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From the Editors

EIR21 is a larger issue than usual containing 6 reviews, 6
original research articles and one letter. This is the result of an
increase in the number of interesting manuscripts offered to
us. The high number of submissions last year made it difficult
to focus on special topics. Instead, it is a multifaceted compi-
lation of articles on topics that are sufficiently novel and inter-
esting for our readership. 

The review of Peake et al. addresses the capacity of skele-
tal muscle cells to produce cytokines and examines potential
other sources of circulating cytokines during exercise. The
review of Horsburgh et al. is about the actual topic of epige-
netics and focusses on DNA methylation in the context of
inflammation and exercise. The article of Munz et al. discuss-
es the role of inflammation in skeletal muscle adaptation to
exercise with a focus on ARE-binding proteins. Ringseis et al.
present an article about metabolic signals and innate immune
activation for a better understanding of immunologic signal-
ing in obesity prevention or therapy by exercise. The review
of Bermon et al. intends to shed some light upon the interac-
tion between the gut microbiota, exercise and immunomodu-
lation. The last review article of EIR21 is a comprehensive
article about effects of exercise on graft-versus-host disease. 

The original research section starts with an article by Gill
et al. reporting that a multi-stage ultra-marathon competition
in the heat resulted in a modest circulatory endotoxaemia
accompanied by a pronounced pro-inflammatory cytoki-
naemia and compensatory anti-inflammatory responses. The
research article of Sugama et al. deals with changes in circu-
lating thioredoxin, oxidative stress markers, andinflammation
following intensive endurance exercise.The following article
by LaVoy et al. demonstrates that exercise can enhance the ex
vivo expansion of tumour-associated-antigen-specific cyto-
toxic T-cells from healthy adults without compromising cyto-
toxic function. Halper et al. report that age affects TGF-β sig-
naling in leukocytes by altering the expression levels of its
receptors. Tug et al. investigated the exercise-induced
increase in circulating cell free (cf) DNA and suggest, that

cells from the haematopoietic lineage are the main source of
cfDNA released during acute bouts of exercise. Perandini et
al. analyzed the inflammatory cytokine kinetics to single
bouts of exercise in women with active and inactive systemic
lupus erythematosus. Finally, the letter of Abbasi et al. pres-
ents some evidence of exercise-induced bronchoconstriction
in endurance runners and discusses some genetic aspects and
gender differences. 

This year’s issue of EIR is the first one to appear under the
new Editor Team with me (Karsten Krüger), closely supported
by Mike Gleeson and Jonathan Peake. For EIR22 and the
future we want the majority of contributions 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 is 31st July
2015 for EIR22 which we aim to publish in early January
2016. We hope you enjoy reading the new issue and appreci-
ate the new format. In the future EIR will be only published
online. Only for special demands (like academic libraries)
will there be printed versions available. 

Personally, I thank you (all ISEI members), and all mem-
bers of the Editorial Board for the confidence you have placed
in us. We hope to see you at the 12th Symposium of the Inter-
national Society of Exercise and Immunology at 6-9 July
2015 in Vienna. 

Thank you, Mike Gleeson and Jonathan Peake, for the close
and friendly teamwork and Hinnak Northoff for the honour to
be his follower. 

Thank you all for your ongoing support of EIR. 
A special thanks to all the authors of EIR21. 

On behalf of the Editors,

Karsten Krüger
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aBstRact

Cytokines are important mediators of various aspects of
health and disease, including appetite, glucose and lipid
metabolism, insulin sensitivity, skeletal muscle hypertrophy
and atrophy. Over the past decade or so, considerable atten-
tion has focused on the potential for regular exercise to coun-
teract a range of disease states by modulating cytokine pro-
duction. Exercise stimulates moderate to large increases in
the circulating concentrations of interleukin (IL)-6, IL-8, IL-
10, IL-1 receptor antagonist, granulocyte-colony stimulating
factor, and smaller increases in tumor necrosis factor-α,
monocyte chemotactic protein-1, IL-1β, brain-derived neu-
rotrophic factor, IL-12p35/p40 and IL-15. Although many of
these cytokines are also expressed in skeletal muscle, not all
are released from skeletal muscle into the circulation during
exercise. Conversely, some cytokines that are present in the
circulation are not expressed in skeletal muscle after exercise.
The reasons for these discrepant cytokine responses to exer-
cise are unclear. In this review, we address these uncertainties
by summarizing the capacity of skeletal muscle cells to pro-
duce cytokines, analyzing other potential cellular sources of
circulating cytokines during exercise, and discussing the solu-
ble factors and intracellular signaling pathways that regulate
cytokine synthesis (e.g., RNA-binding proteins, microRNAs,
suppressor of cytokine signaling proteins, soluble receptors). 

intRODUctiOn

Cytokines comprise a large family of polypeptides or pro-
teins. This family includes interleukins, interferons, growth-
and colony-stimulating factors, chemokines, members of the
tumor necrosis factor group and transforming growth factors.
Cytokines play an integrative and regulatory role as universal
intercellular messengers. Once secreted, they can mediate
intercellular communication locally or systemically. Alterna-
tively, they can mediate intercellular contact even when
bound to cell membranes (200). These characteristics distin-
guish cytokines from other intercellular messengers such as

adhesion molecules, which require direct cell-to-cell contact,
and hormones, which are produced by specialized endocrine
organs and circulate throughout the body to exert their
actions. Most cytokines are inducible mediators, are transport-
ed through the systemic circulation and are synthesized rapid-
ly by multiple cell types in response to various stimuli. Indi-
vidual cell types can express and secrete several cytokines
simultaneously in response to a single stimulus (200).
Cytokines are pleiotropic because they influence several cell
types, and elicit different effects, depending on the type of tar-
get cells. They exert their pleiotropic actions in two phases.
First, they bind to specific receptors expressed on cells with
different origins and/or functions. Second, they mediate signal
transduction through various intracellular messengers and
transcription factors. The biological effects of cytokines
depend on the presence and concentrations of other cytokines
with synergistic, additive or counter-regulatory actions (200).
Cytokines can act in an autocrine, paracrine or endocrine
fashion to induce or suppress their own synthesis and regulate
the production of other cytokines and their receptors. They
possess an important characteristic of self-limiting synthesis
through various auto-regulatory mechanisms (e.g., RNA
instability) and negative feedback pathways. These pathways
include synthesis of eicosanoids and corticosteroid hormones,
expression of soluble receptors, and induction of intracellular
transcription factors that block signal transduction (200).

The main function of cytokines is to regulate immune func-
tion. However, their wide-ranging effects on cell proliferation,
differentiation, migration, survival and apoptosis allow them
to play a role in homeostatic control of various tissues, organs
and systems. For example, together with hormones and neu-
ropeptides, cytokines mediate interactions between the nerv-
ous, endocrine and immune systems. Some cytokines also
control body temperature, fatigue, appetite and metabolism. A
link between cytokines and skeletal muscle was first estab-
lished almost 50 years ago when researchers identified that an
endogenous pyrogen was present in skeletal muscle (203).
Cannon and Kluger (32) subsequently made another impor-
tant discovery that endurance exercise induces the systemic
release of a pyrogenic compound. These findings have since
stimulated considerable interest in the biological significance
and regulation of cytokine production in muscle during exer-
cise and as a result of sepsis, aging, cancer cachexia and
chronic inflammatory diseases. 

cytokine expression and secretion by skeletal muscle cells:
regulatory mechanisms and exercise effects

Jonathan M. Peake1, Paul Della gatta2, Katsuhiko suzuki3, David c. nieman4

1 School of Biomedical Sciences and Institute of Health and Biomedical Sciences, Queensland University of Technology, 
Brisbane, Australia

2 Centre for Physical Activity and Nutrition, School of Exercise and Nutrition Sciences, Deakin University, 
Melbourne, Australia

3 Faculty of Sport Sciences, Waseda University, Cooperative Major in Advanced Health Science,
Tokyo University of Agriculture and Technology/Waseda University, Tokorozawa, Saitama, Japan

4 Human Performance Laboratory, Appalachian State University, North Carolina Research Campus,
Kannapolis, North Carolina, USA

Contact details:
Jonathan Peake, Institute of Health and Biomedical Innovation, 
Queensland University of Technology, Brisbane, QLD 4059, Australia
Ph: +61 7 3138 6140, Email: jonathan.peake@qut.edu.au
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Initially, exercise research focused on the role of cytokines in
mediating inflammatory responses to exercise-induced mus-
cle damage. Evidence has accumulated over the past decade
that cytokines play a much broader role during exercise. We
now know that cytokines act in a hormone-like manner during
exercise, mediating metabolism in working skeletal muscle,
the liver and adipose tissue, angiogenesis and neurobiology
(166). Following exercise, there is an increase in the circulat-
ing concentrations of assorted cytokines. Gene expression for
some of these cytokines also increases within skeletal muscle.
However, there appears to be a dissociation between local
gene expression in skeletal muscle and the systemic concen-
tration of other cytokines. For example, after exercise, tumor
necrosis factor (TNF)-α and interleukin (IL)-1β expression in
skeletal muscle increases, but the circulating concentration of
these cytokines does not change (or only increases slightly).
Conversely, the circulating concentrations of IL-1 receptor
antagonist (IL-1ra) and IL-10 increase markedly, but these
cytokines are not expressed in skeletal muscle after exercise. 

Several excellent reviews have discussed the evidence that
skeletal muscle is a secretory organ (167, 168, 183, 232). Yet
relatively few studies have specifically examined whether
skeletal muscle cells themselves are the main source of
cytokine gene expression in skeletal muscle during exercise.
In this review, we examine this notion in more detail by (1)
reviewing the findings from studies of cytokine expression
and secretion in cultured skeletal muscle cells, and (2) sum-
marizing the results of studies that have used histological
staining of cytokine expression in cross-sections of muscle
tissue. We also discuss other potential sources of cytokines

both in skeletal muscle, other tissues and the systemic circula-
tion. Most research to date has investigated the systemic fac-
tors and intracellular signaling pathways that stimulate
cytokine secretion by skeletal muscle cells. By contrast, much
less is known about the factors that restrict or inhibit cytokine
translation in skeletal muscle cells, and cytokine release into
the circulation during exercise. We propose some potential
negative regulatory mechanisms that may govern cytokine
expression and secretion by skeletal muscle cells. Considering
the important role of cytokines as local and systemic media-
tors of various aspects of health and disease, we contend that
continuing research is needed to determine the dominant
sources and regulation of cytokine production in the body.

lOcal anD systeMic cytOKine
ResPOnses tO exeRcise

Numerous studies have investigated changes in the circulating
concentrations of cytokines following exercise. Cytokine
responses are generally dependent on the combination of
mode, intensity, and duration of exercise. In the case of IL-6,
prolonged running produces the greatest increase in plasma
IL-6 concentration (167, 184). Indeed, circulating IL-6 can
increase up to 120× following endurance exercise. IL-1ra (up
to 90×), IL-10 (up to 80×), IL-8 (15×) and monocyte chemo-
tactic protein (MCP-1) (up to 3×) also consistently increase in
the circulation following exercise (39, 64, 68, 102, 151-154,
164, 165, 208, 212, 219, 225) (Table 1). There is substantial
individual variability in the magnitude of changes in these
cytokines in plasma after exercise (Figure 1). 
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Figure 1. Individual variability in plasma cytokine responses to the Western States 160 km Endurance Run. Data indicate the change (in pg/ml)
from pre- to post-exercise. Data are combined from Int J Sports Med 24:541-547, 2003; Brain Beh Immun 19:398-403, 2005; Brain Beh Immun
20:578–584, 2006.
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Some of this variability appears to be related to variation in
exercise intensity (156) and the extent of exercise-induced
muscle damage (157, 228). By contrast, the plasma/serum
concentrations of TNF-α (4×), brain-derived neurotrophic fac-
tor (BDNF) (2.5×), IL-1β (2×), IL-12p40 (0.3×), IL-15
(0.05×) increase to a smaller extent, whereas leukemia
inhibitory factor (LIF) and transforming growth factor (TGF)-
β remain unchanged following exercise (25, 29, 39, 137, 153,
154, 186, 190, 220, 225).

The gene expression of IL-1β, IL-6, IL-8, IL-10, IL-15, TNF-α,
MCP-1, LIF and TGF-β in skeletal muscle increases following
endurance exercise (39, 64, 68, 82, 102, 124, 147, 151, 152,
154, 208, 212) and resistance exercise (25, 50, 94, 124, 149,
150, 192) (Table 1). BDNF mRNA expression also tends to
increase (non-significantly) in response to endurance exercise
(137). Similar to plasma cytokine responses, exercise-induced
changes in cytokine gene expression in muscle can also be
highly variable, possibly due to variation in single nucleotide
polymorphisms within cytokine genes (52, 186). However, less
is known about changes in the protein abundance of these
cytokines in skeletal muscle after exercise. IL-6 and BDNF
protein expression increases in working skeletal muscle follow-
ing endurance exercise (68, 89, 137), while the protein abun-
dance of IL-6, IL-8 and MCP-1 also increases after resistance
exercise (50, 51) and eccentric exercise (94). Changes in IL-1β

are inconsistent (66, 129, 130), whereas IL-15 and LIF protein
content does not change following exercise (25, 26, 130, 149). 

In contrast with pro-inflammatory cytokines, exercise-induced
changes in the anti-inflammatory cytokines IL-4 and IL-13 are
less well characterized. We recently reported that IL-4 protein
expression in muscle tended to decrease 2 h after resistance
exercise in young men. However, following 12 weeks of
resistance training, IL-4 protein expression increased when the
same individuals performed another bout of resistance exer-
cise (51). This finding suggests that IL-4 may play a role in
muscular adaptations to training. In the same study, we
observed that IL-13 protein expression in muscle did not
change significantly after either bout of exercise (51).

cytOKine exPRessiOn anD secRetiOn
By sKeletal MUscle cells

Most of the evidence for cytokine expression in skeletal mus-
cle is derived from the analysis of isolated RNA or protein
extracts from homogenized muscle. However, muscle
homogenates reflect contributions from intracellular,
sequestered and interstitial sources of cytokines (23). This
makes it difficult to identify specific cellular sources of
cytokines in vivo. An extensive body of research has explored
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the capacity of skeletal muscle cells to produce cytokines in
vitro by culturing skeletal muscle cells with various agents,
and by subjecting skeletal muscle cells to cyclic strain and
electromagnetic pulse stimulation (Table 2).

Evidence from cell culture studies
C2C12 myoblasts, L6 muscle cells and human myoblasts con-
stitutively express IL-8 (47, 133), IL-12 (72), IL-15 (180) and
TGF-β (72). Some, but not all studies report that myoblasts
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also constitutively express IL-1β, IL-1ra, IL-6, TNF-α and
MCP-1 (17, 47, 70-73, 106, 133, 144). Myoblasts do not
express IL-10 or interferon (IFN)-γ (144). The constitutive
expression of cytokines is generally stronger in differentiated
myotubes compared with myoblasts (83, 85, 86, 102, 107,
134, 144, 235) (Table 2). 

Myoblasts and myotubes express and secrete cytokines in
vitro in response to a wide range of stimuli (Table 2). ATP,
H2O2, xanthine/xanthine oxidase, nitric oxide and epinephrine
are produced during exercise through redox reactions and
autonomic nervous activity. These agents directly regulate the
synthesis of cytokines by skeletal muscle cells by activating
various signaling pathways (6, 70-72, 96, 107, 128, 235). The
regulatory influence of TNF-α, IL-1β, IL-6, IFN-γ, TGF-β and
HSP60 is probably less direct, and depends on their relative
concentration within the local microenvironment of skeletal
muscle. Many of the agents listed above induce a concentra-
tion-dependent increase in the secretion of IL-6, IL-8, TNF-α
and MCP-1 (70, 72, 73, 85, 107, 134, 144). LPS, TNF-α, IL-
1β, IL-6, IFN-γ and epinephrine also induce a time-dependent
increase in the secretion of IL-6, TNF-α, TGF-β and MCP-1
for up to 48 hours (70-73, 133, 144). Human myotubes that
undergo cyclic mechanical strain release IL-6, IL-8, MCP-1
and G-CSF (172). Mouse (62, 146, 235), rat (31) and human
(25, 182, 195) myotubes that contract in response to electro-
magnetic pulse stimulation release a wide array of cytokines
(Table 2). In addition to well characterized cytokines, the list
of ‘contraction-responsive’ cytokines continues to grow (182,
195).

The findings from cell culture studies provide important infor-
mation on skeletal muscle cell secretion of cytokines in the
context of trauma, sepsis or chronic inflammatory conditions.
However, these findings are not necessarily applicable to
understanding how skeletal muscle cells generate cytokines
during exercise, for several reasons. The concentrations of
most of the agents are most likely lower in skeletal muscle
during exercise compared with the concentrations used in cell
culture studies. The period for which skeletal muscle is
exposed to these agents during exercise is also typically short-
er than the incubation periods used in cell culture studies.
Although epinephrine stimulates IL-6 mRNA expression and
secretion (70), epinephrine appears to play a relatively minor
role in regulating systemic changes in IL-6 during exercise
(214). Last, cyclic strain and electromagnetic pulse stimula-
tion of myotubes do not fully reflect the dynamic conditions
in skeletal muscle during exercise, where both stimulatory
and inhibitory agents are present.

Evidence from in vivo muscle analysis
Human biopsy studies reveal that skeletal muscle expresses
mRNA for numerous cytokines (Table 1) (25, 29, 83, 91, 94,
109, 149, 152, 154, 212). Mature myofibers make up most of
the cellular mass within skeletal muscle, and as described in
the previous section, myotubes express mRNA for various
cytokines. Nevertheless, muscle homogenates represent a
mixture of different types of cells; other inflammatory and
stromal cells in skeletal muscle also secrete cytokines. Some
research has used immunohistochemistry and immunofluores-
cence staining to examine the cellular sources of cytokines in

healthy human muscle at rest (68, 89, 149, 175). Malm et al.
(129) found that IL-6 and IL-1β are localized to both muscle
and non-muscle cells. The same group subsequently reported
that IL-6 expression is low within skeletal muscle cells them-
selves, whereas it is expressed in the epimysium (130). In
muscle of patients with inflammatory myopathies, cytokines
are highly abundant, but are mainly localized to other cell
types such as inflammatory T cells and macrophages, and in
proximity to blood vessels in the endomysium and perimysi-
um (46, 194). Collectively, these findings demonstrate that
cytokines are likely secreted by various cell types present in
skeletal muscle, and not exclusively by skeletal muscle cells
themselves.

Surprisingly little research has used RNA in situ hybridiza-
tion, immunohistochemistry or immunofluorescence staining
to identify which fibers and resident cell types (e.g., endothe-
lial cells, infiltrating leucocytes, satellite cells) in skeletal
muscle produce cytokines in response to exercise. Table 3
summarizes the results of studies that have attempted to iden-
tify where cytokines are expressed in skeletal muscle after
exercise or muscle contractions. Hiscock et al. (89) report that
following endurance exercise, both IL-6 mRNA and protein
are expressed mainly in type II fibers with high muscle glyco-
gen content. They propose that the greater IL-6 expression in
type II fibers may result from greater release of Ca2+ from the
sarcoplasmic reticulum into the cytosol of the type II fibers
(89). Following eccentric exercise, Hubal et al. (94) observed
that MCP-1 is mainly expressed within the interstitial space
between myofibers, and localizes with macrophages and
Pax7+ satellite cells. Two studies have demonstrated that IL-6
also localizes with Pax7+ satellite cells in the basal lamina of
muscle fibers after eccentric exercise (138) and compensated
hypertrophy (197). Following downhill running, Malm et al.
(130) reported that IL-1β is mainly localized to non-muscle
cells, whereas Fielding et al. (66) found that IL-1β is localized
to the pericellular space. Using immunofluorescence staining
for MCP-1 and IL-8, we recently reported that these
chemokines are not present within mature myofibers after
exercise. Rather, they are localized within the endomysium
between muscle fibers and in close proximity to a number of
cell types including macrophages, satellite cells and blood
vessels (50). Hoier et al (90) investigated the subcellular
localization of VEGF in muscle 2 h after cycling. They dis-
covered that VEGF was located in the subsarcolemmal
regions, between the contractile elements within the muscle
fibers, and in pericytes positioned on the skeletal muscle cap-
illaries. Lauritzen et al (116) conducted an elegant study in
which they incorporated an enhanced green fluorescent pro-
tein tagged for IL-6 into muscle fibers isolated from the
quadriceps muscles of mice. At rest, the fluorescent tag was
localized in vesicular structures at the surface and in the inte-
rior of the transfected muscle fiber. Following in situ contrac-
tions of the fibers, the number of vesicles expressing the fluo-
rescent tag decreased in both locations, indicating vesicular
transport of IL-6 out of the fiber. These diverse findings high-
light the need for more research to gain a better understanding
of the local regulation and secretion of cytokines in muscle
during exercise.
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DissOciatiOn Between lOcal anD
systeMic cytOKine ResPOnses

tO exeRcise
Curiously, although many cytokines are expressed in skeletal
muscle following exercise, with the exception of IL-6, they
are not released into the circulation—at least in large amounts
(65, 68, 211, 212). In explanation of these observations, it has
been suggested that some cytokines are produced locally by
interstitial cells, and may not enter the circulation (130, 191).
Catoire et al (37) recently conducted a systematic comparison
of cytokine gene expression in muscle and plasma cytokine
concentrations after one-legged 1 h cycling at 60% heart rate
reserve. They discovered that mRNA expression of IL-6,
MCP-1, CXCL2 (macrophage inflammatory protein-2α) and
CX3CL1 (fractalkine) was significantly upregulated. By con-
trast, mRNA expression of other cytokines including IL-7, IL-
8, IL-15 and BDNF did not change significantly after exer-
cise. Within plasma, MCP-1 and fractalkine increased after
exercise, whereas IL-6 remained unchanged. This is the only
study to report simultaneous changes in MCP-1 and
fractalkine within muscle and plasma following exercise. The
finding that plasma IL-6 concentration did not change despite
local expression in muscle may reflect the relatively small
muscle mass and low intensity of exercise (37). An alternative
explanation for the dissociation between local and systemic
cytokine responses is that skeletal muscle may not secrete suf-
ficient quantities of cytokines to increase their concentration
in the systemic circulation.

Although distinct from exercise, Borge et al. (23) conducted
an elegant study to investigate whether cytokines are released
systemically from skeletal muscle in response to lipopolysac-
charide (LPS). Plasma and interstitial fluid were collected
from mice 0.5, 1.5 and 3 h after intravenous administration of
3.5 mg/kg LPS. The concentrations and kinetics of changes in
cytokines were markedly different between interstitial fluid
and plasma. The findings from this study by Borge et al. (23)
provide important information about skeletal muscle as a
source of circulating cytokines. The higher concentration of
IL-1β in interstitial fluid compared with plasma suggests that
although skeletal muscle cells produce IL-1β, the systemic
release of IL-1β from skeletal muscle is probably tightly regu-
lated. The higher concentrations of TNF-α, IL-10, MCP-1 in
plasma compared with interstitial fluid 1.5 h after LPS infu-
sion suggests that skeletal muscle is not a major source of
these cytokines in the circulation. The smaller difference in
the concentrations of IL-6 in plasma and interstitial fluid is
consistent with other evidence that skeletal muscle releases
IL-6 into the circulation during exercise (68, 211, 212). The
time course of changes in the secretion of cytokines in this
study is similar to that reported in plasma following exercise
(160). The early secretion of TNF-α and IL-1β probably stim-
ulated the sustained production of IL-6 (44, 71, 72, 125, 162).
Constitutive expression of IL-10 in skeletal muscle cells is
low (144), but IL-10 production may have increased in
response to the early rise in TNF-α and IL-1β secretion (67).

�
�

�

���������	
�����������������������������������������������������
����5
��� ����
�	� �����
	��

�����
0�	���� #�������,
�
��

��	�����
���	�
#����������	
���
��	�����
���	�

���6�

"#$'� 9����	� ���������� 1�	��	�
�������
	�

��+�����""��
���	-� � +)?-�

"#$'@� ���	� ���������� �������
	� ��+�����"�����""��
�
���	-�

� �

"#$'� 9����	� �������
�� 1�	��	�
�������
	�

� ��+	�����
�������	-� +��)-�

"#$'� 9����	� �������
�� 1�	��	�
�������
	�

��,� ��+�
������	�	-� +��*-�

"#$'� 9����	� �������
�� 1�	��	�
�������
	�

��,� ��,� +��?-�

"#$'� 0
��� �������
�� 2�	����6� �� ��+
����������������
	�����
�������	-�

+��'-�

#".� 9����	� �������
�� 1�	��	�
�������
	�

� ��+�������
�������	-� +��*-�

"#$�α� 9����	� �������
�� 1�	��	�
�������
	�

�� ��+�������
�������	-� +��?-�

"#$�β� 9����	� �������
�� 1�	��	�
�������
	�

�� �� +��?-�

"#$�β� 9����	� �������
�� 1�	��	�
�������
	�

� ��+���
���������
	����-�

+''-�

0��$�� 9����	� �������
�� 1�	��	�
�������
	�

� ��+���������	�����
	�����
�������	-�

+?�-�

0��$�� 9����	� ��	
	������ 1�	��	�
�������
	�

� ��+���������	7�
	�����
�������	7�������
��		��	-�

+%*-�

"#$)� 9����	� ��	
	������ 1�	��	�
�������
	�

� ��+���������	7�
��������		��	-�

+%*-�

1�2.� 9����	� ���������� 1�	��	�
�������
	�

��
+	��	�����������
	�������	�-�

��+���
����	-� +?*-�

1�2.@� ���	�� ���������� �������
	� ��+�����""���
���	-� � +��-�
1�2.@� ���	� ���������� 2�	����6� ��+�����"�����""��

�
���	-�
� +�)-�

/2.$β�� ���	� �������
�� 2�	����6� ��+
�A�����
����
���	-�

� +�*�-�

@��� !6�2�	����7���	�������
�	6�
�

� �



14 •   Exercise-induced cytokine responses

EIR 21 2015

OtheR sOURces OF lOcal anD
systeMic cytOKines

DURing exeRcise

Cells within the microvasculature, namely endothelial cells
and pericytes, are important regulators of angiogenesis and
myogenesis, making them key players in both muscle and
vascular generation following injury (2). Endothelial cells
(78, 100, 111, 217, 238) and pericytes secrete various
cytokines (41, 108). Fibroblasts contribute to production of
the extracellular matrix of muscle connective tissue by secret-
ing fibronectin, laminin, specific tenascins and neural cell
adhesion molecules (141). In response to muscle injury,
fibroblasts proliferate and begin to produce collagen-rich
extracellular matrix to restore the muscle’s framework (121).
Fibroblasts also secrete assorted cytokines (47, 78, 118, 136,
163). Neutrophils play an important role in breaking down
damaged muscle tissue in the acute phase of muscle injury
(148, 174), whereas monocytes/macrophages regulate subse-
quent tissue regeneration (12, 218). Neutrophils (36, 58, 132,
187, 223) and monocytes/macrophages (8, 48, 54, 78, 93, 123,
131, 179) both secrete a variety of cytokines. As cytokine-pro-
ducing cells, endothelial cells, pericytes, fibroblasts, neu-
trophils and monocytes/macrophages may all contribute to
global cytokine expression in skeletal muscle.

In addition to skeletal muscle, IL-6 is also released from the
brain (158) and peritendinous tissue (114) after exercise.
Whereas IL-6 mRNA is expressed in adipose tissue following
exercise (45, 103), IL-6 is not released from adipose tissue
during exercise (126). Evidence indicates that macrophages
secrete IL-1β in the brain following downhill running (35),
but it is unknown whether IL-1β is released from the brain
into the circulation during exercise. Exercise also increases
gene expression of IL-1ra and IL-15 receptorα in the liver in
fasting rats (30), but it remains unknown if the liver is a
source of circulating cytokines after exercise.

Leucocytes are probably only a minor source of circulating
cytokines following exercise (Table 4). Studies on cytokine
production by leucocytes can be divided into those that have
measured cytokine gene expression in leucocytes, intracellu-
lar cytokine production, and extracellular cytokine secretion.
Leucocyte mRNA expression of IL-1β, IL-1ra, IL-8 and IL-10
increases, whereas IL-6 mRNA expression remains

unchanged after exercise (1, 20, 154, 161). Monocyte intracel-
lular cytokine production of IL-1β, IL-6, TNF-α, BDNF
increases, decreases or remains unchanged following exercise
(27, 185, 207, 209, 210). Extracellular cytokine secretion by
mononuclear cells or in whole blood stimulated with LPS is
also variable (1, 18, 19, 56, 57, 81, 87, 112, 173, 189, 202,
231). Fewer studies have investigated changes in cytokine
expression or secretion by T lymphocytes following exercise.
Two studies have reported that the number of IFN-γ+ T cells
decreases after exercise, while the number of IL-4+ T cells
remains unchanged (113, 213). In contrast with these findings,
Zaldivar et al (239) found that the percentage of T cells that
expressed IL-4, IL-6 and TNF-α increased following exercise.
Kakanis et al (99) also observed that the secretion of both Th1
cytokines (IL-2 and TNF-α) and Th2 cytokines (IL-6, IL-10)
by T cells stimulated with phytohemagglutinin increased after
exercise. Work by La Voy et al (117) demonstrated that
cytokine production during exercise may depend on changes
in the numbers certain subsets of T cells.

Skeletal muscle has been proposed as the dominant source of
circulating IL-6 based on the increase in the arterial-femoral
venous differences in the concentration of IL-6 (215). Howev-
er, this does not provide prima facie evidence that skeletal
muscle cells are the main cell type that secretes cytokines
such as IL-6 into the circulation during exercise. Skeletal
muscle is composed of many other cell types such as fibrob-
lasts, myeloid cells, pericytes which also secrete cytokines.
The organs and cells that secrete other cytokines (not pro-
duced in abundance by skeletal muscle cells) into the circula-
tion during exercise remain to be determined. The results
from many of these studies on cytokine secretion by leuco-
cytes in vitro highlight the importance of how we interpret
such data. It is important to consider differences in stimulated
versus spontaneous cytokine secretion, intracellular cytokine
production versus extracellular secretion, and changes in the
absolute amount of cytokines that are secreted versus cytokine
secretion per cell.

RegUlatiOn OF cytOKine synthesis
anD secRetiOn

Cytokine secretion by skeletal muscle cells involves various
intracellular factors, including mitogen-activated protein
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kinases, heat shock factor 1, histone deacetylases and tran-
scription factors such as nuclear factor of activated T cells
(NFAT), activating protein (AP)-1 and NFκB (6, 70-72,
107,128, 233, 212, 235). In addition, cellular processes such
as Ca2+ signaling and protein unfolding also stimulate muscle
cells to express cytokine genes and/or secrete cytokines (92,
233). Activating transcription factor 3 is an important regula-
tor of cytokine secretion by macrophages (76), and may also
play a role in skeletal muscle cells. In comparison with our
knowledge of the factors that induce cytokine synthesis, much
less is known about the factors that restrict and/or inhibit
cytokine expression and secretion (145). In the context of
exercise, this information is important because it could
account for why IL-1β and TNF-α mRNA expression in skele-
tal muscle increases, yet the circulating concentrations of
these cytokines remains comparatively low following exercise
(150-152, 212). Below, we propose some potential negative
regulatory mechanisms that may govern cytokine expression
and secretion by skeletal muscle cells.

