
levels in response to
infection in DIO
mice.
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Oliveiraet | RCT |e Wistar rats Total: n=40 Chronic and acute |® ND: normal diet with ® Real-time e TLR4 protein
al, ® Dict induced |® 8 week-old male endurance standard chow quantitative expression was
2011(27) obesity rats training e DIO: high fat diet for 20 PCR and higher in DIO than
e ND/DIO/DIO-|e 10 rats/group (swimming) weeks western blot in ND in all tissues.
EX/DIO-AEX e EX: 8 weeks, 5d/wk, e Skeletal muscle, |® After chronic
Ih/session, progressive load | liver and training: DIO-EX
increase up to 5% of body adipose tissue group had decreased
weight mRNA and protein
o AEX: 2 moderate bouts of 3 TLR4 levels
hours separated by one rest compared with DIO
period of 45 min in all tissues.

o After acute
exercise: no
changes in TLR4
protein expression
in all tissues.
Decrease in TLR4
mRNA levels only
in skeletal muscle.

® Reduction in
TLR4/MyD88
interaction in both
EX and AEX
compared with DIO
sedentary rats.

Ropelleet | RCT |e Wistar rats Total n=32-40 | Chronic and acute |® ND: normal diet with o Western blot e DIO induced an
al, e Dict induced |e 8-10 male endurance standard chow e Hypothalamus increase in TLR4
2010(34) obesity rats/group training e DIO: high fat diet for 12 tissue expression.
e ND/DIO/DIO-|e ND/DIO/DIO- (swimming and weeks e Acute exercise did
EX EX: 4 week-old treadmill) e DIO-EX-A: acute single not reduce TLR4
bout of 60min at 10- expression in DIO.
15m/min with 5% e No TLR expression
inclination. report after chronic
e DIO-EX-C: 4 weeks, training, but
S5d/wk, 1h/session, 2% body reduced IKKb
weight overload phosphorylation and
increased IkBa
expression in the
hypothalamus of
obese rats.
Oliveiraet | RCT |e Wistar rats Total: n=24 Acute endurance |® ND: normal diet with o Western blot e Higher interaction
al, e Dict induced |® 8 male bout standard chow D e White adipose in TLR4/MyD88 in
2013(26) obesity rats/group (swimming) |e DIO: high fat diet for 12 tissue DIO compared with
e ND/DIO/DIO-|e 6 week-old weeks ND.
EX e DIO-EX: 2 moderate bouts o DIO-EXE reduced
of 3h separated by one rest this interaction
period of 45 min compared with DIO.

RCT: Randomized Control Trial; NRS: Non-Randomized Control Study; DIO: diet-induced obesity; ex: exercise;min: minutes; m: meter; wk:
week; d: day; h: hour; HR: heart rate; m/min: meters per minute; ApoE: Apolipoprotein E; TLR: Toll Like Receptor; mRNA: Messenger RNA;
TNF: Tumor Necrosis Factor; MyD88: Myeloid differentiation primary response gene 88; IKKb: | kappa B kinase b; IkBa: inhibitor of nuclear

factor-kappa B

Participants

The included publications comprised 271 human subjects:
131 female and 104 male subjects. One study of 36 partici-
pants did not specify gender. Age ranged between 39 and
69.6 years. Five of the eight studies included obese subjects,
two of which were based on an elderly population, two on
obese amateur runners, and one on type 2 diabetic partici-
pants. One study was based on subjects solely diagnosed
with type 2 diabetes. Another one set pre-diabetes as inclu-
sion criteria, and the last one studied subjects with hypercho-
lesterolemia. Two studies used the same sample of subjects
and thus only one sample set was included (24). The inclu-
sion of 348 animals was clearly reported, however one study
did not specify the accurate total sample number, which
approximately comprised 32 to 40 animals (4 groups com-
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prising 8-10 animals per group). The animals’ age ranged
from 4 to 66 weeks at the start of the training intervention.
All animal studies used high fat diet induced obesity as a
metabolic condition. Moreover, one study induced athero-
sclerosis.

Human studies

Of the 8 selected human studies, 7 used an endurance exercise
training protocol. Chronic long-term endurance protocols
were applied in 4 studies, lasting 10-12 weeks, at a frequency
of 3-5 days per week. Training sessions lasted initially 10
minutes and continued for another 20-50 minutes. The inten-
sity was set between 60-70% of heart rate reserve (5), 40-60%
of maximum oxygen consumption (VO,max) (20) or 75-90%
of peak heart rate (16). One study did not state the training



session duration, only that intensity was gradually increased
up to an individual target heart rate (25).

Moreover there were two short-term intervention studies with
10 and 15 sessions of endurance exercise distributed over two
weeks. One study was designed with two groups performing
either 20 minutes of continuous exercise or intervals (33). The
other short endurance protocol study included four cycles of
8:4 work ratio (31). These endurance training sessions were
performed on a treadmill, elliptical trainer, step-ups, cycle
ergometer, or by climbing stairs or walking outdoor. Further-
more, other exercise types such as marathon race were used to
evaluate obese amateur runners (24). Resistance training com-
bined with endurance exercise sessions was used in three
studies (5, 16, 20). Muscle strengthening was performed using
free weights or elastic bands, and the intensity was set
between 50-80% of one repetition maximum (1RM). Finally,
one remaining study exclusively used resistance training for
12 weeks with a frequency of 3 days per week at an intensity
corresponding to 8RM. The participants completed two sets
of 8 repetitions and the last set to fatigue on 10 different types
of weight machines (28).

Animal intervention studies

Eight of the nine animal studies used chronic endurance train-
ing. Intervention duration ranged from 4 to 16 weeks, with a
frequency of 5 days per week. The majority of the exercise
sessions lasted 1 hour per day (3, 7, 13, 20, 27, 34, 38, 39).
One study included a group performing voluntary wheel run-
ning (3). When exercise was imposed, the workload was set at
12 to 20 m/min on a treadmill (3, 7, 13, 18, 38, 39). Super-
vised chronic swimming exercise was performed with a load
equal to 2% (34) and 5% of body weight and progressively
increased (27). In those studies, measurements were also
made after an acute bout of exercise: after 1 hour at 10-15
m/min with 5% of body weight (34) or following 2 swimming
bouts of 3 hours separated by 45 minutes recovery (27). The
latter protocol was also used in a study using acute aerobic
exercise only (26).

Analytical technique/blood cell type or tissue

Different standardized techniques were used to analyze TLR
expression. Of the human studies, five used real time quanti-
tative polymerase chain reaction (QPCR) (16, 20, 24, 25, 28),
two used color flow cytometry (5, 33) and three western
blotting (24, 25, 31). Blood cells were analyzed in seven
studies, of which four studies sampled peripheral blood
mononuclear cells (PBMC) (20, 24, 25, 31), three studies
sampled whole blood (5, 28, 33). Moreover, other tissues
such as subcutaneous adipose tissue (28) and muscle vastus
lateralis (16) were sampled in the remaining two human
studies.

In the animal studies, four studies used western blot (18, 27,
34), three qPCR (13, 27, 39) and three color flow cytometry
(3, 7), or immunohistochemistry (38). Blood was sampled in
two studies analyzing PBMC (3, 7), whereas three assessed
the adipose tissue (13) (26, 27) and two the skeletal muscles
(18, 27). The remaining studies sampled the hypothalamus
(34), liver, bone marrow-derived macrophages (39), and vas-
cular tissue (38) and ventricle muscles.
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Secondary outcomes

Besides determining TLR expression in control conditions
and after exercise, additional measurements were taken in the
17 studies. The following assessments were made with regard
to metabolic syndrome risk factors: body mass index (BMI)
(5, 16, 24, 25, 28, 31, 33), waist circumference (24, 25), fat
free mass (FFM) (16), fat mass (FM) (5, 13, 16, 24, 25, 27,
28, 34), epididymal white adipose tissue (18), blood pressure
(18, 25, 33), fasting plasma glucose (20, 26, 27, 31, 33, 34,
39), insulin concentration (20, 26, 31, 33, 34), triglycerides (5,
20, 27, 34), cholesterol (5, 20, 34, 38), LDL (5, 20, 24, 25,
38), HDL (20, 38), serum glycosylated hemoglobin (20, 31,
33), NEFA (27, 31, 33, 34, 39), etc. Additionally, inflammato-
ry markers as tumor necrosis factor (TNF-a) (3, 13, 16, 25,
26, 28, 31, 33, 38, 39), interleukin 1 (26, 33, 39), IL-6 (13,
16, 24, 25, 27, 28, 33, 38, 39), IL-8 (20), activation of mito-
gen-activted protein kinases (MAPK) (26, 27, 31, 34), C-reac-
tive protein content (CRP) (5, 16, 24, 25, 31, 38), monocyte
chemo attractant protein-1 (MCP-1) (3, 13, 26, 28, 38) and
activation of NF-kB (20, 31, 34, 38, 39) were also assessed.