RNA-binding proteins
Intracellular utilization of mRNA depends on several process-
es including mRNA maturation, shuttling and stability. In
turn, these post-transcriptional processes are under the control
of RNA-binding proteins and microRNAs. RNA-binding pro-
teins regulate mRNA utilization by binding to adenine/uracyl-
rich elements downstream of the 3’ untranslated regions of
transcripts (205). A small subset of RNA-binding proteins are
active in skeletal muscle, including human antigen R, KH-
type splicing regulatory protein, CUG binding protein 1,
poly(A) binding protein, Lin-28 and tristetraprolin (9). These
RNA-binding proteins are known to regulate myogenesis (9),
but they may also control cytokine translation in skeletal mus-
cle cells. Human antigen R enhances the stability of TNF-α
mRNA (49, 140). However, together with CUG binding pro-
tein 1 and tristetraprolin, human antigen R may also silence
TNF-α translation (33, 98, 101, 240). Tristetraprolin expres-
sion increases (221), whereas the expression of human anti-
gen R decreases (181) in response to the anti-inflammatory
cytokines IL-4 and IL-10. 

Relatively little research has examined changes in the expres-
sion of RNA-binding proteins in skeletal muscle following
exercise. Hubal et al. (94) reported that mRNA expression of
zinc finger protein 36 (a member of the tristetraprolin family)
increases in skeletal muscle following exercise. This response is
greater following eccentric exercise compared with concentric
exercise, and is augmented following repeated bouts of eccen-
tric exercise (94) which suggests a role for zinc finger protein
36 in regulating skeletal muscle adaptation following injury.
Another study observed that tristetraprolin mRNA expression
precedes that of LPS-inducible CXC chemokine mRNA expres-
sion in C2C12 myoblasts and in skeletal muscle following
freeze injury (193). Geyer et al (75) performed an elegant study
in which they induced the expression of the RNA-binding pro-
tein tristetraprolin in C2C12 myotubes. This treatment sup-
pressed mRNA expression of MCP-1, KC (IL-8) and IL-6,
while it also reduced MCP-1 secretion following LPS stimula-
tion. These findings highlight the need for further research to
gain greater insights into the role of RNA-binding proteins in
regulating cytokine secretion by skeletal muscle cells.

MicroRNAs
MicroRNAs also bind to the 3’ untranslated regions of tran-
scripts (222) and interact with RNA-binding proteins to regu-
late the fate of mRNA (59, 98, 127). MicroRNAs such as Let-
7, miR-146, miR-221, miR-155 and miR-106 regulate the
expression of IL-1, IL-6, IL-8, TNF-α and IL-10 by immune
cells (21, 38, 59, 98, 170, 198, 224, 229). Skeletal muscle
cells express a number of microRNAs, including miR-133,
miR-1, miR-367, miR-135a, miR-222, miR-29a, b and c,
miR-221, miR-223 and miR-206 (34, 42, 105). MicroRNA
Let-7 inhibits the secretion of IL-13 in human myotubes (97).
Other microRNAs such as miR-367, miR-222, and miR-29
may control cytokine secretion by skeletal muscle cells indi-
rectly by altering the activity of endothelial nitric oxide syn-
thase (188) and signal transducer and activator of transcrip-
tion (STAT) proteins (53). As more microRNAs are identified
in skeletal muscle, this may improve our knowledge of
whether they regulate cytokine expression and secretion by
skeletal muscle cells.

Suppressor of cytokine signaling (SOCS)
Surprisingly little research has investigated the role of SOCS
proteins in regulating cytokine synthesis and signaling by
skeletal muscle cells. Paradoxically, the limited evidence
available indicates that overexpression of SOCS3 increases
IL-6 transcription in myotubes (204). Under some conditions,
the interaction between SOCS proteins and cytokines may be
reciprocal. IL-6 and TNF-α induce SOCS3 mRNA expression
in C2 myoblasts (5) and cardiac myoblasts (230). TNF-α infu-
sion in vivo also stimulates SOCS3 mRNA in murine muscle
(60). Further research is warranted to examine in greater
detail the function of SOCS proteins as regulators of cytokine
synthesis and signaling by skeletal muscle cells.

Soluble receptors
Soluble receptors can also restrict cytokine signaling through
two main mechanisms. First, soluble receptors can act as a
‘non-signaling sink’ that directly competes with membrane-
bound receptors for ligand binding. If the ligand-binding
affinity of soluble receptors and membrane-bound receptors is
similar, the capacity of soluble receptors to inhibit signaling
depends on the balance between the two types of receptors
(84). Soluble receptors for IL-1 and TNF-α appear to operate
in this manner (3, 10). Second, soluble receptors can arise
through the proteolytic cleavage of membrane-bound recep-
tors. This process results in fewer membrane-bound receptors
to bind ligands and initiate cell signaling (84). TNF-α and IL-
6 can also induce shedding and/or endocytosis of their own
receptors (55, 79, 88, 177). These actions may represent an
autocrine negative feedback loop to prevent excess ligand
stimulation. Currently, there is insufficient evidence to deter-
mine whether soluble receptors regulate cytokine signaling in
skeletal muscle following exercise. Gene expression of solu-
ble IL-6 receptor (but not gp130) is elevated in skeletal mus-
cle between 4.5 and 9 h after exercise (104), whereas the plas-
ma concentration of soluble IL-6 receptor does not change
(104) or only increases slightly (120). The presence of circu-
lating soluble IL-6 receptors after exercise may depend on
proteolytic cleavage of IL-6 receptors (120). Gene expression
of TNF-α and IL-1β in skeletal muscle is elevated for up to 24
h after exercise (124, 150-152). Although the plasma concen-
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trations of soluble TNF-α receptors and IL-1ra are also elevat-
ed for several hours after exercise (152, 160, 225), it is
unknown whether these receptors are derived from, and are
active in skeletal muscle.

Other factors
Other factors such as IL-6 and HSP72 produced locally in
skeletal muscle during exercise may also regulate cytokine
synthesis. IL-6 inhibits LPS-induced synthesis of TNF-α by
monocytes (196). In response to LPS treatment in vivo, TNF-
α concentration is lower in serum and broncho-alveolar
lavage fluid from IL-6+/+ mice compared with IL-6-/- mice
(236). An increase in plasma IL-6 concentration following IL-
6 infusion or exercise inhibits the systemic release of TNF-α
in response to LPS (206). Local production of IL-6 may there-
fore regulate the synthesis and systemic release of TNF-α dur-
ing exercise.

In addition to cytokines, endurance exercise induces HSP72
mRNA expression in skeletal muscle (16). Heat exposure
increases HSP72 mRNA expression and IL-6 mRNA expres-
sion and protein synthesis in C2C12 myotubes in a tempera-
ture-dependent manner (234). As further evidence for this reg-
ulatory role of HSP72, the heat shock inhibitor Knk437 atten-
uates HSP72 mRNA expression, and completely blocks IL-6
mRNA expression in myotubes incubated at 42°C (234). The
interaction between HSP72 and IL-6 appears to be reciprocal,
because IL-6 infusion induces HSP72 mRNA expression in
skeletal muscle (63). Huey and Meador (95) demonstrated
that IL-6 regulates the expression of HSPs in skeletal muscle
in response to LPS, but not exercise. In direct contrast with
IL-6, heat exposure inhibits TNF-α mRNA expression in
myotubes (234) and TNF-α protein synthesis in other cell
types (61, 142). These findings implicate HSP72 as a negative
regulator of TNF-α mRNA expression and synthesis, but fur-
ther research is required to confirm this notion. The upstream
regulator of HSPs, heat shock factor -1 may play a more cen-
tral role than HSPs in regulating cytokine secretion by skeletal
muscle cells (233). Ohno et al (159) have also demonstrated
that acute heat stress suppresses NFκB activity in C2C12
muscle cells. This response was accompanied by increased
expression of HSP72 (159), but it remains to be determined if
HSP72 can block NFκB activity in muscle cells.

Skeletal muscle expresses the gene for tumor necrosis factor
receptor-associated factor (TRAF)-6-inhibitory zinc finger
protein (TIZ) (77). By inhibiting the activation of NFκB, c-
Jun N-terminal kinase and AP-1 (199), zinc finger proteins
such as TIZ may restrict cytokine secretion by skeletal muscle
cells. Similar to other factors described above, future research
could investigate the regulatory roles of zinc finger proteins in
skeletal muscle.

In another interesting study, Lee (119) demonstrated that
treatment of C2C12 myotubes with IGF-1 inhibited mRNA
expression of IL-6 and TNF-α. This effect was due to suppres-
sion of TLR4 signaling, which was in turn mediated by inhibi-
tion of the PI3K/Akt signaling pathway (119). These findings
provide further evidence of potential autocrine loops and
cross-talk between cytokines and growth factors within skele-
tal muscle.

Cytokine trafficking and secretion
In contrast with cells of the immune system, regulation of
cytokine trafficking and secretion in muscle cells remains
largely unknown. Hoier et al (90) made the first attempt to
characterize the subcellular localization of VEGF in skeletal
muscle. However, they did not investigate dynamic changes
in trafficking of VEGF within muscle cells. Lauritzen et al
(116) have provided the most detailed insights to date on the
mechanisms of cytokine secretion by skeletal muscle fibers.
Stow and Murray (216) have provided a comprehensive
overview on the mechanisms of trafficking and secretion in
immune cells, and this may be used as a guide to new research
in muscle cells.

RegUlatiOn OF cytOKine
exPRessiOn anD secRetiOn in
MyOBlasts veRsUs MyOtUBes

As noted previously, and summarized in Table 2, the constitu-
tive expression of cytokines varies between myoblasts and
myotubes. Below we discuss some of these differences, some
of the mechanisms that may govern alterations in cytokine
expression and secretion by skeletal muscle cells as they dif-
ferentiate, and the possible biological significance of these
differences.

Gene expression of numerous chemokines and their receptors
increases markedly after 16−48 h of differentiation (80). Of
note, MCP-1 mRNA expression peaks at 16 h, whereas TNF-
α mRNA expression increases 10-fold between 16 and 24 h
and declines thereafter (80). Several studies indicate that
myoblasts and myotubes constitutively express similar levels
of IL-6 mRNA. However, compared with myotubes,
myoblasts produce substantially more IL-6 protein upon stim-
ulation with IL-1β, TNF-α and LPS (71, 144, 178). In
response to TNF-α and LPS, myoblast production of IL-6
increases in a linear manner, whereas myotube production of
IL-6 increases in a more ‘bell-shaped’ manner (178). The
greater sensitivity of myoblasts to pro-inflammatory stimuli
such as TNF-α and LPS may reflect the requirement for
myoblasts to secrete factors such as IL-6 to promote myoblast
proliferation (13, 110), and therefore, muscle regeneration
(178). Protein expression of MCP-1 (85), IL-6 (15) and LIF
(25) also increases during the first 24−48 h of differentiation.
Protein expression of IL-7 and IL-15 increases more steadily
between 2−7 d of differentiation (83, 180). Protein expression
of IL-1β and IL-1ra (14) and MCP-1 secretion (40) increase
after 12−16 d of differentiation. Gene and protein expression
BDNF expression decreases after 4 d (143).

The factors responsible for changes in cytokine expression by
skeletal muscle cells as they differentiate are uncertain. Some
of the factors that regulate cytokine expression in skeletal
muscle cells (e.g., mitogen-activated protein kinases, histone
deacetylases, NFAT and NFκB) also control muscle cell differ-
entiation (11, 15, 139, 169), and may therefore account for
alterations in cytokine expression and secretion in skeletal
muscle cells as they differentiate. The expression of some toll-
like receptors (e.g., TLR2, TLR5) increases during muscle cell
differentiation (24), which may also influence signaling path-
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ways linked to cytokine expression and secretion in skeletal
muscle cells (69). Changes in cytokine expression during mus-
cle cell differentiation appear to play an important functional
role. For example, increased expression of IL-6 (15) and
reduced expression of BDNF (143) in skeletal muscle cells is
necessary for them to differentiate. Conversely, increased
expression of TNF-α during muscle cell differentiation (80)
may inhibit myoblast differentiation (115, 227), although this
effect is not entirely consistent (43). Using an RNAi screen,
Ge et al (74) identified more than 100 cytokines that act regu-
late myoblast differentiation. Based on their results, they were
able to classify these cytokines according to their capacity to
initiate differentiation, regulate myocyte fusion and inhibit dif-
ferentiation. Increased chemokine expression during differen-
tiation may also control the migration and/or positioning of
myoblasts so that they can successfully fuse with nascent
myotubes (80). Alternatively, increased cytokine expression
during muscle cell differentiation may promote muscle cell
proliferation (122, 237), and migration of monocytes (40) and
mesenchymal stem cells (176) to support muscle growth. Last,
autocrine cross-talk between cytokines may also control mus-
cle cell differentiation (4, 7, 71, 125).

cOnclUsiOn

Our understanding of the importance of skeletal muscle and
cytokines as mediators of metabolism has increased substan-
tially over the last decade or so. Research to date has identi-
fied more than 600 different proteins that are secreted by
skeletal muscle cells (168). In this rapidly advancing age of ‘-
omics’ technologies, the muscle cell secretome will continue
to grow and provide new targets on which to focus. We now
know that myokines exert various endocrine effects on vari-
ous metabolically active organs, including adipose tissue, the
liver, the pancreas and the brain. Nevertheless, perhaps with
the exception of IL-6 and LIF, our knowledge of the factors
and mechanisms that regulate cytokine production and release
from skeletal muscle cells during exercise remains somewhat
limited. Skeletal muscle cells produce numerous cytokines in
response to various agents, but not all these agents are present
at similar concentrations and/or are active in the muscle
microenvironment during exercise. The capacity for these
individual agents to stimulate skeletal muscle cells to produce
cytokines is well characterized. However, the control of
cytokine production in skeletal muscle during exercise is
more complex than the in vitro setting, and depends on inter-
actions between a variety of local and systemic factors. Future
research should aim to treat skeletal muscle cells with combi-
nations and concentrations of agents that are present in skele-
tal muscle during exercise.

Cyclic strain and electromagnetic stimulation of skeletal mus-
cle myotubes in vitro has generated useful insights into the
signaling pathways that govern cytokine production by skele-
tal muscle cells during exercise. Adding other factors—such
as cytokines themselves—to this experimental system could
simulate the muscle microenvironment during exercise. In
doing so, this approach may assist in characterizing interac-
tions between factors that stimulate or inhibit the ability of
skeletal muscle cells to produce cytokines during exercise. 

More research is warranted to identify the feedback mecha-
nisms that govern cytokine synthesis by skeletal muscle cells;
in particular, which mechanisms are most important, how they
interact with each other, and how they are induced and regu-
lated. These research endeavors are important for several rea-
sons. First, this information may help to understand the fac-
tors governing the systemic release of cytokines. Second, this
information may help to understand the processes that regu-
late acute inflammatory responses to tissue injury. Last, this
information may help to determine why some pro-inflamma-
tory cytokines are chronically elevated in skeletal muscle of
patients with idiopathic myopathies, rheumatoid arthritis and
muscular dystrophy.

Finally, much has been written about the anti-inflammatory
effects of exercise. Petersen et al (171) first proposed the
notion that exercise-induced increases in IL-6, IL-1ra and IL-
10 exert beneficial anti-inflammatory effects to counteract
obesity and insulin resistance. Although this theory is appeal-
ing from a mechanistic perspective (206), cytokines may play
a relatively minor role in regulating the health benefits of
exercise training. Evidence in support of this notion is that
brisk walking does not stimulate any discernible increase in
circulating cytokines (135), yet regular walking is associated
with many health benefits. Furthermore, marathon running
induces high physiological stress and a large cytokine
response (155), but it is doubtful the cytokines are increased
for the purposes of health. Instead, exercise-induced cytokine
changes may represent a more generalized response to inter-
nal and/or external stress. Factors such as oxidative or
nitrosative stress, damaged or unfolded proteins, hyperther-
mia or energy imbalance likely induce cytokine production
during exercise through catecholamines, endotoxin, alarmins,
ATP and pro-inflammatory cytokines themselves (232). These
issues highlight the need for further research to enhance our
understanding of the biological significance of exercise-
induced cytokine responses.
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abstract

Epigenetics is the study of mitotically or meiotically heritable
phenotypes that occur as a result of modifications to DNA,
thereby regulating gene expression independently of changes
in base sequence due to manipulation of the chromatin struc-
ture. These modifications occur through a variety of mecha-
nisms, such as DNA methylation, post-translational histone
modifications, and non-coding RNAs, and can cause tran-
scriptional suppression or activation depending on the loca-
tion within the gene. Environmental stimuli, such as diet and
exercise, are thought to be able to regulate these mechanisms,
with inflammation as a probable contributory factor.
Research into these areas is still in its infancy however.  
This review will focus on DNA methylation in the context of
inflammation (both pro- and anti-inflammatory processes)
and exercise. The complexity and relative shortcomings of
some existing techniques for studying epigenetics will be
highlighted, and recommendations for future study approach-
es made.

Keywords: DNA methyltransferase, NLRP3, stress, gluco-
corticoid, physical activity.

1.0 - intRODUctiOn

Although epigenetics is an emerging area of research within
sport and exercise sciences, it has been of interest to the wider
scientific community for many decades.  The word ‘epigenet-
ics’ was first coined by Conrad Waddington in 1942, later
defined as ‘a branch of biology which studies the causal inter-
actions between genes and their products which bring the phe-
notype into being’ (90). This broad description has since been
refined and is generally accepted nowadays as meaning, ‘the
study of changes in gene function that are mitotically and/or
meiotically heritable and that do not entail a change in the
sequence of DNA’ (98).  
Epigenetics seems to go against the traditional principles of
genetics where early 20th century data supports the Darwinian
theory that genes are the basis of phenotype, and any change
in phenotype is due to alterations in DNA sequence. A com-
peting but generally discredited hypothesis to Darwin’s con-
cept of evolution was the one proposed by Jean-Baptiste

Lamark in 1809. The Lamarkian theory of heritability of
acquired characteristics suggests that traits acquired during a
lifetime can be passed on to future generations. This theory
was generally abandoned in biology and replaced by the clas-
sical Mendelian laws of inheritance, namely, the law of segre-
gation, the law of independent assortment, and the law of
dominance.  Indeed, it was widely accepted that the only way
for traits to be passed on through generations was through the
inheritance of genes and that the environment could not influ-
ence them. Lamark’s theory, that environment plays a role in
inherited phenotype, is now being recredited by the scientific
community.  
In light of a greater current understanding of epigenetic
change, and the recent evidence indicating a role for the
epigenome in inheritance and development, an appreciation
that the genome and epigenome work ‘in concert’ is of para-
mount importance to future research.  By acknowledging the
combined influence of both genetic and epigenetic factors,
significant progress is being made on the molecular under-
standing of the pathogenesis of many disease states and result-
ant therapeutic interventions.  In future, due to the apparent
dynamic nature of epigenetic changes, it may be possible to
prescribe lifestyle interventions to prevent the accumulation
of aberrant modifications to the epigenome that are associated
with disease and ageing.  Research into the impact of environ-
mental stimuli, such as diet and exercise, is still in its infancy
however. Thus, this area represents a worthwhile and fruitful
avenue of investigation for sport and exercise science
research.

The following review serves to provide a background under-
standing of epigenetic mechanisms and in particular the role
of DNA methylation in normal functioning and in the patho-
genesis of disease. Modifications to methylation in the con-
text of inflammation and exercise will also be discussed.

2.0 - ePigenetics:
UnDeRstanDing the ePigenOMe

2.1 - Fundamentals of Epigenetics
DNA consists of nucleotides: a deoxyribose molecule bound
to a phosphate group on one side, creating the backbone of
DNA, and bound to one of four nitrogenous bases on the
opposing side. The double-ringed purine bases Adenine (A)
and Guanine (G) pair with the single-ringed pyrimidine bases
Thymine (T) and Cytosine (C) (A with T, G with C) (figure 1).
Nucleosomes, which consist of ~147 base pairs of double
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helix structured DNA wrapped around an octamer of histone
proteins, are the packaging units of DNA that form chromatin
fibres, and when condensed further, form chromosomes (fig-
ure 2). Post-translational modifications to histones are key
moderators of gene activity, with acetylation and methylation
the best characterised, although ubiquitation, phosphoryla-
tion, sumoylation, ADP-ribosylation and citrullination also
occur.
Acetylation of lysine (K) residues within the N-terminal tail
of the histone proteins is associated with gene activation by
neutralising the positive charge of lysine, thus decreasing
attraction between histones and DNA. Additionally, the
attachment of an acetyl group, via histone acetyltransferase
(HAT), can act as an attachment site for other proteins that are
able to recruit chromatin remodelling complexes. Conse-
quently, chromatin is less tightly bound which allows tran-
scription factor binding, thus resulting in gene activation and
protein formation.
In contrast, methylation of histones, catalysed by histone
methyltransferase (HMT), can correlate with either transcrip-
tion or repression, depending upon the locus of modification.
For example, tri-methylation of lysine residue 4 of histone 3
(H3K4me3) causes gene transcription, whereas tri-methyla-
tion of lysine 9 or 27 (H3K9me3/H3K27me3) results in gene
silencing.
Non-coding RNAs (ncRNA), RNA molecules that are not
translated into a protein, can be classified into many sub-
groups, including, but not limited to, micro RNAs (miRNA),
involved in post-transcriptional gene silencing; piwi-interact-
ing RNAs (piRNA), which direct DNA methylation at trans-
posable elements; and long non-coding RNAs (lncRNA),
which direct epigenetic machinery such as chromatin remod-
elling complexes.
There is a complex interplay between histone modifiers, chro-
matin remodelling complexes, ncRNAs, and DNA methyla-
tion, however, for the purpose of this review, only DNA
methylation will be discussed further.

2.2 - DNA Methylation
DNA methylation, characterised by the DNA methyltrans-
ferase (DNMT) regulated addition of a methyl group to the
nucleotide cytosine, creating 5-methylcytosine (5mC), is the
most abundantly studied of the aforementioned epigenetic
modifications. This process occurs at CpG dinucleotides
(cytosine and guanine separated by phosphate in the linear

sequence along DNA), which contribute to less than 1% of the
genome (51). Clusters of CpG dinucleotides are often located
at transcription start sites of genes known as promoter
regions, and although DNA methylation has also been found
to occur at non-CpG sites (33), the process is more commonly
reported at the former.  The effect of methylation at gene pro-
moter CpG islands is transcriptional silencing of gene expres-
sion, of which the inhibition of transcription factor binding,
and the recruitment of methyl-CpG binding proteins (MBPs)
which repress the chromatin structure, are key mechanisms
(5).
A number of DNMTs regulate the methylation process (figure
3). DNMT1 methylates hemi-methylated DNA, and therefore,
has an important role with regards to the maintenance of
methylation. DNMT3A and DNMT3B, on the other hand,
show preference toward unmethylated CpG dinucleotides and
are both involved in de novo methylation during development,
albeit at different stages; DNMT3B is the primary enzyme
involved in the earlier embryonic stages such as implantation,
whereas DNMT3A expression is greater in the latter stages of
embryonic development (72), as well as during methylation of
maturing gametes (35, 81). Another DNMT variant,
DNMT3L, despite a lack of methyltransferase activity, assists
DNMT3A and DNMT3B by increasing their ability to bind to
the methyl donor, S-adenosyl-L-methionine (SAM) (46).
Although the maintenance of methylation is primarily thought
to be regulated by DNMT1, there is evidence to suggest that
DNMT3A and DNMT3B also contribute to this process (13).
All three of the aforementioned DNMTs are essential in mam-
malian development, as demonstrated by the death of DNMT
deficient mice (52, 72). Mutation of the DNMT3B gene, and
the subsequent loss of methyltransferase activity, can cause
ICF (Immunodeficiency, Centromere instability and Facial
anomalies) syndrome, an extremely rare recessive disease that
affects serum immunoglobulin levels and leads to severe
infections, often of the pulmonary or gastrointestinal tracts.
Psychomotor and growth retardation are also common symp-
tomologies of ICF patients (22). In addition, DNMT3B has
been linked to the fatty acid induced non-CpG methylation of
the PGC1α promoter observed in Type-2 Diabetes Mellitus
(T2DM) patients (6).

Figure 1 - Schematic of the molecules that make up a short section of
DNA.

Figure 2 - Structure of a chromatin fibre (image provided courtesy of
Abcam Inc. Image copyright©2014 Abcam).
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Despite sharing structural similarity to the other DNMTs,
DNMT2 is located primarily in the cytoplasm, in contrast to
DNMT1, DNMT3A and DNMT3B, which are located in the
nucleus. Additionally, DNMT2 does not appear to alter
genomic methylation, as demonstrated by DNMT2 deficient
mouse embryonic stem cells, but rather, methylates aspartic
acid transfer RNA (tRNAAsp) (32).
As a brief example of the overlap between epigenetic mecha-
nisms, miRNA-143 downregulates DNMT3A mRNA and
protein levels in colorectal cancer cell lines (67), while both
DNMT3A and DNMT3B have been shown to be direct targets
of miRNA-29 in lung cancer samples (24). Similarly, DNMT1
has been verified as a target for miRNA-148a and miRNA-
152 (9).

2.3 - DNA Demethylation
An abundance of research has allowed extensive characterisa-
tion of both structure and functionality of the enzymes that
catalyse DNA methylation. Currently however, less is known
regarding the enzymes involved in active demethylation; the
removal of a methyl group from 5mC. If hypermethylation of
a gene’s promoter region causes suppression of activity, rever-
sal of this process should logically result in gene transcription
and protein translation. DNA glycosylases, involved in base
excision repair of damaged DNA, have been considered to be
involved in the demethylation process, however, the identifi-
cation of 5-hydroxymethylcytosine (5hmC) via the TET1
(ten-eleven translocation enzyme) mediated oxidation of 5mC
(85), was of key importance in understanding the molecular
mechanisms of active demethylation. Following 5mC oxida-
tion, a number of possible pathways for demethylation have
been proposed, including passive dilution of the oxidised
base, direct removal of the oxidised 5’-position substituent,
and DNA repair-mediated excision of modified nucleotides
(50). This section serves as a brief summary of the current
understanding of the demethylation process, and the reader is
referred to the recent review by Kohli and Zhang (50) for
elaboration on the topic.

2.4 - Role of Methyl-CpG Binding Proteins
MBPs play an important role in transcriptional repression and
heterochromatin (closed) structure formation (figure 4). Three
structural families have been identified; methyl CpG-binding
domain (MBD), Zinc Finger, and SET and RING finger-asso-
ciated domain (SRA). MBD1, 2 and 4, which are able to bind
to methylated CpG sites, are largely considered to mediate the
suppressive effect of DNA methylation. Conversely, MBD3, 5
and 6 do not bind with methylated DNA. MeCP2, another
MBD, is thought to interact with a Sin3 and histone deacety-

lase (HDAC) complex at methylated regions, which results in
the repression of chromatin structure (91). There are, howev-
er, other mechanisms, including interactions between MeCP2
and histone methyltransferases (HMT) (31). Kaiso, a Zinc
Finger protein, is able to differentiate between methylated and
unmethylated regions, and acts as a transcriptional repressor.
Other Zinc Finger protein family members include ZBTB4,
ZBTB38 and ZFP57 (15). UHRF1 and UHRF2 (Ubiquitin-
like, containing PHD and RING finger domains) have the
ability to bind with methylated DNA through their SRA
domains, with the former recruiting DNMT1, and therefore
aiding the maintenance of methylation. Thus far, UHRF1 is
the only MBP that has been shown to bind 5hmC as well as
5mC (11).

The importance of MBPs in normal developmental regulation
is highlighted by Rett's syndrome, a neurodevelopmental dis-
order of the brain that affects 1 in 10,000 to 1 in 15,000
females. The syndrome is caused by germline mutations in
MeCP2 and is commonly mistaken for autism during the early
stages of onset, while common symptoms include micro-
cephaly, chorea, ataxia, apraxia, and seizures. Given the role
of MeCP2 in binding to methylated portions of DNA and sub-
sequent recruitment of the aforementioned transcriptional
repressor complex (Sin3 and HDAC), mutations, of which
more than 60 have been identified, generally result in reduced
affinity for methylated DNA. Consequently, improper gene
suppression occurs (19). The interactions between the various
enzymes and proteins discussed thus far highlights that DNA
methylation does not occur in isolation, but rather, is part of a
complex cascade of events that regulates epigenetic modifica-
tion.
Up to now, the discussion of epigenetic modification, such as
changes in DNA methylation status, have been focused on
findings reporting disease or condition-specific epigenetic
changes which are directly associated with causing a specific
illness, such as the recent review linking immunity, cancer
and epigenetics in the context of inflammatory bowel disease
(17). However, literature focused on non-disease related epi-
genetic changes with relevance to inflammatory processes, is
relatively lacking.To add complexity to the interpretation of
epigenetic data, more general epigenetic changes that are
seemingly unrelated to a particular disease, also occur. These

Figure 3 - DNMT regulated transfer of a methyl group (H3C) from the
methyl donor S-Adenosyl methionine (SAM), converting cytosine (left)
into 5-methylcytosine (right).

Figure 4 - a) Unmethylated CpG dinucleotides at a gene promoter
region. Gene is active; b) DNMT mediated methylation of CpG dinu-
cleotides, followed by MBP recruitment which causes chromatin
remodelling and blocking of transcription factors, resulting in tran-
scriptional suppression.

a)

b)
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general changes may alter the cellular environment in such a
manner as to predispose an individual to a number of diseases.
One example of such a general change which may increase
susceptibility to various chronic diseases, and one that is very
relevant to the exercise arena, is inflammation, which will be
discussed in this context in the next section.

3.0 - inFlaMMatiOn: inteRlinKeD
ROles OF the inFlaMMasOMe anD

glUcOcORticOiDs in MODiFying Dna
MethylatiOn statUs?

Sterile inflammation is increasingly named as a secondary
aetiological factor in modern lifestyle related diseases, such as
cardiovascular disease (70), diabetes (73) and depression (38).
Chronic stress is a further aetiological role player, since
chronic activation of the glucocorticoid system, and subse-
quent insensitivity to glucocorticoids is known to contribute
to low grade inflammation. Furthermore, obesity-related
chronic low grade inflammation is also implicated on an epi-
genetic level in the development of some forms of cancer,
such as colorectal cancer (56), further highlighting the promi-
nence of a chronic inflammatory condition as an adverse
health factor. Interestingly, for most lifestyle-related diseases
such as the aforementioned, moderate exercise, a known anti-
inflammatory modality, is prescribed as a preventative and/or
complementary treatment. However, the plasticity of exercise-
induced changes, and thus its longer-term impact on inflam-
mation and/or glucocorticoid resistance in the context of the
development of these pathologies, could be largely dependent
on epigenetic modification. In this section, following a brief
background on the (non-epigenetic) inflammasome and relat-
ed immunology, relevant literature available on the epigenetic
changes associated with inflammation and glucocorticoid
function will be discussed, followed by the reported modula-
tory effects of exercise.