Synthesis of main results

Human models

Previous to exercise interventions, upregulation of TLR4
mRNA and protein expression in mononuclear cells of type 2
diabetic patients has been reported (20). Similarly, higher
basal TLR4 protein content in PBMC has also been described
in obese diabetic sedentary subjects (31). In trained subjects,
the pre-intervention TLR2, 4 and 7 mRNA levels were the
same for obese runners as lean elite and non-elite marathon
athletes (25).

Regarding the effects of long term interventions, twelve
weeks of combined endurance and resistance exercises elicit-
ed significant reductions in TLR4 mRNA levels (Lambert
2008) and both mRNA and protein expressions (Liu 2015).
These combining interventions produced larger decrease in
TLR4 expression in mononuclear cells (20) and vastus later-
alis (16) than drug and diet control therapies. In a third study,
10mg/d of rosuvastatin, was administered for 20 weeks, alone
or in combination with endurance and resistance exercises (5).
The sedentary group showed a higher TLR4 expression on
CD14+ monocyte surface after rosuvastatin chronic intake
compared to pre- ingestion values. Moreover, there were no
significant differences in TLR4 surface expression between
physically active control subjects and those combining rosu-
vastatin treatment and exercise training over the course of the
study (pre- vs. mid- vs. post-time measurements) (5).
Endurance training in marathon runners significantly
increased TLR2 mRNA levels in dendritic cells of non-elite
runners in comparison to their basal pre-intervention values,
whilst TLR4 and TLR7 mRNA levels were up-regulated in
obese, non-elite and elite runners (25). Long-term resistance
training did not change TLR4 mRNA level in whole blood
samples in obese post-menopausal women, compared with
sedentary controls (28).

Short-term endurance protocols such as 15 days of interval
training did not induce changes in TLR4 or TLR2 protein con-
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tent in peripheral blood mononuclear cells in obese, diabetic
or lean participants, when compared with their baseline values
(31). High interval training and continuous aerobic training
protocols showed different results depending on the blood cell
analyzed (33). TLR4 surface expression was reduced on lym-
phocytes and CD14+ monocytes vs. pre-exercise expression,
with no significant differences between interventions; while
the surface expression in CD15+ neutrophils was only
reduced by continuous exercise. Surface TLR2 lymphocyte
expression decreased with either interval or continuous train-
ing compared with pre-exercise values; although it was not
the case for monocytes and neutrophils (33).

Immediately after a marathon, in peripheral blood mononu-
clear cells, TLR2 mRNA levels remained unchanged when
compared to pre-exercise levels in the three included groups:
elite, lean non-elite and obese runners (24). TLR4 mRNA was
down-regulated in lean non-elite only and TLR7 mRNA was
reduced in all groups. Twenty-four hours after the race, TLR2
mRNA level was still unchanged, whilst TLR4 and TLR7
mRNA levels increased in all groups compared to baseline.
TLR2-4-7 protein expression was only analyzed in lean non-
elite runners and the only difference found was a decrease in
TLR7 24h after marathon vs. pre-exercise values (24).

Animal models

A high fat diet resulted in an increase in TLR4 and MyD88
interaction in white adipose tissue when compared with stan-
dard chow (26). Furthermore, an increased TLR4 expression
was reported in monocytes, adipose tissue, soleus, ventricle
muscle, vascular tissue and bone derived macrophages of
obese animals compared to their respective controls (7, 13,
18, 27, 34, 38, 39).