3.1.1 - Linking Peripheral Inflammatory Markers to the
Inflammasome

3.1.1 - Sterile Inflammation and Innate Immunity
Sterile inflammation is commonly known as the response to
either psychological or physical stressors that evoke an innate
immune response, in the absence of pathogenic stimuli (23,
59). The exact mechanism of activation remains unclear,
though several signals that trigger the immune response have
been identified, such as catecholamines, glucocorticoids,
intestinal microbiota, as well as molecular signals from host
tissue.
Among these signals recognised by the innate immune system
are danger-associated molecular patterns (DAMPs), which
account for the initiation of an inflammatory response in the
absence of microbial stimuli (26). In response to stressors, the
host tissue releases these danger signals in response to a local
and/or systemic challenge. DAMPs, like pathogen-associated
molecular patterns (PAMPs), share several characteristics:
they are host-derived proteins, endogenous within cells, and
go undetected by the immune system. Several of these
DAMPs have been identified in recent years, with many being
endogenous molecules that act as alarm signals when released

extracellularly, for example, high mobility group 1 (HMG1),
ATP, uric acid, glucose and heat shock proteins (23, 59). 
Regardless of how the inflammatory branch of the innate
immune system is activated, it inevitably results in the appear-
ance of pro-inflammatory markers that are commonly meas-
ured and reported in the exercise science literature.

3.1.2 - Importance of IL-1β and the NLRP3 Inflammasome
IL-1β is one of the most important and most potent inflamma-
tory mediators. In its active form, this inflammatory cytokine is
primarily released from myeloid cells such as monocytes,
macrophages and dendritic cells, but is also readily secreted by
most other tissues on stimulation. IL-1β triggers the acute phase
response, characterised by the release of C-reactive protein and
amyloid β from the liver, the release of inflammatory cytokines
such as IL-6 and TNF-α, and secretion of adrenocorticotropic
hormone. It also evokes the symptoms fever and hypotension
within the host via a plethora of chemical mediators.
Upon stimulus, IL-1β is produced in its inactive 35kDa form.
Proteolytic cleavage with caspase-1 results in the generation of
the mature 17kDa protein. The process of activation of caspase-1
is essential for IL-1β maturation, and is tightly regulated by
multi-protein complexes, known as inflammasomes. To date,
several inflammasomes have been identified, namely, NLRP1, 2,
3, 6, NLRC4 and AIM-2. The NLRP3 inflammasome, activation
of which regulates IL-1 β and IL-18 in obesity (89), is the most
well studied and will be the focus of this section of the review.

3.1.3 - NLRP Inflammasome Structure
The NLRP3 inflammasome (also known as cryopyrin and
NALP3) is a multiprotein complex expressed in myeloid
cells. This structure consists of a central nucleotide binding

Figure 5 - Schematic illustration of NLRP3 inflammasome activation
and subsequent intracellular signalling that produces a pro-inflamma-
tory outcome.
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domain (NBD/NACHT/NOD), together with a C-terminal
LRR domain.  This structure lacks a caspase recruitment
domain (CARD), and requires an adaptor molecule (apopto-
sis-associated speck-like protein containing a CARD (ASC))
to recruit a procaspase-1. NLRP3 interacts with ASC via PYD
homophilic dimerization. Similarly, NLRP3 interacts with
CARD8 (also known as CARDINAL), to achieve activation
of caspase-1. The NLRP3 activation cycle is presented
schematically in figure 5.
NLRP3 activation markers are divided into two categories,
namely sterile, which include host and environmental stimuli
(extracellular ATP, hyaluronic acid, fibrillar amyloid β, silica,
asbestos, uric acid), and non-sterile, pathogen-associated acti-
vators, which are PAMPs from bacteria, fungi, virus and pro-
tozoa.

NLRP3 activation can be triggered by direct PAMPs/DAMPs
binding to pattern recognition receptors (PRR) (signal 1), or
with incorporation of an addition external ATP (signal 2). The
stimulation of PRRs by PAMPs leads to the activation of
adaptor proteins, such as MyD88 that activate IKK complex-
es. These complexes phosphorylate IκB proteins, and subse-
quently results in ubiquitination and degradation by the pro-
teasome. This frees the p50/p65 heterodimer of the NF-κB,
which enters the nucleus and activates gene transcription.
Among the cytokines release, pro-IL-1β is expressed.
External ATP acts as a second signal of NLRP3 inflamma-
some activation, resulting in the efflux of K+ ions from the
P2X7 receptor. Endogenous DAMPs are also able to trigger
inflammasome activation. Upon NLRP3 activation, the
NLRP3 oligomerizes and results in PYD domain clustering,
which leads to the homotypic interaction with the PYD and
CARD domains of the ASC adaptors. The CARD domains of
the ASC, in turn, react with the CARD of pro-caspase-1,
which allows for auto-cleaving and the construction of an
active caspase-1 p10/20 tetramer. Caspase-1 is able to pro-
duce active IL-1β through its cleave of the pro-IL-1β mole-
cules.  

3.2 - Interdependency of Inflammasome and Glucocorti-
coids: Relative Lack of Studies on Epigenetic Involve-
ment

In the context of non-sterile inflammation, lipopolysaccharide
(LPS) infection is known to increase pro-inflammatory
cytokine concentrations (IL-1β, IL-6, TNF-α) and to activate
the HPA-axis. In a model of maternal infection, LPS infection
of mothers during late gestation (day 17) was associated with
higher stress responsiveness (higher corticosterone) and anxi-
ety behaviour (‘elevated plus maze’ rodent model of anxiety)
in offspring, both in adolescence (day 40) and adulthood (day
80) (23). Although the mechanisms by which these effects
were facilitated were not investigated, it suggests transgenera-
tional transfer of effects resulting from inflammation, thus
potentially, epigenetic modulation.
Furthermore, in the context of severe trauma, known to result
in a glucocorticoid response, acute stress in the form of 100
tail shocks in rats has been shown to activate the inflamma-
some to increase circulating inflammatory cytokine (IL-1β, IL-
18, IL-6, IL-10 and MCP-1) and danger associated molecular
pattern (DAMP – hsp72 and uric acid) levels, in a caspase-1
dependent manner (59). In this study, use of a caspase-1

inhibitor attenuated the stress-induced pro-inflammatory
response (IL-1β, IL-6 and IL-18) both in the circulating and
tissue compartments. Furthermore, the DAMPs assessed were
implicated in the caspase-1 activation seen after stress expo-
sure. From this study it is clear that a connection exists
between the stress response and inflammation. Despite this,
we could not find any studies jointly reporting on both inflam-
mation and glucocorticoid epigenetic changes in the absence
of specific pathology such as cancer. In our opinion, given the
proven links between these responses reported more down-
stream, as shown above, this omission is an important gap in
the literature that should be addressed. Therefore, while
reviewing epigenetic changes impacting on inflammation
here, we have included what is known about epigenetic modi-
fication in the context of the glucocorticoid response, to
encourage inclusion of these parameters in future studies for a
more all-encompassing approach.

3.2.1 - Information from Stress Studies
In considering stress and glucocorticoid-related epigenetic
modification as an “additive factor” determining the suscepti-
bility to inflammation-induced epigenetic changes, it is
important to consider both acute and chronic changes in the
glucocorticoid system. Ever since the first maternal separation
rodent study by Levine in the 1950s (53), stress as an early
life environmental factor has been known to have long-term
deleterious effects on stress-susceptibility into adulthood.
Similarly, rodents raised by non-caring mothers, who neglect-
ed to lick and groom pups during the first week after birth,
resulted in decreased resistance to stress. Interestingly, this
effect could be reversed by cross-fostering pups with more
caring mothers directly after birth (28), suggesting that indi-
vidual differences in stress reactivity were not genetically
inherited, but likely occur via nongenomic transmission in the
early developmental phase.  Although the critical site for glu-
cocorticoid receptor (GR) regulation remains to be identified,
increased nerve growth factor-induced protein A (NGFI-A),
also known as early growth response protein-1 (EGR-1),
expression has been linked to up-regulation of GR in the hip-
pocampus (63). However, since the increased NGFI-A expres-
sion seen in offspring of caring mothers does not persist into
adulthood, while the beneficial effect on stress reactivity does,
data again points toward epigenetic modification.  
Indeed, more recent epigenetic studies confirmed this. Rodent
studies showed that the 5’ CpG dinucleotide of the NGFI-A
consensus sequence within the exon I7 GR promoter is always
methylated in offspring of non-caring mothers, while in off-
spring of caring mothers, it is rarely methylated. After cross-
fostering offspring to caring mothers, this methylation was
reversed, suggesting site-specific DNA methylation silencing
of the GR promoter is reversible by environmental factors, in
this case, maternal care (93). Interestingly, in this study, mod-
ification of DNA methylation was shown to occur in cytosines
at very specific sites, since, for example, the neighbouring 3’
CpG dinucleotide of the AP-1 consensus sequence within the
exon I7 GR promoter was not affected. Thus, it appears likely
that epigenetic modification of DNA methylation by any par-
ticular intervention is a highly specific, targeted response. Of
specific interest was the fact that these patterns in methylation
were not present at birth, but developed within the first 6 days
of life (12), ruling out genetic inheritance of stress reactivity.
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Rather, postnatal maternal conduct seems to play a huge role
in the epigenetic outcome of offspring in the context of gluco-
corticoid receptor expression and stress reactivity. An impor-
tant message here is that even a relatively acute stressor, in
this case only 6 to 7 days, may result in epigenetic modifica-
tion that persists chronically. Thus, relatively acute stressors
may alter chronic glucocorticoid sensitivity and thus more
chronically predispose an individual to pro-inflammatory epi-
genetic modification.
The studies in rodents as described above may give the
impression that dynamic DNA methylation and demethylation
occurs early in life only. However, treatment of adult rodents
with the HDAC inhibitor trichostatin A (TSA) for 4 days was
reported to significantly increase histone acetylation at the
exon I7 site, which increased NGFI-A protein binding and
resulted in demethylation of the CpG dinucleotide of the
NGFI-A consensus sequence within the exon I7 GR promoter
(93). This suggested that the DNA methylation status in fully
differentiated cells can be modified, which has far-reaching
therapeutic implications.
Taken together, in the context of stress, DNA methylation pat-
terns seem to be largely dependent on environmental and
maternal influence early in life. However, pharmacological
intervention seems to be an option, at least theoretically, for
modification of DNA methylation status in adulthood to
reverse this “environmental programming”. The extent to
which environmental changes may influence this epigenetic
programming is still uncertain.
Although the link between chronic stress and inflammation is
well established in non-disease models, for example, in
humans exposed to the chronic stress of maltreatment during
childhood (62), literature on epigenetic links in this context
seems to be lacking. Also, in disease conditions linked to
chronic stress, pro-inflammatory changes have been reported;
in the context of major depressive disorder, increased NLRP3
inflammasome activation was very recently found (3). In this
study, increased gene expression of NLRP3 and caspase-1
was discovered in mononuclear blood cells (PBMCs), and
was associated with increased serum IL-1β and IL-18 levels,
both of which correlated with depression scores, according to
the Beck Depression Inventory questionnaire. Similarly,
chronic glucocorticoid treatment in rats was shown to increase
gene expression of NLRP3, Iba-1, MHCII and NF-κBIα in the
rat hippocampus (29). Thus, it is clear that chronic stress has a
pro-inflammatory outcome that is associated with the NLRP3
inflammasome. Frustratingly however, direct proof of epige-
netic involvement is once again, not available. This point was
highlighted in a recent review (44) which stated that the epi-
genetic mechanisms for the upregulation of the NLRP3
inflammasome have not been elucidated. It is uncertain, there-
fore, whether only the NLRP3 gene is modified epigenetical-
ly, or whether glucocorticoid-associated genes, such as NGFI-
A, are also implicated. The targets of stress-induced epigenet-
ic modifications with inflammatory outcomes have huge ther-
apeutic implications, so that the relative absence of epigenetic
studies linking stress and inflammation highlights the need for
a multidisciplinary approach in epigenetic studies. 
Since the epigenetic mechanisms resulting in activation or
inactivation of specific pro-inflammatory processes, such as
the NLRP3 inflammasome, have not been elucidated, espe-
cially not in the absence of pre-existing disease, we will

briefly review what is known on epigenetic modulation of
these systems in the context of different diseases with an
inflammatory component, trying to tease out the commonly
reported parameters associated with inflammation and not
with the primary disease itself, before moving on to a discus-
sion of epigenetic modulation by physical activity (PA) and
exercise.

3.3 - Inflammation and DNA Methylation in the Context of
Inflammation-associated Conditions

While DNA methylation is an essential component of normal
development and transcriptional regulation, aberrant patterns
of DNA methylation are associated with a number of inflam-
matory diseases and conditions. However, in terms of epige-
netic modification and inflammation, the causal directionality
remains questionable. This is briefly discussed here, in the
context of a variety of inflammatory models.  
Obesity is well-known to contribute to a chronic low-grade
inflammation via increased secretion of pro-inflammatory
cytokines such as TNF-α, IL-6 and IL-1β from macrophages
infiltrating adipose tissue (73). In this context, high-fat diet
feeding in two subsequent generations of mice has recently
been reported to result in DNA hypomethylation of inflamma-
tion-associated genes in adipose tissue of third generation
mice (18). One of the most notable findings in this study was
an upregulation of NLRC4, a critical component in the forma-
tion of the inflammasome which plays an important role in
obesity-related inflammation, in both first and second genera-
tion offspring (90). Another significant upregulation was that
of the toll-like receptors (TLRs), and specifically TLR4,
which facilitates obesity-induced inflammation by inhibition
of PCK1. Notably, the study also reported hypomethylation of
inflammation-associated promoters of the genes TLR1, TLR2
and Lat. This data is in accordance with other inflammatory
models. For example, an inverse correlation between DNA
methylation of TLR4 and the inflammatory response to LPS
stimulation in intestinal epithelial cells has been reported (86),
while DNA methylation of TLR2 in circulation was also
inversely associated with the C-reactive protein, ICAM-1 and
VCAM-1 responses to air pollution (8). Furthermore, in the
context of cystic fibrosis (CF), a disease characterised by
chronic inflammation and recurring infections of the pul-
monary tract, upregulation of TLR2 in a CF bronchial epithe-
lial cell line was due to DNA hypomethylation (83). Finally,
hypomethylation of a number of gene promoters has been
reported in synovial fluid of rheumatoid arthritis (RA)
patients. These included CXCL12 (47), as well as CHI3L1,
CASP1, STAT3, MAP3K5, MEFV, and WISP3 (66), many of
which are associated with inflammation. Even in circulation
this effect was evident, with hypomethylation of a single CpG
motif of the IL-6 gene reported in PBMCs of RA patients
(68). Augmented expression of these genes could contribute
to RA due to their roles in the activation and differentiation of
various immune cells and pro-inflammatory cytokines.
Thus, in lieu of epigenetic data from non-disease models of
inflammation, by using obesity as a disease-free model of
inflammation, and comparing results reported in this model to
that of inflammatory diseases, we have been able to identify
epigenetic changes associated with clinical symptoms of
inflammation. The available evidence appears to indicate that
aberrant DNA methylation contributes to inflammation
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through hypomethylation and subsequent upregulation of
inflammatory gene expression.  

3.3.1 - Are Athletes at Risk of Aberrant Inflammation-induced
Epigenetic Modifications?

Up to now, this section has focused on DNA methylation
changes as a causal factor in the development of chronic
inflammation. However, we should also address the question
of whether this communication is bidirectional, i.e. can chron-
ic inflammation in the absence of pre-existing disease also
lead to other epigenetic modifications? Data now suggests
that changes in the DNMT enzymes that catalyse changes to
the epigenome may indeed be regulated by inflammatory
mechanisms. For example, inflammatory bowel disease-asso-
ciated colorectal cancer manifests with high levels of IL-6 (4),
while DNMT1 is also overexpressed in this condition (27). In
vitro studies have shown that IL-6 stimulation of human can-
cer cell lines (HCT116/K562) resulted in elevated expression
and activity of DNMT1 (27, 42). This augmentation of
DNMT1 could occur through PI3K activation of AKT, and
subsequent AKT dependent phosphorylation of the nuclear
localisation signal of DNMT1, allowing nuclear translocation
and subsequent binding of DNA (39). IL-6 has also been
implicated in the maintenance of promoter methylation in
cholangiocarcinoma (94) and multiple myeloma cells (41),
which is likely to be due to DNMT1, given its functional role.
Furthermore, upregulation of DNMT1, but not DNMT3A or
DNMT3B, was reported to be responsible for the IL-6
induced hypermethylation of tumour suppressors p53 and p21
in A549 (adenocarcinomic human alveolar basal epithelial
cells) cells (55). Western blotting showed that the IL-6 medi-
ated increase in DNMT1 expression was due to activation of
the JAK2/STAT3 pathway, which is in support of previous
findings that STAT3 induces DNMT1 expression, while
STAT3 depletion downregulates DNMT1, in malignant T
lymphocytes (104). Furthermore, IL-6 induced DNMT1
mRNA and protein expression correlated with SOCS3 pro-
moter methylation via STAT3 signalling in human colorectal
cancer cell cultures (54).
Similar to the IL-6-stimulation studies, IL-1β stimulation of
fibroblast-like synoviocytes isolated from RA patients subse-
quently decreased expression of DNMT1, whereas both IL-1β
and TNFα decreased levels of DNMT3A (65). TNFα-induced
inhibition of Notch-1, a transmembrane protein, has been
attributed to Ezh2 (histone methyltransferase) and DNMT3B
recruitment via NF-κB, resulting in hypermethylation in
mouse myoblast cells (1).
Interestingly, a recent study (79 - discussed in more detail in
the next section) also provides support for the link between
transient exercise-induced increases in plasma IL-6 and
methylation status of several genes related to immune func-
tion, in a sample of healthy, trained men.
Given these findings, it is possible that the acute inflammato-
ry state associated with intense exercise (25) could drive alter-
ations in the epigenome, possibly predisposing athletes to dis-
ease. Despite the fact that many of the aforementioned studies
were conducted in vitro using various cancer cell lines, the
findings of Robson-Ansley et al (79) corroborate the notion
that exercise-induced inflammation may be related to modifi-
cations to DNA methylation in a non-diseased population
such as athletes.

4.0 - exeRcise anD ePigenetic
MODiFicatiOn

In contrast to the bleak picture painted above in terms of the
potential aberrant epigenetic effects of excessive exercise,
chronic moderate exercise is commonly accepted to decrease
levels of inflammatory biomarkers (30, 84) and reduce the
risk of developing many major non-communicable diseases.
Data linking exercise and altered DNA methylation suggests
that there may be a possible epigenetic mechanism with
regards to these protective effects. The following section is a
review of all known data linking PA and exercise to DNA
methylation (see table 1).

4.1 – DNA Methylation in the Context of Habitual 
Physical Activity

A number of studies have sought to elucidate the relationship
between PA history and measures of global methylation, i.e.
changes in methylation across the genome. The association
between PA, measured by accelerometry over four days, and
global methylation in LINE-1, a marker shown to correlate
well with other measures of global methylation (97), has been
investigated (102). Those who performed approximately 30
minutes of PA per day, as measured by a portable accelerome-
ter, when compared to those who performed less than 10 min-
utes, had a significantly greater level of global DNA methyla-
tion. However, following multivariate adjustment for age,
gender, smoking status, ethnicity and body mass index (BMI),
the association was no longer statistically significant, and
thus, this data is more difficult to interpret.
More recently, White et al (96) retrospectively assessed child-
hood, adolescent, and previous 12 months PA of over 600
non-Hispanic, white women with a family history of breast
cancer. The women that reported being active above the medi-
an amount for all three periods were shown to have signifi-
cantly greater LINE-1 methylation than those below the medi-
an. A trend was also reported for women that performed above
the median for one or two time periods. Similarly, in an elder-
ly population, Luttropp et al (57) divided 509 individuals aged
70 years and over into four discrete groups based on the
amount of light and heavy PA they performed. Global methy-
lation, in this case assessed using the Luminometric Methyla-
tion Assay (LUMA) method, was found to be significantly
correlated with self-reported activity level, even after adjust-
ment for gender, systolic and diastolic blood pressure, LDL
and HDL cholesterol, serum triglycerides, smoking status, and
BMI. 
However, in contrast with the above results which seem to
suggest that PA is associated with hypermethylation of DNA
across board, results from the Commuting Mode and Inflam-
matory Response Study did not support this association, as PA
was not correlated with global (LINE-1) methylation. Interest-
ingly, levels of IL-6 promoter methylation were not signifi-
cantly associated with any of the study variables, which also
included age, gender, ethnicity and BMI, in addition to PA and
diet (103). Most recently, as part of the Cardiovascular Health
Study, the association between gene-specific methylation
changes in PBMCs and PA energy expenditure (PAEE) over
eight years, was assessed in a sample of elderly men and
women (82). Maintenance of increased PAEE of 500 kcal or
more per week, resulted in significant hypermethylation of the
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TNF gene, while the IL-10 gene was significantly
hypomethylated in those who increased their PAEE by 500
kcal per week, compared with those who decreased their
PAEE by 500 kcal per week. Given the pro-inflammatory role
of TNFα, and the anti-inflammatory role of IL-10, these
PAEE-induced modifications are a favourable outcome. These
two studies differed drastically from a methodological stand-
point; the former (104) measured PA through the use of a
questionnaire that selected 26 specific activities performed
over the previous year, in contrast to the latter study (82)
which involved participants recalling any physical activities
over the previous eight years. Furthermore, Shaw et al’s (82)
study utilised a much more defined elderly age group in com-
parison with the Zhang et al’s (104) study that included indi-
viduals ranging from 18 to 78 years of age. Interestingly, in a
cross-sectional comparison of experienced (defined as three
or more years) and novice tai chi practitioners (78), six CpG
sites showed differential methylation between the groups,
with the more experienced group demonstrating a slowing of
the usual age-related pattern of hypo- or demethylation
change. This result, as well as the fact that age-related
hypomethylation has been reported in PBMC samples (1),
clearly illustrates how the lack of a properly defined study
population can clearly be a large confounding variable, which
may account for the lack of significant findings in Zhang et
al’s study.
From these studies, no firm conclusion can be made regarding
the effects of habitual PA on epigenetic modification, however,
it is clear that methodologies must be appropriately selected in
order to truly quantify any changes that are occurring. Apart
from the issues related to population selection and quantifica-
tion of PA already mentioned above, the overall inconsistency
in results is likely a product of the utilisation of global methy-
lation as an outcome measure, as this does not reflect changes
in DNA methylation at the gene-specific level. For example,
particular genes may be differentially methylated in response
to activity, however, some may be hypomethylated, and others
hypermethylated, resulting in little to no global change. Fur-
thermore, while de- or hypomethylation of particular genes is
an undesired outcome, hypomethylation, and thus transcrip-
tion, of tumour suppressor genes is highly desired in the con-
text of cancer. It is thus clear that neither hyper-, nor
hypomethylation is desired across the board for all genes,
illustrating that interpretation of a “crude” assessment such as
global methylation has limited value. This highlights the need
to investigate gene and CpG sequence-specific changes. This
point has already been illustrated by the gene-specific epige-
netic changes reported in other disciplines, as also described in
the overview of the stress-related literature in section 3.2.1.

4.2 - Disease-specific DNA Methylation in the Context of
Habitual Physical Activity

In addition to gene-specific studies in the context of inflam-
mation, several studies have attempted to elucidate the epige-
netic effects of PA related to disease-specific genetic loci. For
example, Coyle et al (16) utilised a cross-sectional design in
order to investigate the effects of self-reported PA on promot-
er methylation of the tumour suppressor genes APC and
RASSF1A, an epigenetic alteration commonly associated
with breast cancer risk. They reported that lifetime, previous

five years, and previous year levels of PA were all inversely
correlated with promoter methylation of APC but not
RASSF1A, although this association did not reach statistical
significance. Similarly, hypermethylation of APC, but again,
not RASSF1A, was inversely associated with requirement to
have breast biopsies. These results appear to suggest that PA
may regulate epigenetic modifications in certain tumour sup-
pressor genes thereby reducing the risk of breast tumour
growth. PA has also been shown to be inversely correlated
with methylation of CACNA2D3, a tumour-suppressor gene,
in gastric carcinoma patients (100), suggesting an anti-
tumorigenic effect, although no significant associations were
reported for the remaining five tumour-related genes (CDX2,
BMP-2, p16, GATA5, ER) that were tested. The data from
these two studies shows that PA may convey protective anti-
oncogenic effects through modulation of tumour-suppressor
methylation.
Given the relative complexity of measuring physical activity,
which may differ substantially between individuals, in com-
bination with cancer, which again, differs substantially
depending on the type and location, cross-sectional studies,
such as the aforementioned, are probably insufficient evi-
dence for firmer conclusions. Thus, the role of PA in the
methylation status of selected cancer related genes is far from
clear and warrants further investigation of this intriguing
area.

4.3 - Epigenetic Effects of an Acute Exercise Bout
With regard to an acute bout of exercise, global methylation
of vastus lateralis skeletal muscle was reported to be reduced
in a sample of sedentary young men and women following a
VO2peak test on a cycle ergometer. Further analysis demon-
strated that hypomethylation occurred at promoter regions of
PGC-1α, PDK4 and PPAR-δ immediately post exercise.
Consequently, transcription was upregulated, and given the
role of these genes in metabolism, this would be regarded to
be a health-beneficial outcome. This appears to contradict
the hypothesis that an intense acute bout could have deleteri-
ous epigenetic effects via inflammatory mechanisms,
although in this case, the bout may have simply been too
short or not intense enough to elicit a drastic inflammatory
response. The fact that the methylation status of muscle-spe-
cific transcription factors MEF2A and MyoD1 remained
unchanged (7) supports this notion. Another possible expla-
nation is that IL-6 (section 3.3.1) and other pro-inflammato-
ry proteins only regulate the epigenetic machinery involved
in hypermethylation, whereas demethylation, as in the con-
text of this study, is a consequence of other regulatory path-
ways. 
Bisulfite sequencing, a technique used for validation of DNA
methylation, demonstrated that non-CpG sites (CpA, CpT,
CpC) comprised the majority of modified cytosines in this
study. It has been suggested that oxidation of the cytosine’s
methyl group could provide a possible mechanism as to how
an acute exercise bout could cause demethylation.  However,
due to poor specificity of the bisulfite technique with regard to
distinguishing between methylated and hydroxymethylated
cytosines (43) this mechanism has not yet been clarified. TET-
assisted bisulfite sequencing (TAB-seq) on the other hand, is
able to quantify 5mC and 5hmC independently from one
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another (99), and thus, may be a more appropriate method
when investigating changes in demethylation.
A recent study (21) investigated the importance of exercise
intensity on epigenetic changes in terms of mitochondrial bio-
genesis. Healthy male subjects performed interval cycling at
73, 100 or 133% of peak power output (PPO) and post-exer-
cise changes in gene expression of PGC-1α and its regulators
were assessed in skeletal muscle biopsies. Cycling at 100% of
PPO was reported to increase PGC-1α mRNA more than
cycling at 73% PPO, but supramaximal exercise seemed to
blunt this response, so that a lower increase in levels of PGC-
1α mRNA was seen when compared to both 100% and 73%
PPO. Interestingly, increases in the mRNA levels of the regu-
lators Sirt-1, PDK4 and RIP140 occurred in a manner inde-
pendent of exercise intensity and muscle activation. This
upregulation of PGC-1α is regulated by HDACs, one of the
ways in which adaptation to exercise is facilitated (74).
Although these results aren’t directly related to DNA methyla-
tion, a recent broad review on epigenetic modulation by exer-
cise (71) pointed out that this mechanism may suggest a way
by which the hypermethylated status of PGC-1α in diabetic
patients (6) could be modified. A relative lack of literature
dealing with inflammasome epigenetics indicates a huge area
for future research focus, especially since the PGC-1α results
above suggest that at least some of the adaptive epigenetic
changes seen after exercise may, in fact, translate to a more
permanent and prolonged beneficial outcome.
The effect of acute exercise on cells of the immune system has
recently been investigated (79). A 120 minute treadmill run at
60% of vVO2max interspersed with sprints at 90% of vVO2max
for the last 30 seconds of every 10 minutes, followed by a
5km time trial, a protocol previously shown to induce tran-
sient elevations in IL-6 (92), was utilised in order to quantify
changes in the methylation of PBMCs, measured using the
Infinium Human Methylation 27 microarray. Despite no sig-
nificant alteration in global methylation, an interesting finding
was that the exercise-induced increase in plasma IL-6 concen-
tration immediately following the bout was significantly cor-
related with the methylation status of 11 genes (SLAMF1,
IRAK3, LDB2, TMEM156, FCRL2, CDK9, SIT1, AER61,
RAG2, C10orf89, CD40LG), a number of which are regula-
tors of immune activities. Of particular interest was the effect
on IRAK3, a key inhibitor of inflammation associated with
the metabolic syndrome and obesity. 
Although research into the relationship between acute exer-
cise, inflammation and epigenetic modification is clearly still
in its infancy, and the plasticity of the observed effects
remains to be established, the reviewed literature appears to
support the notion that inflammation associated with acute
exercise is likely to be a regulatory mechanism of changes in
DNA methylation. This opens up an exciting new subdisci-
pline in exercise immunology, which may be mined for infor-
mation beneficial not only to healthy and active individuals,
but also to those suffering from a variety of disease states
associated with chronic inflammation.

4.4 - Impact of Exercise Training and Physical Activity Inter-
ventions on Epigenetic Modification  

Experimental manipulation of mode and intensity of exercise
has begun to enhance our understanding of how the
epigenome responds to prolonged periods of exercise training.

For example, a six month training study (64) consisting of
high intensity interval walking exercise, utilising an aging
sample matched to both aging and young control groups,
demonstrated that methylation status of the p15 tumour sup-
pressor gene was unaffected by exercise or age. However,
methylation of the ASC gene, involved in IL-1β and IL-18
production (as described in section 3.1.3), was significantly
lower within the elderly population when compared with the
young controls, which potentially explains, at least in part, the
commonly described age-associated inflammatory state (14),
and thus, is an important finding within the context of this
review.  ASC methylation of DNA extracted from peripheral
blood samples was found to be higher in the older group sub-
jected to the exercise protocol compared with the aging con-
trol group, which may indicate that the known anti-inflamma-
tory effect of longer-term moderate exercise may be facilitat-
ed via attenuation of the well-documented age-related
hypomethylation (2, 30, 37). Future studies focusing on gene-
specific methylation may shed more light on this possibility.
Longer-term moderate exercise has also been reported to have
beneficial effects on DNA methylation when employed as
remedial or complementary therapy. For example, in primari-
ly sedentary cancer patients, a six-month clinical exercise
intervention (150min/week of moderate intensity aerobic
exercise on a treadmill for experimental group; control group
received only usual clinical care) altered the methylation pro-
file of 43 genes (101). Most profoundly, hypermethylation of
CXCL10, involved in chemoattraction of monocytes, T cells
and NK cells, and EPS15, a protein involved in the EGFR
pathway, was reported. In addition, hypomethylation of
ABCB1, a protein involved in cell membrane efflux, RP11-
450P7.3, a gene for a kelch-like family protein, and
KIAA0980, which encodes ninein-like protein which con-
tributes to chromosome segregation and cytokinesis, was
reported. Six of the 43 genes were associated with overall
patient survival, with three of these hypomethylated following
exercise, suggesting augmented gene expression. One gene
was of particular interest in the context of cancer; L3MBTL1,
a candidate tumour suppressor gene (34, 76), was found to be
inversely correlated with gene expression, while there was
also an association between low risk of breast cancer death
and high levels of expression.  
Of interest is that this study measured changes in methylation
status in peripheral blood leukocyte samples. It has been report-
ed (77) that considerable variation exists between PBMCs and
granulocytes, and even within each cell population (T cells/nat-
ural killer/B cells/monocytes), a variation that is considerably
more pronounced in adult blood than cord blood (45). The
investigators did, however, expand on their initial observations
by analysing tumour samples, and reported concordance
between the two measures in terms of exercise-induced
L3MBTL1 methylation, although it is unlikely that blood will
be a useful surrogate for all tissues or tumour samples, given the
differences in gene-specific methylation reported between mus-
cle, colon, brain, heart, kidney and liver (49, 75).
Exactly what type of exercise is optimal to achieve these ben-
eficial effects in the context of cancer has been only partially
elucidated. Bryan et al (10) selected 45 CpG sites that are
potentially associated with breast cancer, and investigated the
relationship between self-reported PA, in addition to objec-
tively measured cardiovascular fitness using a sample of
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sedentary men and women. The intervention consisted of indi-
vidually tailored self-help materials, designed to increase PA
participation based on the participants’ motivational readi-
ness, which, after 12 months, significantly increased time
spent exercising, but not VO2max, when compared with the
control group. At baseline, average methylation of the select-
ed CpG sites was inversely correlated with PAR (7 Day Phys-
ical Activity Recall) minutes, which remained significant after
controlling for age, but not BMI. Following the intervention,
the increase in PAR score was significantly correlated with a
decrease in methylation, even after controlling for age, BMI
and baseline VO2max, highlighting that chronic PA may convey
protective effects due to inhibition of DNMT activity that may
result in aberrant DNA methylation at particular sites which
could promote tumorigenesis. 
Turning attention now to another globally relevant disease,
T2DM patients could also potentially benefit from exercise-
related epigenetic modulation. A controlled study on a cohort
of individuals with a family history of T2DM indicates that a
six-month exercise intervention was sufficient to induce alter-
ations in both global and gene-specific methylation, inde-
pendent of family history of T2DM (69). Overall, vastus later-
alis skeletal muscle biopsy showed that hypomethylation
occurred in 115 genes, and hypermethylation occurred in 19
genes. Specifically, hypomethylation of RUNX1 and MEF2A,
key transcription factors involved in exercise training adapta-
tion (48, 61), THADA, associated with T2DM (60), and
NDUFC2, which encodes NADH hydrogenase, the first
enzyme of the oxidative phosphorylation system within the
mitochondrial inner membrane (95), were reported following
the intervention. Additionally, methylation of IL-7, which
stimulates proliferation of lymphocytes, was decreased and
associated with an increase in mRNA expression and serum
concentration post-exercise. A separate analysis of the same
cohort (80) demonstrated that the exercise intervention result-
ed in global adipose tissue hypermethylation, decreased
abdominal adiposity and diastolic blood pressure, and
increased VO2max and HDL. In addition to the “crude” assess-
ment of global methylation, more than likely performed to
enable comparison of results with existing literature, more
gene-specific analyses were also included, and thus it was
confirmed that the intervention indeed facilitated differential
CpG site methylation of subcutaneous adipose tissue. The
majority of sites were located within gene bodies and inter-
genic regions of 18 obesity and 21 T2DM candidate genes,
such as ITPR2, a locus associated with waist-hip ratio (36), as
well as KCNQ1 and TCF712, which have both been implicat-
ed in the pathogenesis of T2DM (60, 87). An inverse relation-
ship between methylation and mRNA expression was
observed for TCF712, in addition to other candidate genes.
Overall, 197 genes showed changes in both methylation level
and mRNA expression, with an inverse relationship reported
in 58% of these.
Not all studies show exercise training programmes to have
an effect on DNA methylation (20), although this is more
than likely due to a number of methodological issues that
have previously been discussed within this paper. The
majority of studies reviewed here indeed agree that a period
of six to 12 months is sufficient to modify gene-specific
methylation of a number of different genes associated with
pathologies such as aging, cancer and T2DM. The signifi-

cance of this on prognosis or long-term clinical outcome is
an important aspect to consider for future investigation,
given the potentially far-reaching implications for public
health.

5.0 – cOnclUsiOn anD FUtURe DiRectiOns

Although the aforementioned studies have begun to charac-
terise the epigenetic response associated with exercise and
inflammation, much of the available research has been con-
ducted in the context of pathologies with an inflammatory
component. For the scientific community to achieve a thor-
ough understanding of the relationship between exercise,
inflammation and the epigenome, we propose that a collabo-
rative interdisciplinary approach is utilised. Research into this
relationship is made more complex by the apparent inter-
changeable roles of inflammation and DNA methylation as
the causative factor; on one hand, hypermethylation can cause
upregulation of inflammation-associated genes, while on the
other hand, pro-inflammatory cytokines can regulate expres-
sion of DNA methyltransferases. It remains to be clarified
whether the inflammatory state associated with intense exer-
cise causes detrimental modifications to the epigenome; in
vitro studies suggest that this could be the case, which could
potentially predispose athletes to disease. Conversely, since
regular moderate exercise is known to reduce chronic inflam-
mation, the health beneficial effects of regular exercise may
be due in part to favourable epigenetic changes. This, there-
fore, suggests that there is potential for novel epigenetic-
based preventative and therapeutic strategies through non-
pharmacologic methods such as lifestyle manipulation.
From our review of the literature, a few points to consider in
the technical design of an epigenetic study have also become
evident. Firstly, it is clear that the original method of global
methylation assessment is not sufficient in isolation, and that
gene-specific analyses are now required to provide accurate
information that adds to the scientific knowledge base, partic-
ularly when studying epigenetic markers that increase suscep-
tibility to a disease.  Secondly, future research should attempt
to identify regions in the genome which may be particularly
susceptible to epigenetic modification in response to exercise,
and to investigate to what extent differences in activity type,
duration or intensity may yield differential effects.  Thirdly, it
has been shown that variation of DNA methylation is greater
between tissues (liver, heart and kidney) than between species
(human and chimpanzee) (75), while another study (49)
reported that CpG methylation of a single gene varies between
muscle, kidney, colon, heart and brain. Even within blood,
considerable variation exists between cells (45, 77). These
findings highlight the need to look at tissue- and even cell-
specific differences.  Fourthly, it is important to keep in mind
that although epigenetic modification such as DNA methyla-
tion is most probably a dynamic phenomenon, both the
longevity and degree of reversibility of these adaptations are
largely unknown at this stage. In the context of disease,
reversibility has been demonstrated by the treatment of cuta-
neous T cell lymphoma with HDAC inhibitors, and myelodys-
plastic syndrome with DNMT inhibitors, which comprise the
first generation of epigenetic drugs to be approved (58). How-
ever, in the absence of pharmacological intervention, as dis-
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Study Population Activity Measurement Results 
Habitual PA      
Zhang et al (2011) 131 men/women, >45 years, various 

ethnicities, no history of heart/kidney 
disease or cancer. 

PA assessed over 4 days using 
accelerometry. 

GM (LINE-1) in peripheral blood.  >30 minutes of PA per day = � LINE-1 
methylation compared with those who 
performed <10 minutes per day. 
 

White et al (2013) 647 women, aged 35-74, non-
Hispanic, sister diagnosed with BC. 

PA (hours per week) retrospectively 
recalled for ages 5-12, 13-19 and 
previous 12 months. 

GM (LINE-1) in peripheral blood.  PA levels above median for all 3 time 
periods = significantly � GM vs. those 
below median. 
 

Luttropp et al (2013) 509 men/women, aged 70, healthy. Self-reported weekly PA participation 
assessed.  

GM (LUMA) in leukocytes.  GM significantly correlated with activity 
level (after adjustment for gender, 
systolic and diastolic blood pressure, 
LDL and HDL cholesterol, serum 
triglycerides, smoking status and BMI). 
 

Zhang et al (2012) 165 men/women, aged 18-78, college 
commuters. 

Block adult energy expenditure survey 
(assesses frequency and duration of 26 
activities within the past year). 
 

GM (LINE-1) and IL6 PM in 
leukocytes. 

No association between PA and LINE-1 
methylation, or PA and IL6 PM. 
 

Shaw et al (2014) 253 white males, 137 white females. 
Elderly. 

Self-reported PA energy expenditure 
assessed over 8 years. 

Quantitative methylation-specific 
PCR of leukocytes. 

Hypermethylation of TNF in those who 
increased PA energy expenditure by 500 
kcal or more per week. Hypomethylation 
of IL-10 in those who increased vs. those 
who decreased by 500 kcal or more per 
week.  
 

Ren et al (2012) 237 female tai chi practitioners 
compared with 263 female beginners, 
aged 45-88.  

Experienced practitioners defined as >3 
years, while beginners had just enrolled 
in beginner classes.  

Saliva DNA isolated from 
mouthwash, with methylation 
quantified at 60 CpG sites.  

Differential methylation of 6 CpG sites 
in the experienced, compared with 
beginner, group. 
 

Disease-specific     

Coyle et al (2007) 106 women without BC diagnosis, 
mean age = 43 years. 

Interviewer-administered lifetime PA 
questionnaire. 

PM of APC and RASSF1A genes in 
biopsied breast tissue.  

Lifetime, previous 5 years, and previous 
year PA inversely correlated with PM of 
APC but not RASSF1A. 

Yuasa et al (2009) 106 male/female primary gastric 
carcinoma patients. 

Self-administered pre-cancer PA 
history questionnaire.  

Methylation of 6 tumour-related 
genes; CDX2, BMP-2, p16, 
CACNA2D3, GATA-5, ER 
following tumour biopsy.  
 

PA inversely correlated with CACNA2D 
methylation.  

Acute Exercise      
Barrès et al (2012) 14 sedentary, healthy men/women. Acute bout: cycle ergometer VO2peak 

test. 
GM of vastuslateralis skeletal 
muscle. PM of selected genes also 
quantified.  

GM reduced following the acute exercise 
bout. PM decreased at PGC1�, PDK4 
and PPAR�. No change in PM of 
MEF2A or MYoD1. 
 

Robson-Ansley et al 
(2014) 

8 healthy, trained men. Acute bout: 120 minutes of treadmill 
running at 60% vVO2maxfollowed by 
5km time trial.  

HumanMethylation27 Beadchip 
analysis of PBMC samples.  

GM and CpG site-specific methylation 
remained unchanged. IL-6 protein levels 
correlated with CpG methylation at 11 
CpG sites.  
 

Exercise Interventions     
Nakajima et al (2010) 162 controls (aged 40-87), 274 

exercise group (aged 41-86), 37 
young controls (aged 18-22), healthy, 
Japanese. 

6 months of several sets of 3 minute 
low-intensity walking at 40% of 
VO2peak, followed by 3 minutes of high 
intensity walking above 70% VO2peak, at 
least 2 days per week. Tracked by 
accelerometry. 
 

Peripheral blood ASC gene 
methylation. 

ASC methylation decreased with age, 
while the exercise intervention 
attenuated this age related decrease. 

Zeng et al (2011) 12 women (6 = exercise intervention, 
6 = control), BC diagnosis. 

6 months of 150 minutes of moderate 
intensity treadmill exercise. 

HumanMethylation27 Beadchip 
analysed 27,578 CpG sites in 
peripheral blood leukocyte/tumour 
samples.  

Methylation of 43 genes were altered, 6 
were associated with overall survival 
(IFT172, EPS15, GLUD1, PPP2R3A, 
MSX1, L3MBTL1). Concordance 
between blood and tumour samples. 
 

Bryan et al (2013) 64 sedentary men/women, mean age 
= 29 years. 

Psychologically tailored materials 
designed to increase PA participation 
over 12 months.  

Methylation of 45 CpG sites from 
saliva samples. 

Post-intervention, self-reported PA score 
inversely correlated with methylation 
(after controlling for age, BMI and 
baseline VO2max). 
 

Nitert et al (2012) 15 men with a first-degree FH of 
T2DM, and 13 men without.  

6 months of 1 hour of spinning and 2x1 
hour aerobic class per week. 

Genome wide analysis (MeDIP) of 
vastuslateralis muscle biopsy. 

Hypomethylation of 115 genes, and 
hypermethylation of 19 genes. 

Rönn et al (2013) 15 men with a first-degree FH of 
T2DM, and 16 men without. 

6 months of 1 hour of spinning and 2x1 
hour aerobic class per week. 

Genome wide analysis 
(HumanMethylation450 Beadchip) 
of subcutaneous adipose tissue of 
the right thigh.  

Changes in methylation of 24 CpG sites 
in 18 candidate obesity genes, and 45 
CpG sites in 21 candidate T2DM genes.  
 

Duggan et al (2014) Postmenopausal, healthy, overweight 
women aged 50-75 (70 = exercise 
intervention, 59 = control). 

12 months of 3 supervised aerobic 
sessions (treadmill walking, cycling) 
per week, with encouragement to 
complete at least 2 more sessions at 
home. 
 

GM (LINE-1) of leukocytes. No sig. change in GM. 

PA = Physical Activity; BC = Breast Cancer; GM = Global Methylation; PM = Promoter Methylation; LINE-1 = Long Interspersed Nuclear Element 1; LUMA = Luminometric Methylation 
Assay; PCR = olymerase hain eaction; PBMC = eripheral lood ononuclear ells; BMI = ody ass ndex; FH = Family History; T2DM = Type 2 Diabetes Mellitus; MeDIP = 
Methylated DNA Immunoprecipitation.�
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cussed elsewhere in this review in the context of glucocorti-
coid sensitivity, epigenetic changes appeared to persist rela-
tively longer. The notion that exercise may potentially be able
to reverse epigenetic-induced aberrations in gene expression
associated with disease pathogenesis, thereby suppressing the
disease state, is an exciting new avenue to pursue in exercise
science. Finally, in terms of exercise, the available, published
epigenetic studies have focused on therapeutic training inter-
ventions and anti-inflammatory outcomes, employing moder-
ate intensity exercise training protocols.  However, in con-
trast, the effect of strenuous or excessive exercise on epigenet-
ic modulation has received scant attention leaving a potential-
ly fruitful avenue for future researchers to investigate, and
would allow more extensive characterisation of the precise
relationship between exercise-induced inflammation and epi-
genetic regulation. 
We have identified three important burning issues or ques-
tions that still need to be addressed within in this domain.
Firstly, the optimal intensity, duration and mode of exercise
that would elicit beneficial changes to the methylome needs to
be established. Protocols used in training studies that have
shown peripheral benefits in terms of inflammation are proba-
bly a good starting point. Secondly, to inform on potential tar-
get sites susceptible to epigenetic modification, the exact
molecular mechanisms by which these changes are regulated
needs to be elucidated. Thirdly, other factors contributing to
the complexity of the exercise-inflammation relationship have
not received much attention. For example, there is a close
relationship between inflammation and oxidative stress, and
thus, the possibility of this as another causative factor within
the context of exercise, should be investigated. Similarly, the
high-carbohydrate diet traditionally consumed by athletes is
now associated with inflammation in the context of heart dis-
ease, but this potential role player has not been the focus of
exercise studies with an epigenetic focus. 
In conclusion, the need to further understand the effects of
both unaccustomed and more moderate, habitual exercise on
inflammation in the context of epigenetic mediators and sig-
nalling pathways  is essential if we are to fully understand the
way in which changes occur. With the application of consid-
ered, standardised techniques and study design, inclusion of
an epigenetic approach to exercise-related research may add
vital information that would otherwise have remained elusive. 
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The role of inflammation in skeletal muscle adaptation to
exercise is complex and has hardly been elucidated so far.
While the acute inflammatory response to exercise seems to
promote skeletal muscle training adaptation and regenera-
tion, persistent, low-grade inflammation, as seen in a multi-
tude of chronic diseases, is obviously detrimental. The regula-
tion of cytokine production in skeletal muscle cells has been
relatively well studied, yet little is known about the compensa-
tory and anti-inflammatory mechanisms that resolve inflam-
mation and restore tissue homeostasis. One important strate-
gy to ensure sequential, timely and controlled resolution of
inflammation relies on the regulated stability of mRNAs
encoding pro-inflammatory mediators. Many key transcripts
in early immune responses are characterized by the presence
of AU-rich elements (AREs) in the 3’-untranslated regions of
their mRNAs, allowing efficient fine-tuning of gene expression
patterns at the post-transcriptional level. AREs exert their
function by recruiting particular RNA-binding proteins,
resulting, in most cases, in de-stabilization of the target tran-
scripts. The best-characterized ARE-binding proteins are
HuR, CUGBP1, KSRP, AUF1, and the three ZFP36 proteins,
especially TTP/ZFP36. Here, we give a general introduction
into the role of inflammation in the adaptation of skeletal
muscle to exercise. Subsequently, we focus on potential roles
of ARE-binding proteins in skeletal muscle tissue in general
and specifically exercise-induced skeletal muscle remodeling.
Finally, we present novel data suggesting a specific function
of TTP/ZFP36 in exercise-induced skeletal muscle plasticity.

Keywords: skeletal muscle, exercise, regeneration, inflam-
mation, resolution of inflammation, cachexia,
mRNA stability, AU-rich element binding protein
(ABP), ZFP36/TTP, HuR 

1. inFlaMMatiOn anD sKeletal
MUscle Plasticity

Skeletal muscle shows an enormous plasticity to regulate its
functional, structural and metabolic properties in order to
adapt to varying physiological demands. Specifically, skeletal
muscle maintenance, remodeling, growth, and repair depend
on sequential gene expression programs that orchestrate com-
plex protein synthesis and degradation pathways to determine
fiber type composition and metabolic profiles, as well as
satellite cell activation status and myogenic differentiation
(22, 67). Prolonged disturbance of metabolic and immune
homeostasis inevitably results in loss of skeletal muscle mass,
power and/or functional capacity, as evidenced during aging
(sarcopenia), inactivity (atrophy), or disease (cachexia). In
particular, chronic diseases with features of persistent inflam-
mation and immune dysregulation profoundly impair skeletal
muscle strength, endurance capacity, and regeneration poten-
tial. Examples of clinical conditions associated with excessive
loss of muscle mass and strength include atherosclerosis and
cardiovascular conditions, rheumatoid arthritis, chronic
obstructive pulmonary disease, obesity, and type-2 diabetes,
as well as several malignant diseases (3, 92, 106, 109).
Physical activity is well recognized as an important strategy
not only to prevent, but also to improve and—in some
cases—even cure chronic inflammatory disease states which
threaten to become the worldwide scourge of the new mil-
lennium (142). In recent years, an intricate crosstalk
between skeletal muscle tissue and multiple levels of host
immunity has become apparent. Specifically, myocytes are
capable of producing a variety of immune-relevant recep-
tors, mediators, attractants, and immunomodulatory
cytokines. In this way, insulted, mechanically stretched, as
well as contracting muscle fibers have a remarkable capaci-
ty to specifically alter the local inflammatory milieu, and
thus, to attract distinct subsets of leukocytes that exert
essential supportive functions in skeletal muscle adaptation,
remodeling, and repair processes (56, 60, 91, 118). This
inflammatory response is both an inevitable consequence of
myofiber damage by eccentric overload, but also an indis-
pensable prerequisite for subsequent structural remodeling
and functional adaptation of skeletal muscle tissue (for
review, see 95, 108). How this response is fine-tuned to
meet the specific demands of different exercise regimens is
only poorly understood.
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Quite evidently, a short-lived inflammatory response, initiat-
ed or promoted by the exercising muscle itself, is necessary
to initiate its adaptation to exercise. By contrast, chronic sys-
temic inflammation, as well as a disturbed metabolism, have
a profound negative impact on skeletal muscle homeostasis,
resulting in unbalanced proteolytic activity and impaired
regenerative capacity (for review see 8, 9, 23, 70, 81, 87).
Conversely, the exercising muscle seems well-equipped with
signaling devices to actively resolve inflammatory responses,
and thus, to prevent and even counteract chronic inflamma-
tion.
Surprisingly, while the mediators and signaling pathways that
initiate and promote the inflammatory response are relatively
well known, little is known on the question how acute inflam-
mation resolves to prevent chronic inflammation. We have to
consider the fact that inflammation generally does not pas-
sively subside, not even when the initial trigger has ceased.
By contrast, resolution of inflammation is an active process
that involves activation of multiple well-timed counter-regu-
latory mechanisms that promote a sequential, timely and con-
trolled decline of the inflammatory response (for review, see
28, 93, 97, 123). With regard to skeletal muscle, there are still
large knowledge gaps concerning the molecular pathways that
are involved in disrupting the physiological inflammatory
phase during repair and remodeling, thereby allowing proper
return to homeostasis.
It has long been thought that the magnitude and duration of an
inflammatory response is mainly controlled by the transcrip-
tional up-regulation of anti-inflammatory as well as by the
repression of pro-inflammatory gene activity. However, in
recent years, a plethora of post-transcriptional regulatory
mechanisms have emerged that are involved in immediate and
effective fine-tuning of gene expression programs at multiple
levels. There is increasing evidence suggesting that proper
regulation of inflammatory gene expression, besides tran-
scriptional regulation, involves a variety of post-transcription-
al checkpoints that function at the levels of mRNA splicing,
mRNA polyadenylation, mRNA stability, and protein transla-
tion (for review, 36). Among these, particularly regulated
decay of mRNAs encoding inflammatory mediators emerges
as an important inflammatory control mechanism.
Many inflammatory key transcripts are equipped with
adjustable “sell by date” labels, located within their 3’-
untranslated regions (3’-UTRs). Specific RNA-binding pro-
teins recognize these labels and decide whether to postpone or
extinguish the ‘expiration date’, thereby allowing immediate
control of inflammatory transcript levels. Remarkably, similar
control mechanisms can orchestrate gene expression in the
stepwise differentiation of tissue-specific stem cells, such as
satellite cells, in skeletal muscle tissue. In the following
review, we focus on the most important mRNA de-stabilizing
motif, the adenylate/uridylate (AU)-rich element (ARE),
which is present in a broad variety of mRNAs encoding
inflammatory mediators and cell cycle regulators. We will
summarize accumulating knowledge on ARE-mediated gene
expression control during myogenic differentiation, and dis-
cuss its potential relevance in orchestrating the inflammatory
response of skeletal muscle tissue to physical exercise.
Specifically, we discuss the effects of different ARE-binding
proteins in skeletal muscle regeneration, remodeling and
repair processes.

2. RegUlatiOn OF mRna staBility
By aRes

AU-rich elements (AREs), located within the 3’-UTRs of 8-
10% of all human transcripts, are the most common recruiting
motifs (cis-acting factors) for RNA-binding proteins (trans-
acting factors) (14). They all contain one or more core pen-
tamers (AUUUA), often arranged in tandem repeats, and inte-
grated in a U-rich region (158). Generally, AREs are character-
istic for mRNAs encoding short-lived proteins, such as proto-
oncogenes, cell cycle regulators, and—most importantly—
pro-inflammatory cytokines (73). Upon binding to their target
sequences, ARE-binding proteins (ABPs) exert specific effects
on the respective transcripts. These effects include regulation
of their translation, intracellular localization/transport, interac-
tion with miRNAs, as well as their stabilization/destabiliza-
tion. In general, destabilizing ABPs stimulate poly(A) shorten-
ing and decapping of their target transcripts, and subsequent
5’-3’ or 3’-5’ exonuclease degradation (Fig.1, for review, see
98).

Within the last few years, specific algorithms, like AREScore
(126), as well as databases, such as ARED (14) or AREsite
(58), have been established to gather and connect information
on AREs and ABPs. Using these devices, it is now possible to
identify (potential) AREs, to investigate selected AREs in
more detail, and to gain information on experimentally vali-
dated targets for specific AREs.  .
Relatively well-characterized ABPs include the human anti-
gen R (HuR), the CUG-binding protein 1 (CUGBP1), the KH-
type splicing regulatory protein (KSRP), the AU-rich element

Fig.1. General mechanism of ARE-mediated mRNA decay. Upon
binding to the AU-rich element (ARE) in the 3’ untranslated region
(3’UTR) of the target transcript, ABPs (ARE-binding proteins) activate
degradation of the poly(A) tail (deadenylation) and removal of the 5’
cap structure (decapping), resulting in subsequent recruitment of the
exosome, and eventual 3’-5’- or 5’-3’ exonucleolytic decay.
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RNA-binding protein 1 (AUF1), and members of the triste-
traprolin (TTP) family of tandem CCCH zinc finger proteins
(ZFPs). Whereas HuR binding generally (but not exclusively)
stabilizes the respective target transcripts, binding of
CUGBP1, KSRP, AUF1, or TTP proteins commonly promotes
destabilization of mRNAs and initiates their rapid decay. This
can lead to temporal and spatial competition of antagonistic
ABPs for the same mRNA binding sites. In turn, this allows

translational control of the respective targets in a refined man-
ner (for review, see 1). For a summary of these five ABPs and
their characteristics, see Table 1.

3. aBPs in sKeletal MUscle DevelOP-
Ment, gROwth anD RegeneRatiOn

Thanks to a small population of dormant myogenic stem cells,
termed satellite cells, adult skeletal muscle tissue has a
remarkable capacity to regenerate and restore its structure and
function after acute injury (for review, see 146). Upon activa-
tion, satellite cells partly recapitulate some myogenic path-
ways of embryonic muscle development by use of analogous,
but not necessarily identical, mechanisms. Similar to their
embryonic counterparts, the so-called myoblasts, satellite
cells are capable of self-renewal and new fiber formation.
When activated, they undergo a staged and controlled process
of proliferation, fusion and differentiation. Each step is
dependent on a timely sequence of activation and resolution
of stage-specific differential gene expression patterns (150).
It appears that ABPs are essential gatekeepers and caretakers
to ensure controlled progression through the myogenic differ-
entiation program (for review, see 7). In particular, ABPs are

involved in regulating the transition from myoblasts to
myotubes. The latter is a complex process, requiring the well-
coordinated crosstalk of a multitude of external and internal
stimuli. These stimuli include growth factors and proteins of
the extracellular matrix, signal transduction pathways, tran-
scription factors, and cell cycle regulatory proteins. Of partic-
ular importance are the myogenic transcription factors of the
MRF (myogenic regulatory factor) and MEF2 (myocyte

enhancer factor-2) families, as well as diverse cell cycle stim-
ulators (e.g., cyclin D1) and inhibitors (e.g., p21) (reviewed in
89).
In the following section, the specific roles of the five ARE-
binding proteins mentioned above (i.e., HuR, CUGBP1,
KSRP, AUF1, and ZFP36/TTP) in skeletal muscle cells will
be discussed in more detail.

HuR (human antigen R)
HuR is a member of the ELAV-1 (embryonic lethal abnormal
vision in Drosophila) protein family. The HuR gene is
believed to be ubiquitously expressed in all tissues and cell
types. HuR is involved in the regulation of a multitude of
processes, such as proliferation, cell death, and inflammation.
In contrast to most other ABPs that promote mRNA degrada-
tion, HuR generally stabilizes its target mRNAs and promotes
enhanced translation (for review, see (143)). Thus, it appears
that differential occupation of 3’UTR-binding sites by HuR
versus other ABPs can antagonistically dictate the posttran-
scriptional fate of target transcripts.
During myogenic differentiation, the nuclear import of HuR is
blocked by a caspase-dependent mechanism, resulting in
cytoplasmic accumulation of the protein (16). Cytoplasmic
HuR has been shown to stabilize several transcripts that are

�
�

 �

         �

 HuR 
(human 

antigen R) 

CUGBP1 
(CUG-binding 

protein 1) 

KSRP 
(KH-type 
splicing 

regulatory 
protein) 

AUF1 
(AU-rich 

element RNA-
binding 

protein-1) 

ZFP36 
(zinc finger 
protein 36) 

ZFP36L1 
(zinc finger 
protein 36 

like 1) 

Alternative 
names 

ELAV-like 
protein 1 - KHSRP hnRNP D 

Tristetraprolin 
(TTP), TIS11, 

Nup34 
TIS11B, ERF1, 
BRF1, berg36 

Main effect 
on ARE-

containing 
transcript 

Stabilization Destabilization Destabilization Destabilization Destabilization Destabilization 

Other 
effects 

Regulation of 
translation 

Regulation of 
mRNA splicing 
and translation 

mRNA splicing, 
miRNA 

processing 

mRNA 
stabilization, 
regulation of 
translation 

Regulation of transcription, 
translation, mRNA transport, 

interaction with miRNA pathways 

Induction 
in muscle 

during 
exercise 

Chronic 
electrical 

stimulation 
(rat) 
(78) 

Treadmill 
exercise 
(mouse) 

(88) 
 

Chronic 
electrical 

stimulation (rat) 
(78) 

Treadmill 
exercise 
(mouse) 

(88) 

Eccentric 
exercise 
(human) 

(68) 
Treadmill 
exercise 
(mouse) 

(this study) 
Cycling exercise 

(human) 
(this study) 

 

  � �

Tab.1. Overview of all ABPs discussed in this review.
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essential for myogenesis. These include, for example, the
myogenic transcription factors MyoD and myogenin, as well
as the p21 transcript whose translation product enhances
myoblast exit from the cell cycle (51, 125). In the early phase
of myogenesis, HuR appears to stabilize the mRNA encoding
the cell cycle regulator cyclin D1, thereby allowing myoblast
proliferation and subsequent expansion of the pool of myo-
genic cells. At later stages, HuR dissociates from the cyclin
D1 mRNA, which, as a consequence, becomes less stable,
thus paving the way for the cells to exit the cell cycle and
enter the differentiation program (for review, see 6). More-
over, at the early stages of myogenesis, HuR seems to ‘collab-
orate’ with its counterpart KSRP (see below), a known desta-
bilizer of the p21 and myogenin transcripts, by promoting the
rapid decay of the mRNA encoding the cell cycle promoter
nucleophosmin (31).
HuR also appears to play a role in the development of the neu-
romuscular junction. Increased levels of mRNA encoding
acetylcholinesterase in differentiated myotubes versus undif-
ferentiated myoblasts have in part been attributed to the stabi-
lizing effect of ARE-mediated HuR binding (45, 46). HuR has
further been shown to promote the translation of the endoge-
nous danger signaling molecule HMGB1 (high-mobility-
group box 1), which promotes inflammatory as well as tissue
repair processes upon its release during infection, injury, or
strenuous exercise (17, 32). In skeletal muscle, HMGB1
expression is up-regulated during regeneration, and the
HMGB1 protein has been shown to promote the commitment
of myoblasts to myogenesis (112). Obviously, this process has
to be tightly controlled. Here, HuR exerts a key regulatory
function by antagonizing miRNA-mediated translational
repression of HMGB1 (49).
Finally, HuR is a good example for the frequent observation
that the same ABP may exert divergent and even opposing
functions on the same target transcript. These functions
depend on the respective external trigger, the ABP’s intracel-
lular localization, its binding partner, or its phosphorylation
status. For instance, in cachectic muscle, HuR does not seem
to be involved in the induction, but rather in the repression of
myogenic differentiation. Here, HuR, being predominantly
confined to the nucleus, appears to be a driving force towards
inflammation-associated degradation of the MyoD transcript.
In particular, HuR stabilizes and promotes nuclear export of
the iNOS gene transcript, encoding the inducible nitric oxide
synthase, thereby enhancing production of NO as well as sub-
sequent formation of peroxynitrite, which has been shown to
decrease mRNA levels of MyoD (47).