An endurance training of 6 weeks consisting in running on a
treadmill resulted in less TLR4 cell surface expression on
monocytes of animals consuming a high fat diet vs. their
sedentary controls (7). Twenty-week old mice were fed with a
high fat diet for 50 weeks. When reaching 70 weeks, the mice
started an eight-week intervention consisting in 24h access to
voluntary wheel running, coupled to low fat diet. This inter-
vention produced lower TLR2 cell surface expression on
monocytes than mice receiving a normal diet, sedentary mice
or mice subjected to 60 min of forced running (3). Similarly, at
the end of the intervention, voluntary exercised mice had the
lowest TLR4 expression at monocyte surface compared to the
3 other groups (3). Protocols of similar duration also induced
decreased mRNA and protein levels of TLR 2-4 in the soleus
and ventricle muscles (18) and reduced mRNA and protein
levels of TLR4 in liver, skeletal muscle and adipose tissue (27)
of obese exercising compared to obese non exercising animals.

Long-term endurance training reduced TLR4 mRNA levels in
obese animals compared with sedentary obese controls. Simi-
larly, active or sedentary animals fed with standard chow did
not increase TLR4 mRNA levels, thus these effects seemed to
be additive as assessed by the interaction exercise x diet (13).
Moreover, the reduction of TLR4 surface expression in obese
animals after long term exercise interventions has been also
related to modification on vascular miRNA-146A levels, in
which its increment reduces chronic inflammation (38).
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Compared to lean animals, TLR2 mRNA was lower, whilst
TLR4 mRNA levels were higher, in macrophages of mice
subjected to high fat diet (39). A short duration endurance
training was not able to reverse those changes (39). Similar
results were obtained while TLR2 mRNA decrease was
induced by Porphyromonas gingivalis infection in obese mice
(39). TLR4 protein expression in liver, adipose tissue and
skeletal muscle remained unchanged in comparison to pre-
exercise values in obese animals submitted to two acute bouts
of moderate intensity exercise, whilst TLR4 mRNA expres-
sion was decreased, but in skeletal muscle only (27). After the
same protocol, a decreased TLR4/MyD88 interaction has
been reported in adipose tissue (26). Finally, TLR4 expression
in the hypothalamus of obese rats remained constant after a
single bout of treadmill running compared to pre-exercise val-
ues (34).

DISCUSSION

The findings of the present systematic review revealed a vari-
ety of responses of TLR mRNA, protein and cell surface
receptor expression following exercise in humans or animals
with obesity/MetS. The animal studies showed a marked ten-
dency towards TLR2 and 4 mRNA, protein down-regulation
and a reduction in TLR4/MyD88 interaction after endurance
training. In humans, evidence is not sufficiently robust to
determine the regulation of TLR expression after chronic or
acute exercise. Multiple interventions types were conducted
including endurance, resistance or a combination of both
under diverse durations, frequencies, intensities, volumes or
modes. Long-term endurance training for a marathon
increased TLR mRNA levels according to the activity level
and body composition of the athletes (25), which was also
reflected after the marathon event (24). Furthermore chronic
interventions of combined endurance and resistance exercises
resulted in reductions of TLR4 mRNA and protein levels (16,
20), whereas no differences in TLR4 surface expression were
observed when chronic endurance and resistance training
were also combined with rosuvastatin intake(5). Moreover,
long-term resistance protocol did not induce different TL4
mRNA expression from sedentary conditions (28). Short-term
interventions elicited conflicting results, while in one study
TLR2 and 4 protein content remained constant after interval
training (31), another study performing either interval or con-
tinuous exercise, resulted in a different TLR surface expres-
sion depending on the blood cell analyzed (33).

Nevertheless, the baseline TLR mRNA and surface protein
expression on mononuclear cells was consistently high in the
obese and type 2 diabetic compared to healthy sedentary sub-
jects. Interestingly, in obese physically active subjects the
expression of TLR2, 4 and 7 mRNA expressions did not differ
from the lean athletes, which was related to a lower pro-
inflammatory state compared to obese sedentary subjects.
Those general outcomes may be influenced by important fac-
tors that will be discussed below.