CUGBP1 (CUG-binding protein 1)
CUGBP1 belongs to a protein family termed CELF (CUG-
BP- and ETR-3-like factors). The protein not only binds to
AREs, but, as its name indicates, also to GC- and GU-rich ele-
ments, and, as a consequence, regulates not only mRNA sta-
bility, but also other features, such as translation or mRNA
splicing (for review, see 143).
Particularly interesting is the binding of CUGBP1 to the
tumor necrosis factor (TNF)-α transcript, since the role of this
cytokine in myogenesis is complex and not completely under-
stood. On the one hand, prolonged exposure to elevated levels
of TNF-α inhibits myogenesis, and promotes muscle wasting
and cachexia (for review, see (96)). On the other hand, a cer-

tain amount of this cytokine appears to be necessary to allow
progression of early myogenesis, characterized by expansion
of the pool of myogenic cells and early differentiation steps
(for review, see 138). Thus, CUGBP1 might be an important
player here, regulating TNF-α mRNA stability in a well-coor-
dinated manner and, as a consequence, restricting TNF-α
autocrine effects on the muscle cells themselves (155).
Finally, CUGBP1 is involved in the pathogenesis of myotonic
dystrophies, multisystemic disorders associated with myoto-
nia, muscle atrophy, and muscle weakness. Here, expanded
(C)CTG repeats within the non-coding regions of specific
mRNAs appear to be targeted for enforced degradation by
CUGBP1 and MBNL1 (muscleblind-like 1), another RNA-
binding protein (for review, see 139). 

KSRP (KH-type splicing regulatory protein)
KSRP is a member of the FUSE (far upstream element bind-
ing) protein family. The protein appears to be involved in the
regulation of RNA splicing and miRNA processing, however,
its role as an ARE-dependent mRNA decay factor has been
most extensively studied. The binding of KSRP and HuR to a
specific ARE is mutually exclusive. Thus, these two factors
are considered as competitors with regard to binding to a par-
ticular transcript, especially since they exert opposite effects
(destabilization versus stabilization) on their targets (for
review, see 24).
Interestingly, the MyoD, myogenin, and p21 transcripts, which,
as mentioned, are important HuR targets, can also be bound by
KSRP. Early in myogenesis, when cells still proliferate, the pre-
dominant binding partner for these transcripts is KSRP, which
induces their destabilization and rapid decay. Upon the initia-
tion of differentiation, activation of p38 mitogen-activated pro-
tein kinase (MAPK) leads to phosphorylation of KSRP, which
reduces its affinity for the AREs in the 3’-UTR of the three
mRNAs (7, 24, 25, 75). By contrast, these mRNAs are stabi-
lized by increasing cytosolic HuR levels, as mentioned above.
The physiological relevance of KSRP in skeletal muscle is fur-
ther underscored by the phenotype of KSRP-deficient mice,
which show defects with respect to skeletal muscle regenera-
tion, suggesting a crucial role for KSRP in this process (26).

AUF1 (AU-rich Element RNA-binding)
The AUF1 protein family consists of four members (p37, p40,
p42, and p45), which are generated by alternative splicing of
the same transcript. AUF1 proteins predominantly promote
mRNA decay; nevertheless, they have also been described to
engage in other activities, such as RNA stabilization and
translation. Their target transcripts mainly encode mediators
of the inflammatory response, such as cytokines, but also
proto-oncogenes, such as c-myc and c-fos, and cell cycle reg-
ulators (for review, see 148). Because these factors are central
players in myogenesis (48), it is likely that AUF1 proteins
regulate this process in a similar manner to HuR, CUGBP1,
and KSRP, even though this has not been studied in detail.
Furthermore, it is interesting that AUF1 can also influence the
impact of transcripts encoding regulators of myogenesis
through mechanisms other than transcript (de)stabilization.
Specifically, binding of AUF1 to the 3’-UTR of the MEF2C
transcript promotes translation of the latter, without affecting
mRNA stability (99). The respective mechanism awaits fur-
ther investigation.
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ZFP36 (Tristetraprolin, TTP)
The ZFP36 family of zinc finger proteins was discovered in
1989, when cultured fibroblasts were stimulated with tetrade-
canoylphorbol 13-acetate (TPA), in search of rapidly induced
target genes (141). The acronym “TIS” in the alternative name
“TIS11” thus stands for “TPA-induced sequence”.
Tristetraprolin (ZFP36/TTP, TIS11, Nup34) is the founding
member of the ZFP36 family of ABPs. In humans, this family
comprises two other proteins, namely ZFP36L1 (TIS11B,
ERF1, BRF1, berg36) and ZFP36L2 (TIS11D, BRF2), while
in rodent placenta, a fourth ZFP36 protein family member
(ZFP36L3) has been identified (20).
All ZFP36 proteins share a tandem zinc finger motif, which
mediates their binding to AREs (53). Otherwise, ZFP36L1
and ZFP36L2 are more similar to each other than each one of
them to ZFP36. Known ZFP36 targets are mainly transcripts
encoding pro-inflammatory cytokines, such as the TNF-α
transcript, but also mRNAs coding for growth factors, such as
VEGF, or cell cycle regulators (e.g., cyclin D1 or p21). For a
summary of the most important ZFP36 targets, see Table 2.
Expression of the ZFP36 genes themselves is particularly and

immediately induced by pro-inflammatory cytokines. Thus, it
appears that these ABPs  function as ‘rapid reaction force’ to
efficiently attenuate inflammatory gene expression at the
post-transcriptional level by immediately destabilizing tran-
scripts encoding pro-inflammatory cytokines (for review, see
15, 40, 116). 
Besides their function as mRNA-destabilizing agents, ZFP36
proteins act as regulators of transcription, translation, and
RNA transport. In addition, a complex crosstalk with miRNA
pathways has been described (71). These diverse, and occa-
sionally opposing, functions seem to be determined by multi-
site post-translational modifications. Specifically for
ZFP36/TTP, a complex pattern of phosphorylation, which reg-
ulates the protein’s mRNA binding activity, as well as its
interaction with other proteins and its nucleocytoplasmic shut-
tling, has been demonstrated (for review, see 15, 40, 116).
Moreover, ZFP36 has been shown to bind to the ARE of its
own gene transcript, suggesting the existence of an auto-regu-
latory feedback loop (137). In addition, interestingly, tran-
scription of the HuR gene is regulated by ZFP36/TTP, indicat-
ing intimate regulatory connections between these two path-
ways (4).

Furthermore, in addition to regulating the stability of mRNAs
encoding pro-inflammatory cytokines, ZFP36/TTP can also
influence inflammation through an alternative mechanism. The
protein has been shown to directly interact with the p65 subunit
of NF-κB (nuclear factor kappa B), a transcription factor which
plays a central role in inflammatory signaling pathways. Bind-
ing of ZFP36/TTP to p65 attenuates NF-κB nuclear transloca-
tion, and thus prevents the transcriptional activation of NF-κB
target genes, including those encoding pro-inflammatory
cytokines (59, 82, 120). In addition, ZFP36/TTP appears to
recruit specific histone deacetylases to NF-κB target promoters,
thereby repressing NF-κB-dependent transcription (82). Taken
together, ZFP36/TTP appears to regulate inflammation in a
highly complex manner at multiple levels (Fig.2).
Despite a significant overlap with regard to their mRNA tar-
gets, the functions of the three ZFP36 proteins are probably
mostly non-redundant. ZFP36/TTP knockout mice are viable
but exhibit a hyperinflammatory phenotype with features of
cachexia, conjunctivitis, and dermatitis (136). Deletion of the
ZFP36L1 gene is lethal in embryogenesis, and ZFP36L2-defi-
cient mice die during the early postnatal period, mainly as a

result of defective hematopoiesis (Table 2) (19, 133, 134). 
To date, only very few data are available on potential regula-
tory functions of ZFP36 proteins in the skeletal muscle con-
text. However, interestingly, findings by Geyer et al. indicate
that nicotinergic stimulation of skeletal myotubes, mimicking
activation of the motor endplate by neuronal signals, leads to
increased ZFP36/TTP levels. This results in reduced inflam-
mation, as reflected by decreased production of pro-inflam-
matory cytokines (54). Thus, it appears that ZFP36/TTP,
besides functioning in inflammation and repair, might also be
involved in multiple signaling cascades of skeletal muscle
homeostasis.
Finally, specific ZFP36 proteins might also play an important
role in skeletal muscle regeneration, which might be an
important feature in the regulation of skeletal muscle adapta-
tion to exercise. As early as in 2002, Sachidanandan and col-
leagues demonstrated induction of ZFP36/TTP expression
after skeletal muscle injury, presumably in satellite cells, sug-
gesting that ZFP36/TTP might play a role in the regulation of
skeletal muscle regeneration (114). Similarly, in 2008, we
demonstrated induction of ZFP36L1/TIS11B gene expression
in skeletal myoblast differentiation. Most importantly, we also

�
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Tab.2. Characteristics of the ZFP36 protein family. 
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reported differential expression of this gene in skeletal muscle
tissue from dystrophic mdx mice when compared to normal,
healthy mice. Because mdx mice undergo continuous cycles
of skeletal muscle degeneration and regeneration, this finding
further supports a role of ZFP36 proteins in skeletal muscle
regeneration (30).

4. aDaPtatiOn OF sKeletal
MUscle tO exeRcise,

inFlaMMatiOn, anD aBPs

Adult skeletal muscles are composed of heterogeneous fiber
types that differ in the molecular organization and structure of
the contractile apparatus and with respect to metabolic charac-
teristics. Dependent upon mode (endurance/resistance), con-

traction type (concentric/eccentric), duration and intensity,
physical exercise provokes dynamic alterations in skeletal
muscle size and fiber type composition, eventually resulting
in long-term adaptations with improved force production,
contraction time, and/or fatigue resistance (for a comprehen-
sive review, see 119).
As outlined in section 1, acute exercise provokes a transient
pro-inflammatory state, which affects whole-body homeosta-
sis and metabolism, and specifically targets local inflammato-
ry circuits in the skeletal muscle microenvironment (13, 106,
145). It appears that a well-controlled inflammatory response
is important for subsequent adaptive and reparative processes,
including satellite cell activation and differentiation (13, 106).
However, the specific contribution of the contracting muscle
itself, either by passive or active release of inflammatory
mediators, is still a matter of controversy. Moreover, hardly
anything is known about the refined mechanisms that are

Fig.2. Reciprocal regulation of mRNA stability by ZFP36/TTP and HuR. Multiple inflammatory pathways involve activation and nuclear translo-
cation of the transcription factor NF-κB to drive inflammatory gene expression. In the course of transcription, the nascent messenger RNA
(mRNA) is spliced, 5’-capped, and 3’-polyadenylated to protect the transcript from exonucleolytic decay. The processed, mature mRNA is
exported to the cytoplasm where the open reading frame (ORF) is translated into functional pro-inflammatory mediators. Many pro-inflammato-
ry transcripts contain AU-rich elements (AREs) in their 3’ untranslated regions (3’UTR) that can be recognized by specific ARE-binding proteins
(ABPs). The destabilizing ABP ZFP36/TTP initiates mRNA degradation by recruiting components of the cellular mRNA decay machinery result-
ing in shortening of the 3’ poly(A) tail, removal of the 5' 7-methylguanosine cap (m7G), and subsequent degradation by 5' and 3' exonucleases.
Moreover, ZFP36/TTP can interact with the p65 subunit of NF-κB to hinder its nuclear translocation, thus preventing the transcriptional activa-
tion of NF-κB target genes. In contrast, binding of the stabilizing ABP HuR to the ARE motif competes with the degradation machinery, fosters
the recruitment to ribosomes, and thus ensures prolonged and enhanced translation. Likewise, specific phosphorylation of ZFP36/TTP by acti-
vation of the p38 and MEKK1-JNK pathways can promote inflammatory activity by preventing the recruitment of the RNA decay machinery to
pro-inflammatory transcripts, as well as by preventing repressive interaction of ZFP36/TTP with NF-κB. Blue lines indicate pro-inflammatory
pathways, anti-inflammatory pathways are marked in orange.
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Fig.3. Induction of ZFP36/TTP expression in exercising skeletal muscle. (A): Expression of ZFP36 in mouse soleus muscle in the sedentary state
(sed), immediately after an acute bout of exercise (run), and after a recovery period of 3 hours (+3h). Male C57BL/6 mice were exercised for one
hour at moderately intense conditions on an electric treadmill and were either killed immediately after the run or placed back in their cages for 3
h of recovery. mRNA was isolated from soleus muscles and quantified by real-time PCR. The detailed experimental procedure has been pub-
lished elsewhere (64). Shown are the arithmetic means and standard deviations from n=8 mice. (B-F): Effect of one hour of cycling exercise at
80% VO2max (262 ± 58 Watt) on gene expression levels of ZFP36 (B), IL-6 (C), and IL6R (E) in the vastus lateralis muscle of 8 endurance-trained
male individuals (VO2max, 67.2 ± 8.9 ml/min/kg). Values were retrieved from a microarray dataset (Affymetrix U219) of microbiopsies taken at
rest, as well as 30 min (+30’) and 3 hours (+3h) after the cycling protocol (unpublished data set). The bar represents the arithmetic mean of nor-
malized log2-transformed expression levels (*P < 0.05, **P < 0.01; paired t-test). In addition, circulating plasma levels of IL-6 were determined
from blood samples taken at rest, as well as 10 min (+10’) and 3 hours (+3h) after the cycling protocol (F). A significant positive association
between individual gene expression levels of ZFP36 and IL-6 could be detected in vastus lateralis at 3 hours after cessation of exercise (D). Data
derive from a multicenter trial performed at the facilities of Sports Medicine at the Universities of Gießen, Ulm, and Tuebingen (see supplemen-
tary methods section for details).
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responsible for both induction and resolution of inflammatory
circuits, and, particularly, regulation of pro- and anti-inflam-
matory mediators, in response to physical exercise.
Myofibrillar disruption in the course of strenuous and eccen-
tric exercise is commonly considered a driving force in exer-
cised-induce inflammatory responses to promote subsequent
muscular adaptations in the course of damage-repair process-
es (101). Experimental muscle damage, as any disruption of
tissue integrity, is known to provoke a transient, and locally
confined inflammatory stage, initially featured by active
recruitment of neutrophils, CD8 T cells, and pro-inflammato-
ry M1-type macrophages (10, 94, 154). Within days, the
leukocyte infiltrate shifts from a pro- to an anti-inflammatory
phenotype, then characterized by predominantly anti-inflam-
matory M2 macrophage subtypes, and, most remarkably,
accumulation of regulatory T cells (10, 29, 74, 110). As out-
lined above, tailored and short-term inflammatory activity, as
well as active resolution of inflammation, are both indispensa-
ble requirements for the promotion of regeneration, repair and
adaptation of skeletal muscle. These processes are intimately
linked by a well-balanced pattern of pro- and anti-inflamma-
tory mechanisms to facilitate return to tissue homeostasis (13,
74). In particular, pro-inflammatory M1 macrophages are nec-
essarily involved in the removal of muscle debris, but have
further been shown to activate satellite cell proliferation by
NO-mediated mechanisms, and through the release of pro-
inflammatory mediators, including interleukin (IL)-6, IL-1β,
TNF-α, and granulocyte colony-stimulating factor (G-CSF)
(10, 13, 110, 111). However, if initial pro-inflammatory sig-
naling is not adequately controlled, M1 macrophages harbor
destructive potential to amplify tissue damage and to block
repair (13, 57, 63). Currently, there is no clear understanding
as to what extent invading phagocytes may initially accelerate
subtle myofiber damages caused by strenuous exercise. More-
over, there is no consensus as to whether exercise-induced
mechanical damage of myofibers is an irrevocable necessity
to promote skeletal muscle adaptation to specific exercise reg-
imens, and whether contracting muscle fibers are capable of
actively recruiting inflammatory cells to set the scene for sub-
sequent remodeling processes, irrespective of a muscle-dam-
aging insult. Indisputably, efficient regeneration and remodel-
ing of damaged muscle fibers depends on a precise coordina-
tion of multiple staged processes, highlighted by the
macrophage skewing from M1 toward M2 phenotypes at the
time of resolution of inflammation (10, 74). M2 macrophages
promote angiogenesis and matrix remodeling, while actively
counteracting destructive immunity through the release of
anti-inflammatory cytokines like IL-10. Moreover, M2
macrophages have recently been shown to contribute to the
recruitment, differentiation and growth of myogenic precursor
cells by production of insulin-like growth factor-1 (IGF-1)
and transforming growth factor-β (TGF-β) (138, 152).
Against this background, it appears obvious that inflammation
and satellite cell dynamics in response to exercise and muscle
injury are intertwined, and have to be tightly controlled with
respect to timing and resolution. If initial pro-inflammatory
signals persist, excessive tissue damage can occur while the
differentiation capacity of satellite cells is impaired. Con-
versely, premature initiation of the anti-inflammatory pro-
gram can also disrupt efficient tissue healing. Similar to the
sequel of inflammatory circuits, satellite cell activation, pro-

liferation, differentiation, and fusion follow a tight schedule.
In particular, whereas the cell cycle regulator cyclin D1
enhances satellite cell proliferation within the first few hours
after activation, the gene encoding the MRF MyoD is upregu-
lated when the cells exit the cell cycle, in parallel with the cell
cycle inhibitor p21. By contrast, myogenin is a rather ‘late’
MRF, being upregulated during differentiation and fusion (for
review, see 138, 152). At present, we are far from a clear
understanding of how contracting myofibers, invading
inflammatory cells and resident stem cells orchestrate their
activities to promote skeletal muscle regeneration and remod-
eling, but also to control and restore tissue homeostasis.
This is where ABPs come into the picture, as they regulate,
restrict, or fine-tune the production of inflammatory media-
tors. Reciprocally, expression of the genes encoding ABPs is
controlled and commonly up-regulated by cytokine- and
growth factor-mediated pathways (1, 2, 143). In addition, as
discussed in detail in section 3, several ABPs control the
expression of genes encoding regulators of satellite cell prolif-
eration, differentiation, and fusion. These include the cell
cycle regulators cyclin D1 and p21, and the MRFs MyoD and
myogenin. Therefore, ABPs might control skeletal muscle
adaptation to exercise at multiple levels.
Against this background, it is surprising that a potential role
for ABPs in skeletal muscle adaptation to exercise has hardly
been analyzed so far. However, a few studies could demon-
strate differential expression of genes encoding ARE-binding
proteins in response to skeletal muscle contraction and/or
physical exercise. Lai et al. showed enhanced expression of
both HuR and AUF1 in rat muscle after electrically stimulat-
ed, chronic contractile activity (78). Matravadia et al. demon-
strated long-term induction of the CUGBP1 and AUF1 genes
in the quadriceps muscle of mice after treadmill training, but
found no effect of acute treadmill exercise on the expression
levels of HuR, CUGBP1, or AUF1 (88). By comparing short
bout effects of eccentric versus concentric exercise in human
vastus lateralis muscle, Chen at al. described a more pro-
nounced expression of ZFP36/TTP following eccentric con-
tractions (38). The same group reported additive effects on
post-exercise ZFP36/TTP expression levels after two repeated
bouts of eccentric exercise, separated by four weeks (68). As
illustrated in Figure 3, our own unpublished data indicate that
endurance exercise is also characterized by a significant up-
regulation of ZFP36/TTP gene expression in the murine
soleus muscle after an acute bout of running exercise (Figure
3A), and in the human vastus lateralis muscle in response to
one hour of intense cycling exercise (supplementary methods;
Figure 3B). These novel data demonstrate immediate up-regu-
lation of ZFP36 gene expression in skeletal muscle in
response to acute endurance exercise.
In particular, simultaneous induction of ZFP36/TTP gene
expression along with ZFP36 target transcripts in skeletal
muscle after exercise suggests the existence of concerted gene
activation programs that ensure immediate modulation of
inflammatory gene expression by the concomitant supply of
balancing ABPs. As exemplified in Figure 3, exercise-induced
levels of the IL-6 transcript are significantly correlated with
the individual magnitude of ZFP36/TTP gene expression in
vastus lateralis muscle after intense cycling exercise (Figure
3D). Likewise, in post-exercise samples, ZFP36/TTP mRNA
levels correlate with the levels of various well-known ARE-



50 •   ARE-binding proteins in exercise adaptation

EIR 21 2015

containing transcripts, including those encoding chemokine
ligand CXCL2, urokinase plasminogen activator PLAU,
thrombomodulin THBD, serum/glucocorticoid regulated
kinase SGK1, and cell cycle regulators like FOS, FOSL1, and
MYC (unpublished data; see supplementary methods section
for details). Interestingly, as outlined by Piccirillo et al.,
simultaneous induction of pro- as well as counter-regulatory
gene expression networks at the transcriptional level, and sub-
sequent establishment of post-transcriptional regulatory
checkpoints is emerging as a rather general mechanism in a
broad variety of settings, allowing rapid changes and adapta-
tions in the proteome in response to inflammatory or metabol-
ic stimuli (104).
An analogous, but even more complex pattern of transcrip-
tional and post-transcriptional feedback control is found when
looking at the tight control mechanisms that determine the
outcome and duration of MAPK signaling cascades. Activa-
tion of MAPK pathways is known to trigger the transcription
of multiple immediately early genes, including enhanced
expression of ABP-encoding genes, as well as genes encoding
dual-specificity phosphatases (DUSPs) which are reciprocally
destined to extinguish MAPK signaling by dephosphorylation
(69). DUSP transcripts contain ARE-binding motifs and are
targeted by ABPs for post-transcriptional regulation, includ-
ing stabilization by HuR (77), or enhanced degradation by
ZFP36/TTP (83), respectively. In addition, as outlined above,
activity, localization, and binding capacity of ABPs is deter-
mined by specific phosphorylation patterns, which in turn are
again controlled by the activity of MAPK signaling cascades
(11).
In this way, inflammatory pathways are intrinsically coupled
to multiple self-regulatory feedback mechanisms, allowing
precise control whether to shut-off, resolve, perpetuate, or
amplify the inflammatory response. It is thus tempting to sug-
gest that ABPs might constitute a highly flexible toolbox in
skeletal muscle to set the balance between pro- and anti-
inflammatory pathways at multiple levels, allowing fine-tun-
ing of inflammatory and functional networks in response to
the demands of different exercise regimens and insults.
The importance of precise and flexible post-transcriptional
coordination of inflammatory responses can be exemplified
by the most extensively studied (but probably least under-
stood) exercise-induced inflammatory mediator, namely IL-6.
Circulating IL-6 functions as a ubiquitous warning signal to
indicate disturbed tissue homeostasis in case of emergent
events. Thus, it is commonly acknowledged that IL-6 serum
levels parallel the onset, progression, and remission of the
exercise-provoked acute inflammatory response (Figure 3F)
(102). Apparently, the contracting muscle itself is triggered to
produce and release IL-6 (127) and to up-regulate expression
of the gene encoding the IL-6 receptor (IL-6R) (Figures 3C,E)
(72). Exogenous IL-6 has further been shown to up-regulate
its own production in skeletal muscle by stabilizing the tran-
scribed IL-6 mRNA, thus fostering a self-promoting feedback
loop of IL-6 signaling in the exercising muscle (147).
Although the true contribution of skeletal muscle to exercise-
provoked IL-6 serum levels is unknown, there is clear evi-
dence that IL-6 seems to be involved in driving metabolic
homeostasis and insulin sensitization (21, 66, 90). Moreover,
IL-6 signaling is beneficially involved in driving muscle
regeneration, satellite cell proliferation and the formation of

myotubes (65, 124, 153). Conversely, persistent elevation of
IL-6 has been associated with muscle wasting in chronic
inflammatory conditions, including cachexia, insulin resist-
ance, and diabetes, as well as in the progression of sarcopenia
(12, 132, 149). Likewise, persistent up-regulation of IL6R
expression, along with other genes involved in inflammatory
pathways, has been observed in skeletal muscle tissue of
women with metabolic syndrome and insulin resistance (107).
Thus, the need for efficient strategies to control the produc-
tion of this cytokine in response to exercise is obvious.
Indeed, recent studies reveal complex and interweaving con-
trolling circuits that regulate IL-6 expression at the post-tran-
scriptional level, governed by specific MEKK1-dependent
phosphorylation patterns of the ABP ZFP36/TTP (120, 121,
156, 157).
Similar to IL-6 signaling, dichotomous functionality in
inflammatory and metabolic responses is characteristic of sev-
eral other inflammatory mediators that are released upon exer-
cise, and are known to be targeted by ABPs. For instance,
CXCL1 and CXCL2, two chemokines involved in neutrophil
and macrophage recruitment in response to exercise and mus-
cle injury (85, 138), have recently been shown to improve fat
oxidation in skeletal muscle (103). However, they are also
implicated in insulin resistance and chronic muscle inflamma-
tion in obesity (105). The transcripts of both chemokines con-
tain ARE elements within their 3’UTRs, and are under recip-
rocal control of HuR and ZFP36/TTP at the post-transcrip-
tional level (43, 50, 54, 61). Similarly, both HuR and
ZFP36/TTP have been implicated in the regulation of
prostaglandin production in inflamed muscle tissue by recip-
rocally targeting COX-2 mRNA (33), thereby shaping M1 and
M2 macrophage polarization (62, 84, 151). It appears that sys-
temic chronic inflammation with dysregulated cytokine sig-
naling interferes with skewing from M1 towards M2 pheno-
types in skeletal muscle, thereby promoting insulin resistance,
fibrosis, fat deposition, exhaustion of the satellite cell pool,
and muscle wasting (44, 52, 111, 113). Accumulating evi-
dence suggests that prostaglandins can promote muscular
pain, chronic inflammation and atrophy, but are also indispen-
sable for driving myogenesis and muscle repair (76). As such,
administration of COX inhibitors has the potential to block
skeletal muscle inflammation, as well as to promote but also
to interfere with the resolution of inflammation (122, 140).
Similarly, administration of glucocorticoids in chronic inflam-
matory conditions may aggravate disease by triggering
expression of atrophy-related genes (FOXO1, atrogin-1,
MuRF1), and by interfering with mammalian target of
rapamycin (mTOR) signaling in skeletal muscle, thereby pro-
moting muscle wasting (41, 115, 117). In fact, no effective
drug is currently available that sufficiently attenuates chronic
inflammatory symptoms without imposing an increased risk
of disturbed skeletal muscle homeostasis and metabolism.
Consequently, a better understanding of pro-resolving, in con-
trast to anti-inflammatory, mechanisms is necessary to open
novel avenues for the treatment of chronic inflammatory con-
ditions, as has recently been emphasized by Buckley et al.
(28). We should also consider the fact that we already have the
probably most effective ‘pro-resolving drug’ at hand, namely
physical exercise. This further emphasizes the need for a bet-
ter understanding of regulatory pathways involved in skeletal
muscle adaptation to exercise.
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Besides mRNAs encoding inflammatory mediators, other
ABP targets encode proteins known to have diverse functions
in skeletal muscle adaptation to exercise. Specifically, given
the fact that ABPs target mRNAs encoding cell cycle regula-
tors and MRFs, such as cyclin D1, p21, MyoD, or myogenin,
which are all involved in the regulation of satellite cell
dynamics, it is very likely that ABPs are major players in this
process.
In addition, ABPs might be involved in the regulation of fiber
type specification in response to exercise. For example,
Chakkalakal et al. demonstrated that the stability of the
mRNA encoding the skeletal muscle protein utrophin A, a
structural protein located at the neuromuscular junction, is
controlled by a conserved ARE within the utrophin transcript
(37). This is particularly interesting, since the utrophin A tran-
script is more stable in slow versus fast muscle fibers (37, 55).
The upstream regulator appears to depend on calcineurin sig-
naling, which is activated in response to endurance exercise,
and is generally considered to have important roles in main-
taining the slow-twitch, oxidative myofiber program (135).
The underlying mechanism might be less efficient binding of
the mRNA de-stabilizing protein KSRP to this specific ARE,
since it has been demonstrated that the p38-dependent stabi-
lization of the utrophin A transcript is mediated by KSRP (5,
6). Thus, it is likely that both the phosphatase calcineurin and
the kinase p38 initiate a signaling cascade eventually leading
to decreased de-stabilizing activity of KSRP. Utrophin A is a
good candidate for novel therapeutic approaches in DMD
(Duchenne muscular dystrophy)—it might partially replace
the dystrophin protein, which is missing in DMD patients.
Thus, these findings might have important clinical implica-
tions. Furthermore, D’souza et al. presented data indicating
that the stability of transcripts encoding regulators of oxida-
tive metabolic pathways, such as PGC-1α (peroxisome prolif-
erator-activated receptor-gamma coactivator 1α), was differ-
ent in red slow and white fast skeletal muscle fibers. This
finding indicates that regulation of muscle fiber type composi-
tion is distinctively controlled at the level of mRNA stability
(42). Consistently, the authors found that levels of several
ABPs, specifically AUF1, HuR, KSRP, and CUGBP1, were
different in red compared with white white muscle cells.
Finally, ABPs might also be important players in the regula-
tion of exercise-associated angiogenesis. Because the VEGF
transcript is an important target of the ZFP36 proteins in dif-
ferent cell types, the latter might be central in the control of
the enhanced vascularization that is regularly observed in
response to endurance exercise (144).

5. cOnclUDing ReMaRKs

Regulation of mRNA stability by ABPs might be a powerful
strategy to control the response of skeletal muscle tissue to
exercise. In particular, ABPs are involved in the regulation of
genes encoding pro-inflammatory cytokines and chemokines,
thus temporally and spatially restricting the inflammatory
response to a training stimulus. This is of specific relevance,
because ordered and timely resolution of inflammation is cru-
cial for restoration of tissue homeostasis in response to exer-
cise. Whether inflammation acts as a ‘good guy’, enhancing
skeletal muscle training adaptation, or as a ‘bad guy’, induc-

ing skeletal muscle decay in chronic disease, depends on an
intricate network of cellular and molecular signaling circuits
that are poorly understood at present. In addition, ABPs con-
trol the expression of a plethora of other, non inflammation-
associated genes involved in the adaptation of skeletal muscle
to exercise, such as the MRF genes or genes encoding cell
cycle regulators, which are involved in the control of satellite
cell proliferation and differentiation. Thus, in the future, it
will be crucial to systematically identify and functionally
characterize ABPs and ABP targets in the exercising skeletal
muscle, via, for example transgenic mouse models. A better
understanding of the multiple layers of post-transcriptional
regulatory control mechanisms might eventually pave the way
for the development of novel therapeutic approaches for dis-
orders associated with chronic inflammation and skeletal
muscle degeneration.

sUPPleMentaRy MethODs sectiOn

Microarray data from musculus vastus lateralis at rest and in
response to exercise were kindly provided by Frank C.
Mooren, Jürgen Steinacker, and Andreas M. Niess. Expression
values of selected genes were extracted from an unpublished
data set that derives from an ongoing multicenter trial per-
formed at the facilities of Sports Medicine at the Universities
of Gießen, Ulm, and Tübingen, Germany. All experimental
procedures were approved by the Research Ethics Committees
of the Justus-Liebig-University Gießen, the University Hospi-
tal of Tübingen, and the University of Ulm, Germany.
Briefly, expression data were derived from healthy male
endurance-trained individuals (n=8; age, 25.4 ±4 years;
VO2max, 67.2 ±9 ml/min/kg) who completed 60 min of high
intensity cycling on a bicycle ergometer at a power requiring
80% of the VO2max (262 ± 58 Watt); including 10 min of
warm-up cycling at 60% VO2max. A more detailed descrip-
tion of the exercise protocol is given in Beiter et al. (18). Per-
cutaneous muscle biopsies from the musculus vastus lateralis
were taken at rest, as well as 30 min (+30’), and 3 hours (+3h)
after the cycling protocol. All muscle biopsies were per-
formed on the right leg of the participants using a biopsy gun
and a fine biopsy needle (Plus Speed; Peter Pflugbeil, Zorned-
ing, Germany) under local anesthesia (1% Meaverin). Muscle
samples were immediately frozen in liquid nitrogen and
stored at -80°C.
Muscle tissue was homogenized with a TissueRuptor homog-
enizer (Qiagen, Hilden, Germany), and total RNA was
extracted using RNeasy Fibrous Tissue Mini kit (Qiagen)
according to the manufacturer’s recommendations. RNA
integrity was assessed using the Agilent 2100 Bioanalyzer
system and Agilent RNA 6000 Pico Kit (Agilent Technolo-
gies, Waldbronn, Germany). Microarray analysis was per-
formed by the Microarray Facility Tübingen (MFT Services,
Germany). Briefly, biotin-labeled cRNA synthesis and cRNA
fragmentation were performed using the Affymetrix
GeneChip Kit reagents, according to the procedure described
in the Affymetrix GeneAtlas 3'IVT Express Kit technical
manual (Affymetrix, Santa Clara, CA, USA). Samples were
hybridized using Human Genome U219 microarray platform
(Affymetrix). Gene expression data were analyzed using
Affymetrix Expression Console software (Affymetrix) and
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Partek Genomics Suite 6.5 software (Partek Incorporated, St
Louis, MO, USA). Data were normalized and filtered for tran-
scripts which were differentially expressed between sampling
points. Significance was calculated using paired t-test without
multiple testing corrections, selecting all transcripts with a
minimum change in expression level of 1.5-fold together with
P < 0.05. Pearson correlation and linear regression analysis
was used to estimate the correlation between expression level
of ZFP36/TTP and other exercise-affected transcripts from
the list of differentially expressed probe sets. The expression
changes of three selected genes (LDHA, LDHB, PPARGC1A)
were validated by SYBR green quantitative real-time PCR.
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aBstRact

The combination of a sedentary lifestyle and excess energy
intake has led to an increased prevalence of obesity which
constitutes a major risk factor for several co-morbidities
including type 2 diabetes and cardiovascular diseases. Inten-
sive research during the last two decades has revealed that a
characteristic feature of obesity linking it to insulin resistance
is the presence of chronic low-grade inflammation being
indicative of activation of the innate immune system. Recent
evidence suggests that activation of the innate immune system
in the course of obesity is mediated by metabolic signals, such
as free fatty acids (FFAs), being elevated in many obese sub-
jects, through activation of pattern recognition receptors
thereby leading to stimulation of critical inflammatory signal-
ing cascades, like IκBα kinase/nuclear factor-κB (IKK/NF-
κB), endoplasmic reticulum (ER) stress-induced unfolded pro-
tein response (UPR) and NOD-like receptor P3 (NLRP3)
inflammasome pathway, that interfere with insulin signaling.
Exercise is one of the main prescribed interventions in obesity
management improving insulin sensitivity and reducing obesi-
ty-induced chronic inflammation. This review summarizes
current knowledge of the cellular recognition mechanisms for
FFAs, the inflammatory signaling pathways triggered by
excess FFAs in obesity and the counteractive effects of both
acute and chronic exercise on obesity-induced activation of
inflammatory signaling pathways. A deeper understanding of
the effects of exercise on inflammatory signaling pathways in
obesity is useful to optimize preventive and therapeutic strate-
gies to combat the increasing incidence of obesity and its co-
morbidities.

Key words: exercise, immune system, obesity, fatty acids,
inflammation, adipose tissue 

1. intRODUctiOn

Excess energy intake and reduced energy expenditure have
been recognized as the most important aetiologic factors for
obesity indicating that obesity is largely preventable by an
appropriate lifestyle. Despite this knowledge, obesity is one
of the major public health concerns with prevalence rates dra-
matically rising worldwide. According to prospective estima-
tions, about 2.3 billion adults in the world will be overweight
or obese by the year 2015 (104). This fact poses significant
problems for healthcare systems, since obesity constitutes a
risk factor for a large number of health problems, ranging
from merely the physical burden of the excess adipose tissue
itself (e.g. joint pain, back pain, dyspnoea) to serious
endocrine and metabolic disturbances, such as type 2 diabetes
(T2D), cardiovascular disease, hepatic steatosis, airway dis-
ease, biliary diseases and certain cancers (104). Aggravating
this situation is the fact that the obesity-related disturbances
are linked to reduced life expectancy and premature death.
Thus, understanding the biological basis for the development
of obesity-related disturbances is an important need.

Obesity is characterized by a pathologic expansion of adi-
pose tissue (AT) that is caused mainly by an enlargement of
pre-existing fully differentiated adipocytes due to the storage
of excess energy as fat (87). AT expansion through adipocyte
enlargement is critical, because it leads to insulin resistance
(IR) (54, 91, 103); a condition of reduced glucose utilization
by insulin-sensitive tissues due to an impaired insulin action.
IR is thought to be a key driver for developing obesity-related
endocrine and metabolic disturbances (8, 39, 45, 76). Inten-
sive research during the last two decades has revealed that a
characteristic feature of obesity linking it to IR is the pres-
ence of chronic low-grade inflammation, which develops
locally in the expanding AT, but becomes systemic through
the release of numerous pro-inflammatory mediators includ-
ing cytokines into the blood stream (24-26, 97). As the meta-
bolic surplus (excess nutrients and energy) is thought to be
the initial signal for the inflammatory response, the chronic
inflammation associated with obesity is referred also to as
metaflammation (metabolically triggered inflammation) (28).
The AT-derived pro-inflammatory mediators are initially
secreted by the enlarged adipocytes, but with increasing AT
expansion also by macrophages infiltrating the AT (29, 100).
Interestingly, diet induced obesity was found to cause a phe-
notypic shift of AT macrophages from the M2 polarization
state, which exhibits secretion of anti-inflammatory
cytokines, to the M1 polarization state, which produces large
amounts of pro-inflammatory cytokines, (53). Apart from
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macrophages, other immune cells such as mast cells and nat-
ural killer T cells are known to increase in AT in obesity and
contribute to the pro-inflammatory milieu (51, 69). More-
over, the ratio of CD8+ to CD4+ T cells has been found to
increase in the obese AT, whereas the number of immunosup-
pressive CD4+ regulatory T cells, which are known to secrete
anti-inflammatory cytokines that inhibit macrophage migra-
tion, in obese AT decreases (17, 66, 105). This clearly indi-
cates that obesity is associated with the activation of the
innate immune system, a system that is important to respond
to microbial stimuli, such as bacterial, viral and fungal infec-
tions, by coordinating an inflammatory reaction and subse-
quent tissue repair. Detection of microbial stimuli by the
innate immune system occurs by a set of pattern recognition
receptors (PRRs), which have evolved in mammals to sense
and trigger a response to common microbial structures. Con-
siderable evidence exists that many PRRs act also as sensors
of metabolic signals, such as free fatty acids (FFAs), and
upon activation critical inflammatory signaling cascades,
such as the IκBα kinase/nuclear factor-κB (IKK/NF-κB)
pathway, endoplasmic reticulum (ER) stress-induced unfold-
ed protein response (UPR) pathway and the NOD-like recep-
tor P3 (NLRP3) inflammasome pathway are stimulated pro-
viding a plausible explanation that an inflammatory response
is induced during metabolic surplus.

This review summarizes current knowledge of the cellular
recognition mechanisms for FFAs, which are chronically ele-
vated in the circulation of obese subjects (35), and critical
intracellular inflammatory signaling pathways triggered by
excess FFAs in obesity. The review also examines the benefi-
cial effects of exercise, which is one of the main prescribed
interventions in obesity management improving insulin sensi-
tivity and reducing obesity-induced chronic inflammation. 

2. RecOgnitiOn MechanisMs FOR FFas

FFAs are known to interact with several receptors, such as
PRRs, like Toll-like receptors (TLRs) and nucleotide-bind-
ing, oligomerization domain containing receptors [NOD-like
receptors (NLRs)], and FFA receptors (FFARs). Interesting-
ly, despite being essential components of the innate immune
system, PRRs are present in both immune cells and metabol-
ically active tissue cells including hepatocytes, myofibrils,
and adipocytes to initiate inflammatory signaling cascades
(64). 

2.1 PatteRn RecOgnitiOn RecePtORs (PRRs)
The PRRs have been initially described to be involved in the
response to microbial attack through sensing/detecting unique
pathogen-associated molecular patterns (PAMPs), such as
lipopolysaccharide, microbial peptides and proteins (muramyl
dipeptides, flagellin), and double-stranded ribonucleic acids
(dsRNA), and triggering a subsequent immune response.
More recently, it has become apparent that PRRs not only rec-
ognize microbial signals but also mediate immune responses
to endogenous “danger” signals [danger-associated molecular
patterns (DAMPs)], including those arising from metabolic
disturbances, like saturated fatty acids, ceramides, cholesterol
crystals, monosodium urate crystals, amyloid beta, and extra-
cellular ATP (64, 81).

tOll-liKe RecePtORs (tlRs)
One class of PRRs are the TLRs, which are mammalian
homologues to the Toll gene in drosophila (the fruit fly),
where it encodes a receptor for host defence against microbial
infections. The TLRs, of which more than 10 members exist
in humans and mice, sense PAMPs via their extracellular
leucine-rich repeat domain leading to TLR dimerization
through adaptor protein recruitment to their cytoplasmic
Toll/IL-1 (TIR) domain, which activates downstream signal-
ing adaptor proteins including MyD88, IRAKs and TRAF6.
At least two TLRs, namely TLR4, which is best-known to be
activated by the fatty acid residue in the lipid A component of
LPS, and TLR2 have been shown to be activated by saturated
FFAs (16, 84), and to mediate FFA-induced impairment of
insulin sensitivity through negatively interfering with insulin
signaling (84). In addition, FFAs were found to exacerbate
pro-inflammatory cytokine secretion from M1 macrophages
through activation of TLR4, which is highly expressed by
pro-inflammatory M1 macrophages and thus used as a marker
for M1 macrophages (29), in genetically and diet-induced
obese mice thereby promoting AT inflammation (65). A key
role of TLR4 for developing IR was evidenced from the
observation that TLR4 knockout mice are protected from IR
when fed a high-fat diet (HFD) (74, 96). Likewise, knockout
of TLR2 was found to provide protection from HFD-induced
IR and to reduce AT macrophage accumulation and AT
inflammation (10, 14, 21).

nOD-liKe RecePtORs (nlRs)
The cytoplasmic NLRs, of which 22 members are known in
humans (81) are classified into five subfamilies: NLRA,
NLRB, NLRC, NLRP and NLRX. All NLRs contain a central
NACHT domain, which is responsible for oligomerization,
and a C-terminal leucine-rich repeat domain, which facilitates
sensing of PAMPs and DAMPs. The NLR subfamilies differ
in their N-terminal effector domains, which ascribe unique
functional properties to the NLRs. Members of the NLRP
family, which contain a pyrin domain (PYD) as effector
domain for downstream signaling, are best known for their
role in inducing the formation of the multi-protein inflamma-
tory complex, called “inflammasome”, in response to stress
signals (56). The NLRP3 inflammasome is the most common-
ly studied and has attracted great attention as the protagonist
in obesity-associated inflammation and IR (63) due to its abil-
ity to be activated by saturated fatty acids, ceramide and reac-
tive oxygen species (ROS) and to negatively regulate insulin
receptor signaling (52, 101). Upon activation by PAMPs and
DAMPs, the NLRP3 inflammasome is formed through
recruiting the apoptosis-associated speck-like protein (ASC),
containing an N-terminal PYD and a C-terminal caspase acti-
vation and recruitment domain (CARD), and the zymogen
pro-caspase-1 to NLRP3, which is a prerequisite to induce
caspase-1 activation. The activated caspase-1 subsequently
cleaves the inactive cytokine precursors pro-IL-1β and pro-
IL-18 into their biologically active forms, thereby inducing
pro-inflammatory cell death, called pyroptosis. The mature
IL-1β, in particular, is critical with regard to the induction of
IR because it causes cell death of pancreatic β-cells, inhibits
AKT phosphorylation coincident with serine phosphorylation
of IRS-1, and, interestingly, mediates inter-organ cross-talk
between adipocytes and the liver, promoting systemic inflam-
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mation and lipotoxicity (30, 47, 67). The critical role of
NLRP3 in obesity-induced AT inflammation and IR is shown
by the fact that NLRP3 knockout mice are resistant to IR and
exhibit reduced AT inflammation when kept on a HFD (92,
98, 101). In humans, weight loss in obese T2D subjects leads
to reduced AT expression of NLRP3 and AT inflammation and
improved insulin sensitivity (98).

2.2 FRee Fatty aciD RecePtORs (FFaRs)
The FFARs are G-protein coupled receptors (GPRs) that are
widely expressed in tissues and activated by either medium
and long-chain fatty acids (FFA1 and FFA4 also known as
GPR40 and GPR120, respectively) or short chain fatty acids
(FFA2, FFA3). FFA1 in particular is considered to be an
important key that links chronically elevated FFAs in obesity
to IR and T2D. FFA1 was found to mediate the lipotoxic
effects of saturated FFA in pancreatic β-cells through disturb-
ing cytosolic calcium ion (Ca2+) homeostasis, amplifying glu-
cose-stimulated insulin secretion, thereby causing β-cell dys-
function and β-cell apoptosis (1, 83). In contrast, inhibition of
GPR40 protected MIN6 β-cells from palmitate-induced apop-
tosis (108). In line with this, loss of FFA1/GPR40 was found
to protect mice from obesity-induced hyperinsulinaemia,
hepatic steatosis, and glucose intolerance (89). 

3. inFlaMMatORy signaling Pathways
activateD By FFas in OBesity

3.1 iKK/nF-KB Pathway
The IKK/NF-κB pathway is a well-known inflammatory sig-
naling pathway that is activated upon stimulation of the cell
by various agents, including cytokines, growth factors, ROS
and microbial components like LPS. All these agents trigger
different upstream signaling cascades that converge in the
activation of the IKK enzyme complex leading to phosphory-
lation of the NF-κB inhibitor IκBα and its subsequent degra-
dation via the proteasome. This causes the release of the
nuclear localization sequence of NF-κB and its translocation
into the nucleus where it stimulates transcription of genes
involved in inflammation including pro-inflammatory
cytokines, chemokines, adhesion molecules and many others.
In addition, IKK activation impairs insulin signaling, thereby
inducing IR.

Like LPS, saturated FFAs, such as palmitic acid, are report-
ed to cause IKK activation and IκBα phosphorylation through
the activation of TLR4 in different cell types including
adipocytes, vascular cells, and macrophages (75, 84). Con-
versely, NF-κB target genes are not induced by FFAs in TLR4
knockdown adipocytes and obese mice lacking TLR4 are par-
tially protected from HFD-induced inflammatory gene
expression and IR (84). Likewise, mice with a spontaneous
loss-of-function mutation in TLR4 are protected from IR,
weight gain and adiposity when kept on a HFD (96).

3.2 enDOPlasMic ReticUlUM stRess-inDUceD
UnFOlDeD PROtein ResPOnse

The ER is a dynamic continuous membrane-enclosed
organelle with distribution throughout the cytoplasm and has
important functions in protein biosynthesis, folding and traf-

ficking and Ca2+ storage and signaling. Consequently, when
the protein synthetic and folding capacity and Ca2+ homeosta-
sis of the ER are perturbed - a condition referred as ER stress -
a complex cascade of cytoplasmic and nuclear signaling path-
ways is activated, which is collectively called the UPR and
which is comprised of the inositol requiring 1 (IRE1), the
PKR-like ER kinase (PERK) and the activating factor 6
(ATF6) pathway. Initially, the UPR aims to reestablish ER
homeostasis through inhibition of protein translation to
decrease ER load, transcriptional activation of chaperone
genes to increase the ER folding capacity, and activation of
the ER-associated degradation (ERAD) machinery to clear
misfolded proteins (7). In addition, the UPR pathway
enhances inflammation through PERK-eIF2α-dependent
translational suppression of IκB leading to nuclear transloca-
tion of NF-κB. Moreover, sinceIRE1 and PERK cause activa-
tion of JNK and IKKβ signaling pathways, ER stress-induced
UPR also mediates IR through impairing insulin signaling.
Ultimately, the ER stress-induced UPR can trigger cell death
by the induction of apoptosis, if ER stress cannot be resolved
(3, 80).

Convincing evidence demonstrates that ER stress is present
in tissues including AT, liver, and skeletal muscle, of obese
subjects and obese animals (19, 27, 38, 72) and it has been
proposed that ER stress links obesity, IR and T2D (72). Con-
versely, weight loss decreases ER stress coincident with
improved insulin signaling in tissues of obese subjects (19). In
addition, several studies have shown that saturated FFAs,
which are present at elevated levels in obesity, cause ER stress
in different cell types including liver cells, pancreatic β-cells
and adipocytes (13, 31, 40, 99) indicating that FFAs are
potential mediators for the induction of ER stress in obesity.
Evidence has been provided that ER stress can be induced by
FFAs via both FFARs and TLRs; for example, while inhibi-
tion of FFA1/GPR40 was found to protect MIN6 cells from
palmitate-induced ER stress (108), TLR4 deficiency was
reported to prevent HFD-induced ER stress and IR in the main
organs for glucose and lipid metabolism (skeletal muscle,
liver, and AT) in mice (74).

3.3 nlRP3 inFlaMMasOMe Pathway
Formation of the cytosolic NLRP3 inflammasome complex,
consisting of NLRP3, caspase-1 and ASC, involves a two-
step process: 1) In the priming step, a first hit (signal 1) caus-
es transcriptional induction of inflammasome components,
including NLRP3 and pro-IL-1β and pro-IL-18, via TLR-
mediated activation of NF-κB. This induction is necessary
because basal expression of NLRP3 in resting cells is insuffi-
cient for effective inflammasome activation, with the excep-
tion of human blood monocytes and dendritic cells which
have constitutive NLRP3 inflammasome activity (20, 86). 2)
In the activation step, a second hit (signal 2) promotes the
NLRPs to undergo homotypic oligomerization and assemble
the active inflammasome capable of converting the cytokine
precursors into active IL-1β and IL-18. Although the precise
molecular mechanisms involved in the activation of the
NLRP3 inflammasome in response to PAMPs including bac-
terial pore-forming toxins (nigericin, listeriolysin O, pneu-
molysin, α-haemolysin) and DAMPs remain to be elucidated,
it has been suggested that potassium ion (K+) efflux is one
common cellular response to diverse stimuli triggering
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inflammasome activation (81). For instance, crystals (e.g.,
urate) and particulate DAMPs, entering the cell via endocyto-
sis, and pore-forming toxins activate the NLRP3 inflamma-
some via facilitating K+ efflux (23, 55, 58, 61). Extracellular
ATP released from dying or damaged cells activates the
NLRP3 inflammasome through binding the purinergic recep-
tor P2X7, which induces opening of pannexin-1 channels
thus resulting in K+ efflux and influx of any DAMPs and
PAMPs present in the extracellular space (2, 18, 34). Besides
triggering K+ efflux, recent studies suggested that Ca2+ sig-
naling and mitochondrial destabilization plays a critical role
for NLRP3 inflammasome activation (22, 48, 79). For
instance, different crystals (e.g., urate, silica, cholesterol)
trigger Ca2+ influx through opening TRPM2 channels (62,
111). As a consequence, Ca2+ accumulates in the cytosol
causing mitochondrial destabilization or dysfunction and
release of mitochondrion(mt)-associated ligands, like
mtDNA and cardiolipin, and mtROS, all of which activate the
NLRP3 inflammasome. Apart from stimulating extracellular
Ca2+ influx, elevated Ca2+ transfer from the ER to mitochon-
dria at the ER-mitochondria contact sites, the mitochondrial-
associated ER membranes,has been shown also to trigger the
cascade of mitochondrial destabilization, release of mito-
chondrion-associated ligands and NLRP3 inflammasome
activation (60).

Saturated FFAs can act as both primers and activators in
the activation of the NLRP3 inflammasome. Mechanistic
studies have demonstrated that saturated FFAs are particularly
potent signals to induce the priming step of NLPR3 inflamma-
some activation through TLR2/4-dependent activation of NF-
κB (65, 102). L´Homme et al. (50) demonstrated that both
palmitic acid and stearic acid increase IL-1β release through
NLRP3 inflammasome activation in LPS-primed human
monocytes, in human monocyte-derived macrophages and in
THP-1 macrophages. Recently, it was also shown that the sat-
urated FFA palmitic acid induces NLRP3 inflammasome acti-
vation via induction of ER stress, which primes cells for pro-
IL-1β production via NF-κB and promotes IL-1β secretion
(44). In addition, Kim et al. (44) found that ER stress-induced
ROS production activates the NLRP3 inflammasome through
binding of the ROS-sensitive NLRP3 ligand thioredoxin-
interacting protein (TXNIP), resulting in IL-1β cleavage and
secretion. These findings indicate that FFAs through inducing
ER stress act as primers and activators of the NLRP3 inflam-
masome. 

4. eFFect OF exeRcise On
OBesity-inDUceD activatiOn OF

inFlaMMatORy signaling Pathways 

Exercise is a reasonable approach to attenuate diet-induced
weight gain by increasing energy expenditure and counteract-
ing a positive energy balance (57, 73), thereby, providing sev-
eral benefits for skeletal muscle function including increased
insulin sensitivity, stimulated utilization of metabolic sub-
strates, and even improved protection against oxidative
insults. In the following sections evidence is provided that
these beneficial effects of both acute and chronic exercise are
mediated on the molecular level by an inhibition on obesity-

induced activation of inflammatory signaling pathways being
responsible for attenuating obesity-induced metaflammation.

4.1 eFFects OF exeRcise On the iKK/nF-KB
Pathway

It is well established that the IKK/NF-κB pathway is activated
in tissues of obese subjects and obese animals (70, 93), and
that activation of this pro-inflammatory signaling pathway is a
key pathogenic mechanism responsible for inhibition of
insulin signaling and induction of IR. Since it is also well
known that exercise reduces obesity-induced IR (77, 94), it is
likely that exercise prevents the development of obesity-
induced IR through inhibiting the NF-κB pathway in insulin-
dependent tissues. Indeed, several studies have documented
the potential of exercise training to attenuate obesity-induced
activation of the IKK/NF-κB pathway. For instance, Medeiros
et al. (59) demonstrated that 12 weeks of endurance exercise
training (swimming at 32°C water temperature, 1h/day with 5
% overload of the body weight, 5 days/week) inhibits the NF-
κB pathway and increases the activity of the mTOR/p70S6k
pathway of insulin-dependent protein synthesis thereby reduc-
ing IR in the cardiac tissue of diet-induced obese rats. In addi-
tion, Da Luz et al. (9) demonstrated that 8 weeks of endurance
exercise training (swimming at 32°C water temperature, 1
h/day with 5 % overload of the body weight, 5 days/week)
reduces activation of the NF-κB pathway in AT and liver via
ameliorating ER stress along with improving insulin sensitivi-
ty in diet-induced obese rats. Moreover, Oliveira et al. (70)
reported that both acute (two 3 h swimming sessions at 34°C
water temperature, separated by a 45 min rest period, with 5
% overload of the body weight) and chronic exercise (same
conditions as for acute exercise, 1 h/day, 5 days/week, 8
weeks) inhibits the IKKβ/NF-κB pathway and, in parallel,
improves insulin signaling in tissues (AT, skeletal muscle,
liver) in diet-induced obese rats. Also in humans, an inhibitory
effect of 8 weeks of aerobic exercise training on a stationary
bicycle (four times/week, exercise intensity, duration, and fre-
quency were progressively increased to 70 % of VO2max for
45 min during the 8-week exercise program) on NF-κB path-
way in vastus lateralis muscle was found in T2DM subjects
(88).

With regard to the mechanism of inhibition of obesity-
induced NF-κB activation by exercise, Oliveira et al. (70)
demonstrated in their study that both acute and chronic swim-
ming exercise reverses obesity-induced activation of TLR4,
which is an activator of both IKKβ and JNK in tissues of diet-
induced obese rats. This suggests that the effect of exercise
involves suppression of FFA-induced activation of TLR4 sig-
naling, because TLR4 is activated by FFAs whose levels are
typically elevated in obese subjects. Reduced FFA-mediated
activation of TLR4 signaling by chronic exercise is probably
also the result of decreasing the expression of TLR4 in AT.
This was observed in HFD-induced obese mice in response to
a 16-weeks endurance exercise protocol on a motorized tread-
mill (60 min/day, 5 times/week) (37). The reduced TLR4
expression in AT is likely the consequence of exercise-
induced suppression of M1 macrophage infiltration, which
express high levels of TLR4 (29), and/or phenotypic switch-
ing from pro-inflammatory M1 macrophages to anti-inflam-
matory M2 macrophages (36, 37). TLR4 plays a key role for
activating the pro-inflammatory NF-κB pathway and develop-
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ing IR during obesity as evidenced from the finding that
TLR4 knockout mice are protected from IR and induction of
pro-inflammatory gene expression when fed a HFD (74, 96).
In addition, activation of NF-κB by FFAs is prevented in
TLR4 knockdown adipocytes (84). Given that long-term exer-
cise training on a stationary bicycle in humans (exercise inten-
sity of 50-70 % of the target heart rate, 30 min/day, 5
times/week for 12 weeks) causes a reduction of body fat along
with a decrease of resting plasma FFA levels (41), the reduced
activation of NF-κB in tissues might be simply explained by a
reduced TLR4 activation and expression due to decreased
plasma FFA levels (70, 71, 110). In contrast, it is well-estab-
lished that a prolonged acute exercise bout increases circulat-
ing FFA levels due to increasing mobilization from AT in
order to provide energy substrates for contracting skeletal
muscle. In line with this, an acute exhaustive exercise bout
(treadmill running at 70% VO2max for 50 min and then run-
ning at an elevated rate that increased by 1 m/min until
exhaustion, mean exhaustion time: 61.98 ± 2.24min) was
found to activate TLR4 signaling and the NF-κB pathway in
AT of healthy, non-obese rats (78). However, despite their
well known role in impairment of insulin action, it is expected
that TLR activation during acute exercise does not impair
insulin sensitivity. This assumption is supported by a study
using TLR2 and TLR4 knockout mice, in which the increase
of circulating FFAs during acute exercise was stronger than in
wild-type mice. These data indicated a role of these proteins
in metabolic regulation or repartition of energy substrates dur-
ing acute exercise (109).

Noteworthy, it was also found that suppression of TLR4
signaling in tissues of HFD-induced obese rats in response to
the abovementioned chronic swimming exercise protocol is
accompanied by a decrease of serum levels of LPS (70),
which is a known activator of TLR4 signaling and, through
this, of the IKK/NF-κB pathway. Elevated serum LPS levels
have been observed following the intake of a HFD and are
probably the result of an increased intestinal permeability for
LPS (5). These findings indicate that the inhibitory effect of
exercise on NF-κB activation in HFD-induced obese rats
might be also due to attenuating LPS-induced TLR4 activa-
tion. In this context it is also interesting that a strenuous
endurance exercise bout (marathon run) was followed by a
slight LPS IgG activity indicating a mild endotoxaemia (4),
which has been suggested to be the result of an increased
intestinal permeability after exercise. 

4.2 eFFect OF exeRcise On the enDOPlasMic
ReticUlUM stRess-inDUceD UnFOlDeD
PROtein ResPOnse

It is well documented that exercise (acute and chronic) causes
ER stress-induced UPR in skeletal muscle of lean, metaboli-
cally healthy humans and animals (42, 43, 68, 107). One
important stimulus for ER stress-induced UPR is considered
to be the elevated production of ROS during acute muscle
contraction (43). In addition, altered Ca2+ dynamics and ele-
vated protein synthesis in response to resistance exercise
could also provoke the UPR (12). Moreover, mechanical
stress and/or local metabolic changes in the muscle that are
directly involved in exercise are thought to play a role in UPR
activation (107). In line with these divergent ER stimuli, the
stimulatory effect of exercise on ER stress-induced UPR path-

way was evident in response to different kinds of exercise: A
single bout of exhaustive exercise in muscles heavily activat-
ed during treadmill exercise (starting at a warm up speed of 5
m/min for 5 min, every subsequent 5 min, the speed increased
by 5 m/min until mice were exhausted or a maximal speed of
25 m/min was reached) in mice (M. quadriceps and M. gas-
trocnemius but not in non-weight bearing back muscle M.
erector spinae) (107); a long lasting running exercise (200 km
run, 28 ± 2 h) in M. vastus lateralis in humans (42); a single
unaccustomed resistance-exercise bout (leg press and knee-
extension exercise) in M. vastus lateralis in humans (68). This
indicates that both endurance and resistance exercise causes
ER stress-induced UPR in skeletal muscle. Interestingly, acute
exercise was found to activate specifically the ATF6/IRE1α
pathway of the UPR, but not the PERK/eIF2α pathway, that
attenuates protein synthesis, (43, 68), thereby promoting the
production of certain chaperone proteins, likely as a conse-
quence of the increased production of various proteins during
the post-exercise period (68). Activation of the UPR in skele-
tal muscle by chronic exercise was found to be an important
mechanism in the adaptation of skeletal muscle to exercise
training (107), with the transcriptional co-activator PGC1α,
which regulates several exercise-induced adaptations of skele-
tal muscle function (mitochondrial biogenesis and function,
oxidative metabolism, fibre type switching, angiogenesis),
being the mediator of the UPR in skeletal muscle in response
to exercise (107). Regulation of the UPR by PGC1α during
exercise was shown to involve direct co-activation of ATF6,
which is one of the three proximal sensors of the UPR prefer-
entially activating UPR target genes involved in the adapta-
tion of cells to chronic ER stress (106). The essential role of
PGC1α and the UPR sensor ATF6 for the adaptation to exer-
cise was evident from the observations that 1) muscle-specific
PGC1α knockout mice are defective in up-regulating ER
chaperones and experience exacerbated ER stress after repeat-
ed exercise training, and 2) ATF6a knockout mice do not
recover from muscle damage after exercise (107).