Intervention heterogeneity
There is a considerable heterogeneity within the human inter-
ventions. Differences in endurance protocols either by longer



(5, 16, 20, 25) or shorter duration (Robins 2015, Reyna 2013),
lead to variances in the amount of exercise performed, simi-
larly with the variety given by the type of endurance exercise
used as continuous or intermittent (31, 33). Meanwhile, some
training protocols were also accompanied with resistance pro-
tocols (5, 16, 20). Short term protocols, completed in 2 weeks
(31, 33), elicited conflicting results that could have been influ-
enced by differences in intensity and training mode where
continuous exercises could have greater impact than intermit-
tent protocols (33). In addition to the previous variations,
acute strenuous endurance exercise (24) and sole resistance
interventions were also executed (28) and could have been
influenced by the training status of the subjects. After a
marathon, the responses of TLR expression in peripheral
blood cells were influenced by the acute intervention itself
(24) and probably also by the chronic long-term training need-
ed to complete such as strenuous exercise (25). The same
holds true for acute resistance exercise (28) and the influence
of training background (5, 16, 20) if not controlled. Lastly,
sole resistance training failed to induce changes of TLR
expression in whole blood and sub-cutaneous adipose tissue
(28).

The studies conducted in animals used endurance training
protocols that globally resulted in TLR down-regulation (3, 7,
13, 18, 26, 34), whereas acute interventions (26, 34) tended
not to modify TLR expression. In addition to duration, other
aspects may influence the outcomes between the selected
studies, such as: switches in the dietary regimen (39), statin
intake (e.g. rosuvastatin) (5) or induced infection (39). These
factors lead to increased heterogeneity in the intervention pro-
tocols that could impact the immune response to exercise and
should therefore be considered in the interpretation of the
results.

Sample heterogeneity

The first aspect of heterogeneity was related to the partici-
pants’ characteristics. The human studies included adults (24,
25, 31) and elderly subjects (5, 16, 20, 28, 33) of both gen-
ders or solely female/male groups. Similarly, the animal stud-
ies included male mice (3, 7, 13, 38, 39) or rats (18, 26, 27,
34) with specific genetic backgrounds and with an age vary-
ing between 4 to 66 weeks at the beginning of the study.
Hence, age could have influenced the response of TLR to
exercise but the literature reports conflicting results from
comparisons between young and older participants (35) and
animals (2, 30). Therefore, at this stage, there is no conclu-
sive dependent effect of age on TLR levels and further
research is needed.

Another relevant issue is the tissue analyzed and the level of
expression of TLR, i.e. mRNA and/or protein. In human stud-
ies, PBMC (20, 24, 25, 31) and whole blood (5, 28, 33) are the
samples used in the majority of the studies whereas only one
reported analysis in skeletal muscle (16). Differences in TLR
expression has been reported in different PBMC, i.e. mono-
cytes, neutrophils and lymphocytes, emphasizing that the sole
measure of monocytes is not representative of the total circu-
lating immune cells (33). The measure of TLR in human
skeletal muscle has been less explored while its detection
might be relevant to reveal direct effects of exercise on TLR
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expression (16). In addition, the report of the specific localiza-
tion of TLR appears to be important since it can be located on
the cell surface or be internalized into endosomes (22). Within
the selected studies, only two used color flow cytometry and
could clearly report the surface localization (5, 33). Although
specific to the type of TLR tested (4), knowing the localiza-
tion in more studies would improve the thoroughness of the
methodology in the field and therefore contribute to a better
understanding of the regulation of TLR and of the immune
system in general.

Methodological quality

Regarding the quality of the selected studies, the majority was
of high quality, a few had moderate and only one had a low
score. The above indicates a proper reporting of methodologi-
cal aspects that leads to a better understanding and reliability
of the outcomes of the studies. However, there were some
items that were not optimally described and should be consid-
ered for further research. Half of the human studies did not
fully describe the participants’ characteristics or the selection
procedure, which renders difficult the precise characterization
of the population and the comparison between studies. Anoth-
er inconsistency was found in the statistics used in both
human and animal studies, in which parametric methods were
used without reporting normality. Following the arguments of
Weissgerber et al (36), parametric methods are appropriate
only if symmetrical distribution was reported. An additional
aspect missed in the vast majority of the studies was the report
of blinding the examiner from participants’ characteristics,
which is necessary to ensure a suitable methodology. Based
on the Gold Standard Publication Checklist to improve the
Quality of Animal studies (10), there was an overall adequate
report in the animals studies. However, in a few studies,
essential information like weight at the start of the experiment
and/or description of sample size calculation was not avail-
able. It was, therefore not possible to determine whether the
amount of animals used reached the minimum required for the
main outcome.