Only very few studies are available in the literature investi-
gating the potential of exercise training to attenuate obesity-
induced ER stress. For instance, Da Luz et al. (9) demonstrat-
ed that 8 weeks of endurance exercise training (swimming at
32°C water temperature, 1 h/day with 5 % overload of the
body weight, 5 days/week) following a 2-month HFD feeding
period reduced PERK and eIF2α phosphorylation, inhibited
pro-inflammatory signaling pathways (JNK, IκB and NF-κB),
and reversed IR in AT and liver of obese rats suggesting that
endurance exercise training reduces obesity-induced ER stress
in tissues. In contrast, Deldicque et al. (11) reported the oppo-
site finding, namely, that 6 weeks of endurance exercise train-
ing (treadmill running at 75 % VO2max, 30-60 min/day, 5
days/week) during HFD feeding even promoted the UPR
induced by HFD feeding alone in two different muscles (M.
soleus, M. tibialis), liver and pancreas, despite attenuating the
pro-inflammatory state induced by HFD feeding (11). Based
on these findings Deldicque et al. (11) postulated that exacer-
bation of the HFD-induced UPR by endurance exercise might
be an adaptive protective mechanism to restore ER homeosta-
sis and to protect against obesity-induced inflammation. The
opposing outcomes of endurance exercise on obesity-induced
ER stress may have different reasons: 1) The availability of
FFAs, which are likely mediators for the induction of ER
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stress in obesity via activating both FFARs and TLRs, may be
influenced by the different exercise interventions. While exer-
cise intensities of about 75 % VO2max as applicable to the
treadmill protocol increases mobilization of FFAs from AT,
glucose is preferentially utilized during the swimming proto-
col. This is evidenced by the observation that blood concen-
trations of epinephrine and lactate of mice are markedly high-
er following a swimming test (at 22°C water temperature until
exhaustion; mean swimming time: 36.7 ± 3.7 min) compared
to a running test (at 80 % VO2max until exhaustion; mean
running time: 39.5 ± 5.0 min) (46). Thus, it is likely that
endurance exercise training during parallel HFD feeding
amplified the obesity-induced ER stress due to the great avail-
ability of FFAs, whereas the obesity-induced ER stress could
be attenuated by swimming exercise with only less FFA mobi-
lization. 2) The authors of the treadmill study proposed that
the obese rats were accustomed to the HFD feeding and that a
new homeostasis level was reached before the swimming
exercise stress was applied, so that the beneficial effects of
exercise could be exerted. This was not the case in the tread-
mill study as both HFD feeding and treadmill exercise started
simultaneously, each stress probably exacerbating the other.
Interestingly, Deldicque et al. (11) also found muscle type-
specific differences in the UPR activation by exercise in obese
rats as activation of the UPR was very strong in the tonically

active M. soleus and less pronounced in the phasically active
M. tibialis anterior. This has been explained by a greater sus-
ceptibility of oxidative fibres to HFD feeding, an additive
effect of contractile activity and HFD feeding on ER stress, or
increased utilization of FFAs in M. soleus due to its higher
metabolic requirements (11).

4.3 eFFect OF exeRcise On the nlRP3 inFlaM-
MasOMe Pathway

To date, no published studies are available exploring the
direct effect of exercise on obesity-induced activation of the
NLRP3 inflammasome pathway. Unpublished data of our
own group demonstrate that both endurance (treadmill run-
ning at 80 % VO2max, 30 min/day, 5 times/week for 10
weeks) and resistance exercise (holding on a metal mesh
placed in a vertical position, three 3 min bouts, with 1 min
break between each bout, 5 times/week for 10 weeks) in
HFD-induced obese mice decreases the mRNA level of
NLRP3 in AT, which provides the first direct evidence for
inhibition of obesity-induced NLRP3 activation by exercise.
Interestingly, our data show that the decreased mRNA level of
NLRP3 in AT of trained obese mice is accompanied by
reduced plasma levels of IL-18, to which AT is considered a
major contributor (15, 82, 85) and whose maturation and
secretion is mediated by the NLRP3 inflammasome. Thus,

Figure 1
Schematic summary of the effects of exercise on obesity-induced activation of inflammatory signaling pathways. In the course of obesity, ele-
vated levels of free fatty acids (FFA) led to the activation of critical inflammatory signaling pathways, like IκBα kinase/nuclear factor-κB (IKK/NF-
κB) and endoplasmic reticulum (ER) stress-induced unfolded protein response (UPR) via activating pattern recognition receptors such as Toll-
like receptors (TLRs) and free fatty acid receptors (FFARs). In addition, FFAs are potent signals to induce the priming step of NOD-like receptor
P3 (NLRP3) inflammasome activation through TLR-dependent activation of NF-κB and via induction of ER stress. Through activation of these
criticial inflammatory signaling pathways inflammation and insulin resistance is induced in metabolically active and immune cells. Exercise
reduces chronic low-grade inflammation and insulin resistance through increasing utilization of FFAs, lowering expression of TLRs and attenuat-
ing activation of IKK/NF-κB, ER stress-induced UPR and NLRP3 inflammasome.
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alterations in the plasma IL-18 level can be used to evaluate
indirectly changes in the activity of the NLRP3 inflamma-
some pathway. Interestingly, a large number of human studies
have reported that exercise reduces the plasma levels of IL-18
in obese subjects providing at least indirect evidence for inhi-
bition of the NLRP3 pathway by exercise. For instance,
Stensvold et al. (90) showed that the serum level of IL-18 was
reduced by 43 % in response to 12 weeks of aerobic interval
training (three times/week) in men and women with metabolic
syndrome. Likewise, in overweight individuals with T2DM a
6-month aerobic exercise training program (four times/week,
45-60 min/session, 50-85 % VO2max) per se (without affect-
ing body weight) resulted in a significant reduction of the
plasma IL-18 level (32, 33). Troseid et al. (95) found that the
serum level of IL-18 was reduced by 12 weeks of exercise
training in subjects with metabolic syndrome. Furthermore, 8
weeks of high-intensity exercise training on a rowing ergome-
ter (three times/week, 30 min/session, ≥ 70 % VO2max)
decreased IL-18 mRNA level in abdominal AT and numerical-
ly lowered plasma IL-18 concentration in obese men and
women (49). Only in one study by Christiansen et al. (6), a
12-week aerobic exercise training program (three times/week,
60-75 min/session), failed to reduce the plasma level of IL-18
in obese men and women. The lack of an exercise effect in
this study may be explained by the relatively moderate exer-
cise intensity.

Currently, it is not known whether exercise exerts its pre-
dominantly inhibitory action on NLRP3 activation in obese
subjects in the priming step, which involves transcriptional
induction of inflammasome components via TLR-mediated
activation of NF-κB, in the activation step or in both steps of
the NLRP3 activation process. Given that exercise was found
to strongly reverse the activation of TLR4 signaling along
with reducing IKKβ phosphorylation in tissues (AT, skeletal
muscle, and liver) of diet-induced obese rats (70), suggests
that exercise inhibits the NLRP3 inflammasome pathway in
the priming step. Important primers of the NLRP3 activation
process are saturated fatty acids and ceramide species (52, 98,
101), whose circulating levels are reduced in obese animals
and subjects in response to exercise. Interestingly, our above
mentioned study (unpublished) revealed that the plasma levels
of ceramides in mice were increased by feeding a HFD, an
effect that was significantly attenuated by both endurance and
resistance exercise. Exercise might also inhibit the priming
step of NLRP3 activation in obesity through its ability to
reduce ER stress (9), because ER stress is known to induce the
priming step of NLRP3 activation via NF-κB activation (44).
Considering that ROS, which are produced in response to ER
stress, act as second hit signals leading to the assembly of the
NLRP3 components into the active NLRP3 inflammasome
and subsequent conversion of cytokine precursors into the
active cytokines, exercise might also inhibit the NLRP3
inflammasome pathway in the activation step. 

5. cOnclUsiOns anD
FUtURe PeRsPectives

Convincing evidence exists that activation of the innate
immune system in the course of obesity is mediated by meta-

bolic signals, such as FFAs, through activation of PPRs like
TLR4 thereby leading to stimulation of critical inflammatory
signaling cascades that interfere with insulin signaling. The
present review provides evidence from the literature showing
that exercise is a successful strategy to inhibit obesity- and
FFA-induced activation of inflammatory signaling pathways
being responsible for attenuating obesity-induced metaflam-
mation (Fig. 1). One important mechanism of exercise on
inhibition of obesity-induced activation of inflammatory sig-
naling pathways is suppression of FFA-induced expression
and activation of TLR4, a receptor that is critically involved
in the activation of the innate immune system by FFAs in obe-
sity. As a consequence of this, it was consistently found in
several studies that both acute and chronic exercise and differ-
ent forms of exercise (running, swimming) inhibit the
IKKβ/NF-κB pathway and improve insulin signaling in meta-
bolic tissues of obese animals and humans. In contrast, only
two studies are available in the literature investigating the
potential of exercise training to attenuate obesity-induced ER
stress, with however opposing outcomes; whereas one study
reported an inhibition of obesity-induced ER stress by swim-
ming training, the other study revealed an exacerbation of
obesity-induced ER stress by running training. Thus, future
studies are necessary to clarify the different mechanisms of
swimming and running exercise in the regulation of ER stress
in obesity. With regard to the NLRP3 inflammasome pathway
several human studies reported a decrease in the plasma levels
of IL-18 in obese subjects in response to chronic exercise rep-
resenting at least indirect evidence for inhibition of obesity-
induced NLRP3 inflammasome pathway. However, regarding
that no published studies are available exploring the direct
effect of exercise on obesity-induced activation of the NLRP3
inflammasome pathway future studies are required to close
this gap of knowledge. Thus, despite evidence from the
majority of published studies that exercise has counteractive
effects on obesity-induced activation of inflammatory signal-
ing pathways further studies are necessary to establish the
most successful exercise protocol (type, intensity, duration)
for preventing and treating obesity and its co-morbidities.  
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The gut microbiota consists of a cluster of microorganisms
that produces several signaling molecules of a hormonal
nature which are released into the blood stream and act at
distal sites. There is a growing body of evidence indicating
that microbiota may be modulated by several environmental
conditions, including different exercise stimulus, as well some
pathologies. Enriched bacterial diversity has also been asso-
ciated with improved health status and alterations in immune
system, making multiple connections between host and micro-
biota. Experimental evidence has shown that reduced levels
and variations in the bacterial community are associated with
health impairments, while increased microbiota diversity
improves metabolic profile and immunological responses. So
far, very few controlled studies have focused on the interac-
tions between acute or chronic exercise and the gut microbio-
ta. However, some preliminary experimental data obtained
from animal studies or probiotics studies show some interest-
ing results at the immune level, indicating that the microbiota
also acts like an endocrine organ and is sensitive to the home-
ostatic and physiological changes associated with exercise.
Thus, our review intends to shed some light on the interaction
between gut microbiota, exercise and immunomodulation.

Key words: exercise, gut, immunity, microbiota

1. the microbiota

Human beings have clusters of bacteria (the microbiota) in
different parts of the body, such as in the surface or deep lay-
ers of skin, the mouth, gut, lungs, vagina, and all surfaces
exposed to the external world. With regards to quantitative
aspects, it is emerging that we are made of ten times more
microbial than mammalian cells. The adult gut microbiota
contains up to 100 trillion micro-organisms, including at least
1,000 different species of known bacteria, with more than 3
million genes (150 times more than human genes). Microbiota
can, in total, weigh up to 2 kg. One third of our gut microbiota
is common to most people, while two thirds are specific to
each one of us. In other words, the single individual gut
microbiota is like an individual identity card (67). This largely
enhances the genetic variation among individuals that is pro-
vided by the human genome (48,57,67). The use of new
molecular biology techniques using the conserved 16S rRNA
gene for phylogenetic analyses that can also detect uncultur-
able bacteria has significantly advanced our understanding of
the gut microbiome (the bacteria and their genome) (81).

2. establishment and changes of the microbiota

While the ‘healthy’ gut microbiota is seen to be a stable com-
munity, there are stages within the life cycle of humans during
which there can be alterations in the structure and function of
this population. The infant gut microbiota undergoes dynamic
changes during development, resulting in an adult-like micro-
biome at about 3 years of age (90). This process is influenced
by genetic, epigenetic and environmental factors such as
country of origin, delivery mode, antibiotics and breastfeed-
ing (2). Indeed, the delivery mode at childbirth has an impact
on early microbiota composition (22). Vaginally delivered
children display a microbiota that shares characteristics with
the vaginal microbiota, and includes Lactobacillus, Prevotel-
la, Atopobium, or Sneathia spp. On the other hand, babies
delivered by caesarean section have more skin-associated
microbiota including Staphylococcus spp. (22). This suggests
that the microbiota derives at least in part from the mother
during the delivery. Hence, interpersonal variations are higher
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among children than among adults. In adults, individuals
coming from different geographic areas also display different
microbiota (90). 

3. the microbiota acts like an endocrine organ

The microbiota produces numerous compounds of a hormonal
nature which are released into the blood stream and act at dis-
tal sites. Among the targets for these substances are many
other organs including the brain. The microbiota releases its
hormonal products into interstitial tissue, to be picked up by
blood and lymph capillaries. These secretions are usually
effective in low concentrations on target organs or tissues
remote from the enteric milieu. Thus, considering the ability
to influence the function of distal organs and systems, in
many respects the gut microbiota resembles an endocrine
organ. It is more biochemically heterogeneous than any other
endocrine organ because it has the potential to produce hun-
dreds of chemicals with hormonal properties. For example
GABA, the most important inhibitory transmitter in the brain

is produced by several strains of lactobacilli (7), while
monoamines such as noradrenaline, dopamine and serotonin
are also produced by many other strains of bacteria (17). The
gut microbiome has been reported to regulate psychiatric
health and influence etiopathology of autism. For example,
Bravo et al. (10) reported that chronic administration of Lact-
obacillus rhamnosus induced anxiolytic and antidepressant
effects by modulating the expression of GABA receptors in
the brain, and Lyte et al. (50) observed that infection with
Citrobacter rodentiumin induced anxiety-like behaviours
through vagal sensory regulation. 

Short chain fatty acids (SCFAs) are the major products of
the bacterial fermentation of carbohydrates and proteins in the
gut. Bacteria that produce SCFA include, but are not limited
to, Bacteroides, Bifidobacterium, Propionibacterium, Eubac-
terium, Lactobacillus, Clostridium, Roseburia and Prevotella
(52). SCFA are produced in high amounts when poorly
digestible polysaccharides from plant origin are used as a car-
bohydrate source. Acetate, butyrate and propionate are then
secreted into the gut lumen, transported across the epithelial
barrier and transported to the effector organs. SCFAs actively

              
 

 
 
 Figure 1: Exercise and the "cross-talk" between the gut microbiota and immune system.

Exercise may enhance sensitivity of toll like receptors (TLRs). Short chain fatty acids (SCAFs) then stimulate dendritic cells (DC) which are asso-
ciated with inflammation protection. Microbiota also stimulates T cells and neutrophils (Nf), inducing a pathogen spreading control and B cells,
where IgA production enhanced to produce IgE. IgE production and its release in serum, activates basophils (Bf) and mast cells (MC) leading to
allergic reactions. Stimulation of ILC3 cells also enhances IL-22 production and IgA, and protects epithelial cells and antimicrobial peptide
(AMP) synthesis and its release in gut lumen. The microbiota also produces hormonal-neurotransmitter agents (GABA, noradrenaline, dopamine
and serotonin) and metabolic products (SCFAs: butyrate, acetate and propionate) which are related to neurotransmitters synthesis and food
satiety control.
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participate in the gut-brain axis, for instance by modulating
entero-endocrine 5 hydroxy tryptophan secretion (25) and
neuropeptide YY release (36). Butyrate and propionate, when
in the blood stream, can be carried by monocarboxylate trans-
porters which are abundantly expressed at the blood-brain-
barrier and enter the central nervous system. They are a major
energy source for neurons, but can potentially influence neu-
rotransmitter synthesis through regulation of tyrosine hydrox-
ylase gene expression (21).

4. the microbiota interacts with our
immune system

The microbiota consists of symbiotic innocuous bacteria and
potential pathogens also called pathobionts (16). The first role
identified for the microbiota was the degradation of complex
food macromolecules. However, there is growing evidence
showing that the microbiota plays important roles in the matura-
tion of the immune system and protection against some infec-
tious agents (37,44,69,78). This is particularly true in the early
phases of life when the microbiota ‘teaches’ our immune system
how to deal with both innocuous and harmful bacteria, which in
turn keep the microbiota under control. As far as the gut is con-
cerned, this early programming is of utmost importance because
it leads to the concept of a ‘healthy’ gut. When dysregulation (or
dysbiosis) among these bacterial communities occurs, it can
lead to inflammatory disorders, including inflammatory bowel
disease, obesity, diabetes and autism (see below).

All the immune system components are directly or indi-
rectly regulated by the microbiota. For instance, the microbio-
ta and their metabolic by-products influence dendritic cells
and macrophages either directly or through the intervention of
epithelial cells. This cellular activity can be regulated by
microbiota-driven epigenetic mechanisms. Similarly, T regu-
latory cells can be induced by metabolic products of the
microbiota. The gut microbiota can induce B cell maturation
as well as switching their immunoglobulin isotype. A prefer-
ence for IgE rather than IgA can drive the activation of
basophils and mast cells, which in turn results in a modified
microbiota. The cross-talk between the gut flora and the
immune system stimulates the development of the gut mucos-
al immune system, which is one of the mechanisms to prevent
exogen pathogen intrusion (14). The pattern recognition
receptors, among them, the toll-like receptors (TLRs) and the
nucleotide-binding oligomerization domain receptors are
known mechanisms by which the innate immune system rec-
ognizes molecules with opposing characteristics. In turn, this
leads to the recognition of, and distinction between, pathogens
and non-harming elements (40). Considering that the expres-
sion of TLRs is modulated by the microbiota through the
microbe-associated molecular pattern (MAMP), a complex
molecular cascade is triggered, which includes the activation
of the nuclear factor-kappa B pathway, followed by cytokine
production and activation of T cells (40). The major compo-
nents in the interaction of the microbiota with the host
immune system are summarized in a review article (70) and
presented in Figure 1.

SCFAs produced by the anaerobic bacterial fermentation at
the gut level also act as signaling molecules. Indeed, propi-
onate and acetate are ligands for two G protein coupled recep-

tors, Gpr41 and Gpr43, which are broadly expressed in the
distal small intestine, colon and adipocytes (11,89). SCFA
linkage with Gpr43 decreases inflammatory responses, as it
was shown that Gpr43 is largely expressed in neutrophils and
eosinophils. This suggests that SCFA-Gpr43 signaling is one
of the molecular pathways whereby commensal bacteria regu-
late immune and inflammatory responses (54). Moreover,
SCFAs can modulate intracellular calcium levels in neu-
trophils suggesting another way of cell signaling (58-60).
SCFAs present multiple effects in different cells involved in
the inflammatory and immune responses. These fatty acids
not only affect the production of inflammatory mediators, and
ability of leukocytes to migrate. They can also induce apopto-
sis in lymphocytes, macrophages and neutrophils (82). In gen-
eral, SCFAs, such as propionate and butyrate, inhibit stimuli-
induced expression of adhesion molecules, chemokine pro-
duction and consequently suppress monocyte/macrophage
and neutrophil recruitment, suggesting an anti-inflammatory
action of the microbiota byproducts.

5. Dysbiosis and immune-mediated diseases

The epidemic rise in allergic disease over the last decades has
coincided with progressive Westernization (increased
hygiene, smaller family sizes, dietary change and excessive
antibiotic use). To explain this rise, Strachan (75) introduced
the hygiene hypothesis suggesting that microbial exposures in
childhood are critical for normal immune development. This
hypothesis was later revised by the ‘gut microbial deprivation
hypothesis’, which proposed that the observed changes in
early intestinal colonisation patterns over the last decades in
Western countries have resulted in failure to induce and main-
tain tolerance (12). There is emerging evidence that early gut
microbiota establishment during critical periods of develop-
ment has the potential to influence the risk of developing
environmentally influenced disease, including allergic dis-
ease. Studies have reported that infants born by caesarean sec-
tion are at greater risk for developing asthma and atopy
(45,53,79), mainly because they show gut microbiota patterns
with lower abundance of Bacteroidetes and lower diversity
within the Bacteroidetes phylum (38,39,63,80). More general-
ly, lower overall microbiota diversity and diversity within
Bacteroidetes in early infancy have also been observed to pre-
cede development of allergic manifestations (1,9,22,86). 

In recent years, considerable evidence has accumulated
supporting the notion that the gut microbiota induces mucosal
regulatory T cells which then play a vital role in maintaining
gut homeostasis under normal conditions or in controlling
inflammatory responses that would lead to disease. A break-
down in mucosal unresponsiveness to gut commensal organ-
isms as well as a gut dysbiosis are now known to be associat-
ed with inflammatory bowel diseases such as Crohn’s disease
(CD) and ulcerative colitis (76). The gut microbiota may
cause or aggravate CD by defective induction of regulatory T
cells, or by infection of the mucosa and the induction of
inflammatory cytokines. Indeed, studies of mice and humans
with gastrointestinal inflammation have led to the identifica-
tion of at least two kinds of bacteria that may cause or aggra-
vate the inflammation of CD: Faecalibacterium prausnitzii
(Firmicutes), and adherent–invasive Escherichia coli.
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Assuming that obesity is at least partly an immune-mediat-
ed disease, it has been shown that the gut microbiota plays an
important role in weight control, in addition to diet, lifestyle,
genetics, and the environment. Obese mice and humans show
higher proportion of Firmicutes and lower proportion of Bac-
teroidetes than their lean counterparts. One postulated expla-
nation for this finding is that Firmicutes produce more com-
plete metabolism of a given energy source than do Bacteroi-
detes, thus promoting more efficient absorption of calories
and subsequent weight gain. Ridaura et al. (71) confirmed
these findings in their pivotal study on colonization of the
intestine of germ-free mice with the microbiome obtained
from either obese or lean individuals. Other possible mecha-
nisms by which the intestinal microbiome affects host obesity
include induction of low-grade inflammation with
lipopolysaccharide, regulation of host genes responsible for
energy expenditure and storage, and hormonal communica-
tion between the intestinal microbiome and the host (42).

Together, these pieces of evidence indicate that the compo-
sition of the gut microbiota during early life, as well as a pos-
sible dysregulation, influence the way in which energy from
dietary compounds is extracted, stored and expended in the
host. This in turn influences the development of obesity and
metabolic disorders. Diet has also been shown to rapidly alter
the composition of gut microbiota independently of the obesi-
ty phenotype (26,35). In fact, it is suggested that the microbio-
ta of lean and obese subjects responds in a different manner to
alterations in caloric content of diet (41).  In this sense, diet
and an obese host-environment may also contribute to the
modification of the gut microbiota consortia. However, the
order in which these events occur is still unknown, and it is
likely that both events progress in parallel. In a similar idea,
up to now, it has not been established if exercise shifts the gut
microbiota by promoting weight loss or if the weight loss pro-
moted by exercise influences the regulation of the microbiota
itself. Although weight loss has been shown to modulate the
ratio of Firmicutes to Bacteroidetes, a role of exercise per se
independently of a weight loss is still to be confirmed.

In this field, nutritional supplementation therapy (e.g. glut-
amine, prebiotics and probiotics) together with fecal micro-
biota transplantation have been used to manipulate and re-
establish gut microbiota status (31,62,74). Glutamine is well
known to be important in gut function and is avidly used by
rapidly dividing cells such as enterocytes, colonocytes and gut
lymphocytes. Moreover, glutamine alone or in combination
with other gut-trophic nutrients improves the intestinal barrier
function in children (49).

6. exercise and the gut microbiota

As discussed above, the contribution of gut microbiota to the
pathogenesis of obesity occurs through the alteration of host
energy homeostasis. The ability of gut microbiota to process
indigestible polysaccharides increases the viability of short
chain fatty acids including butyrate, acetate and propionate
(4). It has been demonstrated that butyrate is used as an ener-
gy source for colonic epithelial cells, whereas acetate and pro-
pionate are used by the liver for the lipogenesis process (73).
Moreover, it is proposed that pro-inflammatory dietary com-
pounds, such as saturated fat, together with genetic predispo-

sition may shape the gut microbiota and increase caloric load.
The inability to restore healthy gut microbiota status may lead
to inflammation and bacterial metabolites leaking out to the
mesenteric fat. This process is associated with the activation
of pro-inflammatory gene expression, cytokine production,
and macrophage infiltration. It has been proposed by Lam et
al. (46) that the enhancement of adipose-derived cytokines
and fatty acids promotes inflammation, steatosis and insulin
resistance in the liver, which may lead to a metabolic systemic
dysfunction. As exercise is known to exert a beneficial role in
energy homeostasis and regulation, it might also modulate
and help to restore the gut microbiota when altered by a high
fat diet. 

6.1. General effects of exercise on gut physiology. 
There are several well-known effects of exercise on gut phys-
iology. Exercise volume and intensity have been shown to
exert an influence on gastrointestinal health status (64). For
example, exercise reduces the transient stool time in the gas-
trointestinal tract, reducing the prolonged contact of
pathogens with the gastrointestinal mucus layer and circulato-
ry system. Moreover, moderate exercise is associated with
reduced levels of cecum cancer, while exhaustive endurance
exercise has been associated with a disturbance in the gas-
trointestinal tract due to toxicity effects induced by reduced
local blood flow and bacterial translocation to blood stream
(64).

6.2. The effects of voluntary exercise on the gut microbiota
To date, very few studies have investigated the role of exer-
cise on the gut microbiota. However, exercise is a potential
external agent with the capacity to change gut microbiota
diversity in quantitative and qualitative ways. This was initial-
ly observed by Matsumoto et al. (55), who reported an alter-
ation in the microbiota content and an increase of n-butyrate
concentrations in rats submitted to voluntary running exer-
cise. These authors also reported an increase in the cecum
diameter in the trained rats. In addition, exercise alters the gut
microbiota in mice on both a low and high fat diet, and nor-
malizes major phylum-level changes for mice on the high fat
diet. Furthermore, the total distance run by these animals
inversely correlates with the Bacteroidetes-Firmicutes ratio
(24). However, exercise, when associated with food restric-
tions (mimicking anorexia in a rat model), seems to have a
potential negative impact on the quantity of health-promoting
bacteria.  In addition, it can enhance the growth of bacteria
which may be related to the disruption of the gut mucosal bar-
rier and the optimal exploitation of the very low caloric diet
(68). These authors also reported that serum leptin was posi-
tively correlated with the quantity of Bifidobacterium and
Lactobacillus, and negatively correlated with the quantity of
Clostridium, Bacteroides and Prevotella. Conversely, serum
ghrelin levels were negatively correlated with the quantity of
Bifidobacterium, Lactobacillus and B. coccoides–Eubacteri-
um rectale group, and were positively correlated with the
number of Bacteroides and Prevotella. These findings high-
light the associations between gut microbiota and appetite-
regulating hormones. Moreover, voluntary exercise also
appeared to attenuate the microbiome changes induced by
polychlorinated biophenyls (PCB) (15). In this study, mice
exposed to two days of PCB mixture, presented an alteration
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in the abundance of 1,223 bacterial taxa, with an overall abun-
dance reduction (2.2%) whereas the biodiversity of the gut
microbiota was not altered. Interestingly, predicted analysis
for micro arrays identified seven phila (Firmicutes) with sig-
nificantly higher abundance when comparing exercising to
sedentary mice. 

6.3. Controlled training and gut microbiota modification in
animals

Again, very few studies have investigated the alteration of gut
microbiota following controlled exercise. As observed in vol-
untary exercise regimens, recent studies have shown that con-
trolled training also exerted some beneficial effect on the gut
microbiome of obese and hypertensive rats (65) and in obese
mice with a phenotype induced by high fat diet (HFD) (43).
Moderate treadmill training (around the maximal lactate
steady state, 12.5 m.min-1 for obese Zuckerfa/fa rats and 20
m.min-1 for non-obese and hypertensive rats (SHR), 30
min/day, 5 days/weeks, during 4 weeks) altered the composi-
tion and the diversity of the gut bacterial at genus level in
non-obese, obese animals, and SHR. Exercise promoted All-
obaculum in SHR and Pseudomonas and Lactobacillus genus
in the obese rats. Moreover, the abundance of operation taxo-
nomic units from two bacteria families (Clostridiaceae and
Bacteroidaceae) and genera (Oscillospira and Ruminocossus)
was significantly correlated with blood lactate concentration.
These findings indicate that training status may be linked to
these bacterial proliferations (65). The effect of 16 weeks of
training (running wheels, 1 h, 7 m/min, 5 days/week) on rats
submitted to HFD was also used to study anxiety and cogni-
tive dysfunction which are associated with the development of
obesity (65). HFD and exercise alone caused massive but
opposite changes in the gut microbiome. However, exercise
failed to reverse the changes induced by the HFD at the
microbiome level.

6.4 Effect of training on the human gut microbiota
A study involving elite rugby players also reported that exer-
cise increases gut microbiota richness and diversity (18).
Moreover, this pioneering work in humans showed that the
indices of the gut microbiota diversity positively correlated
with protein intake and creatine kinase concentration, sug-
gesting that diet and exercise are drivers of biodiversity in the
gut. This work highlighted that exercise is another important
factor in the complex relationship among the host, host immu-
nity and the microbiota in elite athletes.

6.5 Gut Permeability and Ischemia –Reperfusion
One of the essential functions of the intestine is to maintain a
barrier which prevents the entry of potentially harmful micro-
organisms to adjacent and distant sterile organs. This mechan-
ical barrier can be disrupted through splanchnic hypoxia and
subsequent reperfusion. This often results in bacterial translo-
cation, with most of the translocating bacteria originating
from the colon. Strenuous and prolonged exercise such as
endurance competitions and training are associated with vari-
ous levels of splanchnic hypoperfusion and ischemia and sub-
sequent reperfusion (64). In a murine model, Gutekunst et al.
(32) recently reported increased apoptosis and altered perme-
ability following exhaustive and acute endurance exercise.
Although relevant to the topic of this article, this pathophysio-

logical phenomenon and its potential consequences on the gut
microbiota have not been addressed in exercising humans.
Using an ischemia-reperfusion model in rats, Wang et al. (85)
reported that the damage-repair of the epithelium preceded
dysbiosis and subsequent tendency to recovery of the colonic
microbiota. While the epithelial barrier started repairing after
3 hours and gained full recovery at 24 hours of reperfusion, a
normal microbiome was not fully recovered after 72 hours of
reperfusion. Colonic flora started to change as early as 1 hour
into reperfusion. At 6 hours, Escherichia coli (a pro-inflam-
matory strain of bacteria with high translocation potential)
reached a construction peak. Speeding-up the gut microbiota
recovery process by consuming a probiotic containing Lact-
obacilli strains prior to a lasting endurance event is a hypothe-
sis which deserves further investigation.

6.6. The Hypothalamic-Pituitary-Adrenal (HPA) axis and the
Microbiota
Cross-talk between the gut microbiota and the HPA axis has
recently been described. It is now clearly established that the
gut microbiota is involved in the development of the HPA axis
in rodents (20,77). Animals raised in the absence of micro-
organisms show exaggerated release of corticosterone and
ACTH after mild stress exposure, when compared with spe-
cific pathogen free controls. These results demonstrate that
the early life microbial colonization of the gut is critical to the
development of an appropriate stress response later in life. It
has also been proven that stress and the HPA can influence the
composition of the gut microbiome. The functional conse-
quences of such changes are probably relevant to the field of
exercise immunology. In animal experiments, maternal sepa-
ration, an early life stressor, or exposure to social stressors
(6,61) result in long-term HPA changes, and also has long
term effects on the microbiome (5). These stressed animals
showed decreased relative abundance of the Bacteroidetes
genus and increased relative abundance of the Clostridium
genus in their cecum, as well as increased circulating levels of
IL-6 and MCP-1 (6). In a recent randomized controlled study,
healthy humans supplemented with Lactobacillus helveticus
R0052 and Bacteroidetes longum R0175 for 30 days showed
reduced urinary free cortisol output (56).

An elevation in the plasma concentration of noradrenaline,
associated with physical exercise or mental stress, stimulates
the growth of non-pathogenic commensal E.Coli (27), as well
as other gram-negative bacteria (50). These preliminary find-
ings in humans attest to hormonally-driven changes in the
composition and distribution of the intestinal microbiota,
which in turn might modify host behavior. This topic is of par-
ticular interest in the field of exercise immunology, and
deserves future studies in exercising humans or elite athletes.