Clinical perspective

Obesity and MetS are characterized by a low grade inflamma-
tion state, associated with endocrine and metabolic disorders
(14). This low grade inflammation state increases the risk of
death and co-morbidities which are a major public health con-
cern. Chronic exercise has the capacity to counteract, at least
partially, a pro-inflammatory state through reduced activation
of the pro- inflammatory pathway and cytokine production
(29). Studies in the present review reported reduced activation
of IKK and NF-kB signaling after exercise training (16, 20,
26, 27, 34, 38, 39). This reduction in NF-kB signaling was
also accompanied by lower levels of TNF-a (5, 13, 25-28, 38,
39), CRP (5, 28, 38), MCP-1 (26, 39), IL1B (39) and IL8-33
(20). In addition, IL6 was reduced after endurance training
protocols (16, 27, 38, 39), but an acute increment was also
reported as a result of muscle contraction following resistance
training (28) and acute aerobic bouts (Ropelle et al., 2010,
Nickel et al., 2013). Furthermore, in both trained human and
animal studies, a reduction of MAPK activation, i.e. ERK and
JNK phosphorylation, was described (26, 27, 31), which
reflects the influence of exercise on the downstream signals of
the TLR pathway.
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Insulin resistance is one of the major complications provoked
by metabolic disorder while exercise acts as an immunomodu-
lator that can delay its aggravation and the appearance of type
2 diabetes mellitus (17). Within the selected studies, various
markers of insulin resistance were reduced after the interven-
tions: fasting blood glucose (20, 26, 27, 33), postprandial
blood glucose, postprandial plasma insulin and glycated
hemoglobin (20). In terms of insulin sensitivity, Reyna et al
reported an improvement of about 10% in obese and about
30% in type 2 diabetic subjects (31). Decreased serum insulin
levels (26, 27) and restored insulin signaling, reflected by an
increase in insulin-induced tyrosine phosphorylation of the
insulin receptors (34), were also described.

Concerning body composition, lower BMI and body weight
(3, 25, 31, 33, 34), decrease in waist circumference (25) and
fat-free mass (16) were found after endurance training. Modi-
fications of lipid metabolism were also reported. Leptin con-
centrations were significantly reduced after resistance training
(28). It was also reported that the level of oxidatively modi-
fied low-density lipoproteins decreased after strenuous
endurance training and that serum LPS levels decreased after
either acute exercise or training in animals (27).

Limitations

Considering the analytical techniques and the way the main
outcomes were reported, a meta-analysis was not feasible.
Hence, a quantifiable comparison of TLR expression was out
of our possibilities. Another aspect to be mentioned is the
presence of a large clinical and methodological heterogeneity,
which makes difficult to do conclusive interpretations. Addi-
tional interventions in some studies such as drug administra-
tion, or induced infections, may influence immune environ-
ment and could induce bias when looking at the effect of exer-
cise on TLR expression.

CONCLUSIONS

The findings of the present systematic review based on 17
human and animal studies show that exercise elicits a variety
of responses in TLR mRNA, protein and cell surface receptor
expression. These results may have been influenced by the
sample hereogeneity given by the participant’s characteristics
and by the different tissues analyzed. Although not all studies
reported changes in TLR level, reduction in cytokine produc-
tion and NF-kB/MAPK activation indicate the amelioration of
the chronic pro-inflammatory state, which was also related to
increased insulin sensitivity. The effects of exercise on TLR
expression and downstream anti-inflammatory responses
seem to be related to exercise type and duration, suggesting
that diverse signaling cascades may possibly be stimulated
depending on the exercise protocols. To get a better insight,
further human research is needed using interventions on a
longer term, even up to years. Additionnally, TLR expression
should be reported at both mRNA and protein levels, analyz-
ing tissues sensitive to insulin (i.e. skeletal muscle, liver and
adipose tissue).
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expertise in the field to be covered. Unsolicited papers will be
considered and can also be accepted. All papers are subject to
a peer review process.
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in the heading and includes structuring and critical discussion
of existing knowledge and, if possible, the ideas of the authors
about potential practical consequences and future develop-
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If substantial amounts of the authors‘ own new data are to be
shown, a section on methods and on results must be included.
Data will only be accepted, if methods are stated clearly and
appropriate statistical evaluation of results is given.
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