7. Prebiotics and Probiotics in
exercise immunology

Probiotics may improve health, either by the immunomodula-
tion of local immunity by maintaining gut wall integrity or by
acting on systemic immunity; enhancing non-specific and
specific arms of the immune system (33). As far as the innate
immune function is concerned, probiotics have been shown to
enhance phagocytic capacity of peripheral blood polymor-
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phonuclear cells and monocytes as well as NK cells cytotoxic
activity. Acquired immunity also seems to be improved fol-
lowing supplementation with probiotics, with significantly
higher specific IgG, IgA and IgM immunoglobulins. Local
immunity is modified with an enhanced gut barrier function
and an improved local immune response. One of the main
clinical outcomes from these in vitro results is a reduced rate
of upper respiratory tract illness (URTI) in children and adults
when given specific strains of probiotics (33). Although there
is a scarcity of supplementation studies with athletes, it seems
that this particular population may also benefit from a regular
probiotics use (66). This is of particular interest since athletes
engaging in prolonged intense exercise may be more suscepti-
ble to URTI (84). This benefit is believed to be strain specific:
the most common strains used to promote immune function
are lactic acid bacteria; Lactobacillus and Bifidobacterium
species. Cox et al. (19) reported that oral administration of
Lactobacillus fermentum was associated with a substantial
reduction in the number of days and severity of URTI in twen-
ty highly trained distance runners. These beneficial effects
occurred without any significant changes in salivary IgA or
interleukin-4 or -12 levels. The same type of results, after
using probiotics, were reported for lower respiratory illness
use of cold and flu medication, and severity of gastrointestinal
symptoms at higher training loads, in male (but not female)
competitive cyclists (88). The authors observed a reduction in
exercise-induced immune perturbations, interestingly in both
anti-and pro-inflammatory cytokines, which could have medi-
ated these effects. Two other studies performed on physically
active subjects and elite rugby union players confirmed a pos-
itive effect of a probiotic supplementation on the incidence,
but not severity or duration of URTI (28,34). The study using
physically active subjects also observed a positive effect on
salivary IgA.

Prebiotics are non-digestible polysaccharides and other
substances that selectively stimulate the growth or activities
of one or more species of bacteria in the gut microbiota:  this
confers a health benefit on the host (72). For instance, high
amylose maize starch supplementation showed some benefi-
cial effects on markers of bowel health in healthy physically
active adults (87). In general, prebiotics favor the growth of
Bifidobacteria and Lactobacilli over potentially harmful pro-
teolytic and putrefactive bacteria. Prebiotics have been classi-
fied mainly into two groups, the inulin type fructans (ITF) and
the galacto oligosaccharides (GOS), based on their chemical
structures. So far, no studies focusing on the purported benefi-
cial effects of prebiotics on athletic performance have been
conducted. However, a study examining the effects of various
GOS supplementation protocols in a large cohort of 427 stu-
dents showed that supplementation with GOS was associated
with lower GI illness symptom scores. Moreover, supplemen-
tation with 2.5 g of GOS was associated with reduced cold
and flu severity scores (38). Another study of GOS supple-
mentation providing a dose of 5.5 g/day, showed a significant
reduction of in the incidence and duration of diarrhoea in
healthy volunteers undertaking international travel (23). 

Regular consumption of 16 g per day of FOS has been
found to influence host metabolism favorably, increasing
plasma gut peptide concentration and reducing appetite (13).
Reduced levels of C-reactive protein have also been reported
with FOS supplementation (82). Whether these findings could

be relevant and useful to elite athletes as prophylaxis and
recovery means should be further investigated.

8. Perspectives in exercise immunology

There are interesting questions to be discussed, such as the
effect of exercise on the gut, its microbiota and the brain-gut
interactions. For example, does exercise enhance the sensitiv-
ity of TLRs and the recognition of the MAMPs, leading to a
stronger innate immune system? If so, does this occur through
modification of the communication between the immune sys-
tem and the flora? It is known that TLRs have been associated
with a sedentary lifestyle and inflammation status, and that
exercise reduces the expression of these receptors in the
monocyte cell-surface, contributing to a post-exercise immun-
odepression status (29). However, the link between gut micro-
biota, mucosal immunity and exercise stimulation has not yet
been explored, leading to several possibilities in the exercise-
immunology research field. 

Advances in sequencing technologies have made it possi-
ble to identify the presence of bacterial strains in the airways.
The most prevalent phyla identified in the airways are Prote-
obacteria, Firmicutes, and Bacteroidetes. Although there is no
direct evidence that the airway microbiota has, like the gut, a
function in developing and maintaining the steady-state
immune phenotype of the lung, several recent studies showed
an association between the airway microbiota and a variety of
chronic lung diseases such as asthma, chronic obstructive pul-
monary diseases, and cystic fibrosis (30). It is, however, diffi-
cult to understand whether the observed differences between
the compositions of the airway microbiota between healthy
and diseased subjects is driven by changes at the gut level. It
is also difficult to estimate the causative roles of treatments
such as glucocorticosteroïds or antibiotics. As some athletes
are prone to respiratory illnesses from inflammatory or viral
origins (8), characterization and comparison of the airway
microbiota in this population would certainly be of clinical
interest.

10. conclusion

Experimental evidence has shown that alterations in the bacte-
rial community are associated with health impairments, while
increased microbiota diversity improves metabolic profile and
immunological responses, and may provide a possible bio-
marker for health improvement. Therefore, it is of vital impor-
tance to have a better understanding of the effects of exercise
on the interaction of the microbiota and innate immune sys-
tem, as well as further outcomes in relation to host health. In
obesity and diabetes, the immunological system plays a key
role in the development of the pathological conditions influ-
enced by microbiota alterations. Although exercise may
induce positive restorative effects on the microbiota, it is defi-
nitely too soon to define exercise as a therapeutic element for
the treatment of diseases associated with a disturbance of the
gut microbiota. Moreover, few groups have embraced this
particular field in terms of linking exercise physiology and the
possible outcomes of disturbed gut microbiota treatment. In
contrast to other new treatments, such as microbiota trans-
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plantation or nutritional supplements, exercise is still an effec-
tive and non-pharmacological treatment for a number of
pathologies. Exercise may hopefully contribute to positive
manipulations within gut microbiota and its close relationship
with the immunological system. It is hypothesized that the
key to this process is linked to the effects of exercise on the
cross talk between the immune system and the microbiota.
These effects remain largely unknown and should be a
research focus in the near future.
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aBstRact

Advances in this century regarding allogeneic hematopoietic
stem cell transplantation (allo-HSCT) have led to an expand-
ing population of long-term survivors, many of whom suffer
severe side effects, particularly those related to graft-versus-
host disease (GVHD), a potentially multi-systemic disorder
caused by immunoeffector donor lymphocytes that destroy
host tissues. The GVHD, especially in its chronic form
(cGVHD), generates considerable morbidity and compromis-
es the physical capacity of patients. We have reviewed the
main pathophysiological aspects of the disease as well as the
data available on the effects of exercise in GVHD, based on
animal and human patient research. Although exercise train-
ing as an adjunct therapy to improve health outcomes after
allo-HSCT shows promise (particularly, this lifestyle interven-
tion can improve physical fitness and possibly immune func-
tion while attenuating fatigue), there is a need for more ran-
domized control trials that focus specifically on GVHD.

intRODUctiOn

Allogeneic hematopoietic stem cell transplant (allo-HSCT) is
the only curative option for many patients with leukemia, pri-
mary or acquired marrow failure, primary immunodeficiency
or inborn genetic diseases (378). Graft-versus-host disease
(GVHD) is a frequent complication of allo-HSCT (288), and
consists of the destruction of host tissues by donor effector
lymphocytes. The incidence of the acute form of GVHD
(aGVHD) has been estimated at 10%-80%, with symptoms
usually developing 2-3 weeks post allo-HSCT, and 30-70%
for chronic GVHD (cGVHD) in allo-HSCT recipients surviv-
ing beyond 100 days, with a median onset of 4-6 months fol-
lowing transplant (127) (see below for a definition of aGVHD
versus cGVHD). Reasons for the wide variability in the inci-
dence of both of these diseases might include individual dif-
ferences in a variety of modifiable and nonmodifiable risk

factors. These include type of conditioning regimen and
impact of regimen intensity, graft source, degree of human
leukocyte antigen (HLA) mismatch, previous donor alloim-
munization, use of total body irradiation, GVHD prophylaxis,
severity of individual organ sites, female donor–male recipi-
ent, parity of female donors, or recipient age (150, 169, 176,
244, 258, 270, 393). Mortality rates of 15-40% have been
reported for patients with aGVHD and 30-50% for those with
cGVHD (37). Reasons for the usually higher mortality rates
found in cGVHD compared with aGVHD likely include a
lower magnitude of medical advances in treatment, and the
more aggressive, multi-systemic nature of the chronic disease
form (151, 225). In addition, GVHD causes severe morbidity,
and allo-HSCT survivors with GVHD show impaired physical
and social behavior, and undergo a worse physical and psy-
chosocial recovery than survivors without this complication.
Quality of life (QoL) is thus severely compromised (119, 196,
218, 367-369).

The first-line option for the treatment of GVHD, steroid
therapy, has a failure rate of 30-40% (90). In effect, GVHD
refractory from steroids is an unresolved clinical challenge
with a high impact on both the survival and QoL of patients
(3). It is therefore imperative that researchers pursue other
effective therapies for the prevention and treatment of GVHD. 

The multi-system benefits of regular exercise have been
linked to a lower risk of numerous chronic diseases (see (114)
for an in-depth review). There is indeed strong epidemiologi-
cal evidence that this simple lifestyle intervention leads to
lower rates of all-cause mortality, cardiovascular disease,
hypertension, stroke, metabolic syndrome, type 2 diabetes,
breast cancer, colon cancer, depression, and falls (216). How-
ever, the impact exercise may have to prevent GVHD, or to
influence the course of the disease in affected patients, is
largely unknown. This paper reviews the main features of this
life-threatening disease and discusses the rationale and pre-
liminary findings supporting the effects of exercise training in
GVHD. To our knowledge, no data are available on the possi-
ble association between previous exercise habits, and the risk
or severity of GVHD.

allo-hsct and gvhD 

Allo-HSCT was first introduced to treat patients with end-
stage leukemia (381) or aplastic anemia after conventional
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treatment failure, as well as to offset the toxic effects of irradi-
ation and chemotherapy against both of these diseases (377).
The process consists of the intravenous transfer of hematopoi-
etic stem cells from a healthy donor to an immunosuppressed
recipient, to regenerate normal hematopoiesis in patients in
whom it is impaired or non-existent (379). The immunosup-
pression caused by the transplant conditioning regimen
enables the grafting of donor cells, while donor T lympho-
cytes provide anti-tumor therapy against the host’s residual
malignant cells  (graft-versus-tumor (or leukemia) (GVT)
effect) (212). However, several complications may arise dur-
ing the process. The grafted stem cells may be rejected by the
recipient (host-versus-graft (HVG) effect) or, conversely, the
donor immune system may act against the recipient (graft-ver-
sus-host (GVH) effect). The latter is clinically known as
GVHD. Such effects were discovered in studies conducted in
the mid-20th century, in which an anti-tumor cell effect of the
transplanted graft (GVT effect) was observed after allo-HSCT
(23, 24). However, in these studies, transplanted mice later
died from a second degenerative, or wasting, disease, which
caused diarrhea and weight loss, skin inflammation and liver
failure/lesions. This was the first clinical description of
aGVHD (25). 

In parallel, bone marrow transplants were conducted in
patients with malignant tumors with the objective of inducing
GVT activity without developing GVHD. This strategy was,
however, unsuccessful due to failure of the transplanted
hematopoietic stem cells (381) and was soon followed by the
technique of total body irradiation plus allogeneic bone mar-
row cell transplant. This new approach led to the first cure of
leukemia by the group of the Nobel prize winner E. Donnall
Thomas (380). Early experience was followed by further
anecdotal cases, but it was not until the mid 1970s that the
first epidemiological data of long-term survival were reported

for patients with acute leukemia subjected to allo-HSCT
(377). Since then, allo-HSCT has been widely adopted world-
wide (81) following developments made in tools designed to
assess donor-recipient synergistic and competitive interac-
tions, the selection of donors according to similarities in the
human leukocyte antigen (HLA), anti-microbial therapies,
cell transplant conditioning regimens and patient care (26,
137, 148). Allo-HSCT is also currently used as potentially
curative treatment for many different diseases (91, 107, 140,
148, 229, 339, 374). Nevertheless, today, almost 50 years after
initial studies, the challenge continues to be to maintain the
GVT effect while also facilitating the grafting of donor stem
cells, thus avoiding graft rejection and the complications of
treatment, among which GVHD is the most frequent and life-
threatening (199).

Definition and classification of gvhD

GVHD is the outcome of donor immune system cells attack-
ing the recipient’s organs (347). Donor T lymphocytes play a
major role in the pathophysiology of GVHD (109). After their
implant, donor T cells undergo activation upon alloantigen
presentation by antigen presenting cells (APCs) and then
clonally expand. Donor T cells induce damage to target
organs either directly through cytolytic attack, or indirectly
through the release of inflammatory mediators. As early as
1966, Billingham identified the necessary conditions for the
onset of GVHD (35): (i) the graft should contain immuno-
competent cells; (ii) the host should express tissue antigens
not present in the donor; and (iii) the host should be incapable
of organizing an effective destruction or inactivation response
against the transplanted cells. A fourth postulate was added
later (324): donor lymphocytes need to reach their target
organs in the host.

Figure 1. Clinical classification/differentiation of acute (aGVHD) and chronic graft-versus-host disease (cGVHD) according the US National Insti-
tutes of Health (NIH) (110).
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In 1974, Glucksberg and co-workers classified GVHD as
acute or chronic depending on its appearance before or after
day 100 after transplant, respectively. However, signs of
aGVHD may persist beyond 100 days post allo-HSCT and
those of cGVHD may commence before the 100-day time
point (397). Since then, there have been many attempts to
classify this disease and, today, the accepted system is that
created in 2005 by the US National Institutes of Health (NIH),
based on the different clinical manifestations of GVHD (63,
110, 248, 335, 349) (see also Figure 1):

1) aGVHD (lack of findings of cGVHD)
a) classic aGVHD, diagnosed before day 100 following

allo-HSCT or donor lymphocyte infusion showing
characteristics of aGVHD; 

b) persistent, recurrent or late-acute GVHD, showing
characteristic features aGVHD diagnosed after day 100
following allo-HSCT or donor lymphocyte infusion,
often after suspending immunosuppressive treatment,
lacking characteristics of cGVHD;

2) cGVHD
a) classic cGVHD, showing symptoms of cGVHD yet

lacking symptoms of aGVHD;
b) overlap GVHD syndrome, showing characteristics of

both aGVHD and cGVHD.

Pathophysiology of agvhD 

The physiopathology of aGVHD is summarized in Figure 2.
Classically, aGVHD occurs in three phases (156): 
Phase I. transplant conditioning regimen effects and
aPcs activation 
Host tissues may be damaged by the underlying disease
and/or infection before HSCT. In addition, the transplant
conditioning regimen induces damaged cells to secrete pro-
inflammatory cytokines [e.g., tumor necrosis factor (TNF)-
α, interleukin (IL)-1, IL-6] (108, 156), endogenous non-
infectious molecules known as ‘damage-associated molecu-
lar patterns’ (DAMPs) [e.g., adenosine triphosphate (ATP),
heat shock proteins or mitochondria, extracellular matrix
proteins such as biglycan] (237, 416, 435, 437) and
chemokines (77, 413). These molecules serve as “danger
signals” and are responsible for the activation of APCs,
especially dendritic cells, via toll-like receptors (TLRs) and
non-TLRs, enhancing GVHD (61, 156, 435). In the gas-
trointestinal tract, inflammatory stimuli are translocated to
the bloodstream. These signals include microbial products
(lipopolysaccharides and unmethylated cytosine-phos-
phate-guanine) or other “pathogen-associated molecular
patterns” (PAMPs), furthering the cytokine cascade (61,
155, 156). Most innate immune cells express pattern recog-
nition receptors (PRRs) and recognize PAMPs through
PRRs, such as TLRs and nucleotide-binding oligomeriza-
tion domain-like receptors. The binding of PAMPs by PRRs
on APCs activates the innate immune response, which
induces the upregulation of cytokines and MHC class II
costimulatory molecules, and promotes dendritic cell
migration to the T-cell compartment of lymph nodes so that
antigens are presented to other immune cells (77, 81, 92,
155, 156, 237, 430). 

Phase II. t lymphocyte activation
Donor T cells are recognized and activated by APCs in sec-
ondary lymph nodes (11, 81, 267) and then migrate to their
target organs where they can cause tissue damage (73, 241). 

II.1. Antigen presentation and T cell activation 
In the setting of an HLA-identical donor allo-HSCT, the
host’s APCs activate donor T lymphocytes through the pres-
entation of minor histocompatibility antigens (miHAs) by
HLA proteins to T cell receptors (14, 20, 38, 108, 139, 211,
226, 342, 348). This is the first activation signal, but costimu-
latory molecules (second signal) are needed for a full immune
response. In an HLA-non-identical allo-HSCT, aGVHD may
be induced both by CD4+ and CD8+ (class II and I major his-
tocompatibility antigen (MHC) coreceptors, respectively) due
to the miHAs disparity (108, 424). In mouse models in which
donor/recipient genetic differences are controlled for, if the
disparity between T lymphocytes and APCs affects class I
antigens, cytotoxic/suppressor CD8+ lymphocytes are activat-
ed. By contrast, if this disparity affects class II antigens, the
cells activated are cooperator CD4+ T cells (202). When T
cells are exposed to antigens in the presence of adjuvants such
as lipopolysaccharide, their migration and survival are
enhanced (104).

II.2. T lymphocyte proliferation and differentiation 
T lymphocyte activation leads to their differentiation into var-
ious T cell phenotypes such as effector, memory, regulatory or
helper (Th1, Th2, Th17), among other subsets (78, 409). Dif-
ferentiation into T helper cells is determined by the cytokines
present in the environment during the activation process (third
signal): (i) interferon (IFN)-γ (228) and IL-12 (165) promote
the development of Th1 cells, which express IFN-γ, lympho-
toxin, IL-2 and TNF-α (266); (ii) IL-4 and IL-2 promote the
development of Th2 cells (164, 215, 338, 366), which express
IL-4, IL-5, IL-9, IL-10, IL-13 and TNF-α (266); and (iii)
transforming growth factor (TGF)-β and IL-6 promote the
Th17 cell phenotype (34, 201, 240, 396) expressing IL-17A,
IL-17F, IL-22 (149, 286, 396) or IL-21 (278, 438). Th1
cytokines (IFN-γ, IL-2, TNF-α) have been correlated with
aGVHD (103, 106, 311). The balance between Th1/Th2 sub-
sets as well as other subsets such as Th17 and the production
of cytokines affects the manifestations of GVHD (432).
Although there is some controversy as how Th1/Th2 balance
might affect GVHD and various contributions of each of these
elements are still under investigation, some explanations have
been postulated, as briefly summarized below. aGVHD has
been proposed to be mediated by Th1 cells (102), whereas
Th2 cells have been reported to suppress aGVHD (208). Yet
Th2-biased donor cells deficient in signal transducer and acti-
vator of transcription 4 gene (STAT4-/-) can induce lethal
GVHD (276). On the other hand, although the absence of
Th17 cells can exacerbate aGVHD (433), Th17 cells have
been shown to augment GVHD in some circumstances (76,
185), with in vitro-generated Th17 cells mediating lung and
skin GVHD (57). Yi et al., (2009) proposed that Th1 cells can
down-regulate Th2 and Th17 cells or vice versa (432). Thus,
in the absence of IL-17 or IL-4, Th1 differentiation is aug-
mented, and tissue damage in the gut and liver is preferential-
ly exacerbated. In contrast, in the absence of IFN-γ, both Th2
and Th17 differentiation is augmented, and tissue damage in
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Figure 2. Pathophysiology of acute graft-versus-host disease (aGVHD). 
The mechanisms implicated in the pathophysiology aGVHD are summarized below. Phase I: infections, the disease itself and the conditioning
regimen damage host tissues (mostly liver, skin and intestinal mucosa). Phase II: activation of donor T cells against host antigens and subse-
quent clonal T-cell expansion. Phase III: release of inflammatory cytokines leading to further host tissue damage (104).
Symbol:             , danger signals. Abbreviations:  APC, antigen-presenting cells; CpG, unmethylated cytosine-phosphate-guanine; CTL, cytotox-
ic T lymphocytes; DAMPS, damage-associated molecular patterns; HLA, human leukocyte antigen; LPS, lipopolysaccharide; NK, natural killer;
PAMPS, pathogen-associated molecular patterns; Th1, T cell helper 1; Th2, T cell helper 2; Th17, T cell helper 17;  NK, natural killer.
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lung and skin is exacerbated (432). Absence of both IFN-γ
and IL-17 leads to further augmentation of Th2 differentiation
and exacerbated lung damage (idiopathic pneumonia) (432).
Lack of both Th1 and Th2 cells further augments Th17 differ-
entiation and exacerbates skin damage. Therefore, the balance
among Th1, Th2 and Th17 effector subsets plays an important
role in regulating T-cell immune response and, neutralizing
either Th1, Th2 or Th17 cytokines may lead to biased Th1,
Th2 or Th17 differentiation and thus can cause organ-specific
tissue damage (432).

II.3. T cell trafficking
Activated T cells migrate to secondary lymph organs and tar-
get tissues through a combination of chemokine-receptor,
selectin-ligand and integrin-ligand interactions (73, 96, 267,
268, 285, 324, 394, 405, 414, 426, 427). For example,
chemokine ligand 2 (CXCL2)-5, CCL9, CCL11, CCL17 and
CCL27 are overexpressed in the liver, spleen, skin and lungs
during aGVHD (427, 428). T cells with chemokine receptors
(CCR)3 and CCR5 cause aGVHD in the gut and liver (95,
268, 426). 

Phase III. Cellular and inflammatory effects
GVHD culminates with cytotoxic effects mediated by differ-
ent processes:

III.1. Cellular effectors 
The main cellular effectors of aGVHD are cytotoxic T lym-
phocytes and natural killer (NK) cells (182, 391). The effector
lysis mechanisms employed by cytotoxic T lymphocytes are
the pathways FAS/FASL, tumor necrosis factor-related apop-
tosis-inducing ligand (TRAIL) and perforin/granzyme B (42,
45, 46, 182, 329, 331, 391, 413, 429, 439), though other path-
ways may exist (81). 
III.2. Inflammatory effectors
Cell damage is aggravated by inflammatory mediators includ-
ing IFN-γ, TNF-α (45, 156, 300) and IL-1 (2). Microbial
products filtered by the gut mucosa trigger the production of
cytokines (156, 171). 
III.3. Other factors
Nitric oxide produced by monocytes/macrophages impairs the
cell proliferation needed for damaged epithelial tissues to heal
(206, 273). 

Pathophysiology of cgvhD

The pathophysiology of cGVHD is summarized in Figure 3.
Chronic GVHD was first described as a disease mediated by
Th2 lymphocytes (307, 372), although this idea is not fully
supported because it may be caused by Th1 cytokines (22,
111, 279, 314, 438). While several studies have revealed the

Figure 3. Pathophysiology of chronic graft-versus-host disease (cGVHD). 
The mechanisms implicated in the pathophysiology cGVHD are summarized below. First, thymic damage alters the central tolerance mecha-
nisms during immune reconstitution, producing cGVHD. Further, the thymus production of naïve regulatory T cells (Tregs) is impaired, also caus-
ing cGVHD as well as loss of peripheral tolerance. As for the implication of B cells, patients with cGVHD have high levels of B cell activating fac-
tor (BAFF), a high prevalence of auto-reactive antibodies, poor recovery of B cell levels, and prolonged immunodeficiency. Finally, fibrotic
changes also occur due to several factors such as complement factor 3 and 5, chemokines, CD4+ T lymphocytes, transforming growth factor
(TGF)-β1 and deregulation of platelet-derived growth factor (PDGF).  
Abbreviations: BAFF, B-cell activating factor; C3, complement component 3; C5, complement component 5; Tcons, conventional T cells: TGF-β,
transforming growth factor beta; Tregs, regulatory T cells; PDGF, platelet-derived growth factor.
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important role played by the Th1/Th2 balance (44, 167, 272,
276, 306, 340, 413), others suggest different cytokine profiles
depending on the disease stage (320). Th17 cells (84, 230,
277) and auto-antibodies (436) can also cause cGVHD,
though the spectrum of Th17 cells varies according to whether
the cells are classic or alternative Th17 cells (4, 86, 130, 223,
297). To some extent, the pathophysiology of cGVHD resem-
bles that of an autoimmune disease in which auto- and allo-
reactive T and B lymphocytes intervene (107). However, it
differs from the pathophysiology of aGVHD (384) and sever-
al theories for its development exist. 

Central tolerance failure. The thymus damage caused by
the conditioning regimen, aGVHD or the prophylaxis regimen

lead to dysregulation of the patient’s central tolerance mecha-
nisms during immune reconstitution following cell transplant,
giving rise to cGVHD (356). During the early recovery stage,
mature T cells obtained from the donor and expanded in a thy-
mus-independent manner are responsible for the development
of the disease. During late recovery, T cells generated de novo
from the donor’s hematopoietic stem cells through the host’s
thymus gland will condition the pathophysiology of cGVHD
(160, 203). Although the T cells produced in this way should
not attack tissues expressing autoantigens, impaired immuno-
logical tolerance to these autoantigens leads to the autoim-
mune characteristics of cGVHD (325). Although the CD4+ T
cells generated de novo from the donor stem cells seem to

Figure 4. Main clinical features of acute (aGVHD) and chronic graft-versus-host disease (cGVHD). Abbreviation: allo-HSCT, allogeneic
hematopoietic stem cell transplant. Patients with GVHD are affected at the multi-system level, which leads to a debilitated physical condition
with a subsequent decrease in the ability to cope with activities of daily living. Patients’ health status and physical condition further deteriorate
in the mid and long-term by the pharmacological treatment they receive, which induces muscle toxicity (i.e., due to high doses of immunosup-
pressant drugs). The muscle tissue also deteriorates as a result of bed rest, resulting in muscle atrophy and eventually in cachexia. All together,
these phenomena severely impair the patients’ well-being and quality of life.   
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mediate conversion from aGVHD to cGVHD (97), the latter
is also produced without being preceded by aGVHD. Howev-
er, the host’s thymus is not needed to induce cGVHD, because
autoreactive quiescent T and B cells in transplants from non-
autoimmune donors may also be activated and expanded to
cause cGVHD (436). 

Regulatory T cells (Tregs) and cGVHD. Tregs are a T-cell sub-
set marked by a CD4+ CD25hi Foxp3+ phenotype. Its deterio-
ration has been associated with peripheral tolerance loss,
autoimmunity and with cGVHD (48, 76, 436, 440). During
the lymphopenia period, thymus production of naïve Tregs is
impaired and the Tregs generated show a memory phenotype
(374). Initially Tregs undergo greater proliferation than conven-
tional T cells (Tcons), but this expansion is offset by their
greater susceptibility to apoptosis (252). This determines that
in patients who show chronic CD4+ cell reduction, the balance
Tregs/Tcons is disrupted, and this has been linked to a high inci-
dence of extensive cGVHD and peripheral tolerance loss
(252).

B lymphocytes and cGVHD. The role of B lymphocytes in
cGVHD has been identified in mice (336) and humans (55,
72, 180, 189, 190, 195, 308, 309, 403, 434), and several
authors have described the factors that affect B cell subsets in
the development of this disease (101, 259, 289, 352, 382, 436,
441). Patients with cGVHD show high levels of B cell activat-
ing factor (BAFF) (43, 59, 121, 327, 328) such that the
BAFF/B cell ratio is elevated (210, 328). Several factors have
been correlated with the presence and severity of cGVHD: a
high prevalence of autoreactive antibodies (19, 27, 43, 75, 93,
105, 121, 142, 186, 192, 249, 260, 264, 289, 304, 317, 350,
365, 373, 398, 410), the relationship among genotypes of the
Fc receptor-like 3 gene (FCRL3) (345) (335) and an increased
number of B cells strongly expressing TLR-9 (344). More-
over, these patients show poor recovery of B cell numbers and
prolonged immunodeficiency (9, 62, 101, 360, 361). Howev-
er, a return to homeostasis is essential (261) and B cell precur-
sor depletion can be a predictor of cGVHD development. In
addition, elevated numbers of these cells in the bone marrow
or an increase in naïve B and transition cells in blood can pre-
dict the success of allo-HSCT (101, 225, 328). Finally, deplet-
ed naïve B and transition cell compartments enhance the
autoreactivity of B cells with antigenic experience in these
patients (16, 172, 328). 

Fibrotic changes. Various soluble factors play a role in the
course of cGVHD.  Complement factor 3 is deposited at the
dermal-epidermal interface in patients with cGVHD (386),
and complement factor 5 has been identified as a quantitative
trait that modifies liver fibrosis (157). Chemokines have been
attributed a role in the pathogenesis of systemic sclerosis as
potent chemoattractants of leukocytes and collaborators of
pro-fibrotic cytokines (18, 275, 438). CD4+ T lymphocytes
produce fibrotic lesions in the skin, liver, exocrine glands and
thymus (1, 8, 88, 94, 126, 371, 389, 425). Elevated plasma
levels of transforming growth factor (TGF)-β1 have been cor-
related with the development of hepatic and pulmonary fibro-
sis (12, 21, 269). In addition, skin fibrosis and the overregula-
tion of TGF-β1 and mRNA for collagen have been observed
in human and murine models of scleroderma (175). In the
mouse, TGF-β has been related to sclerodermal skin changes
(82, 254), and in humans, elevated levels of this growth factor
have been detected in patients with cGVHD (227). TGF-β

plays a role in the generation and maintenance of peripheral
Tregs and in improving their suppressive actions (321). Finally,
the dysregulation of platelet-derived growth factor (PDGF)
signaling has been related to atherosclerosis, pulmonary
hypertension and fibrosis. Anti-PDGF receptor antibodies rec-
ognize the native PDGF receptor inducing tyrosine phospho-
rylation, the build-up of reactive oxygen species, the expres-
sion of collagen type I genes and conversion of the myofi-
broblast phenotype in normal human primary fibroblasts,
which leads to sclerosis (27). These antibodies have been
detected in patients with scleroderma (27) and in all patients
with extensive cGVHD (365).

clinical FeatURes

GVHD features a heterogeneous pattern of clinical presenta-
tion (see Figure 4 for a schema). The three main target organs
of aGVHD are the skin, gastrointestinal tract and liver (85,
105, 107, 122, 134, 156, 245, 255, 274, 353, 354, 400) though
the thymus (60, 207, 312, 411) and lungs (81); eyes and kid-
neys (362) may also be affected. In contrast, the clinical man-
ifestations of cGVHD resemble those observed in autoim-
mune diseases (141, 277). Although considered to be a multi-
organ disorder, initial signs of disease appear in the oral
mucosa before affecting other organs such as the skin, nails,
eyes, muscles, lungs, tendons, gut, liver, joints, nerves, serosal
surfaces, heart and immune system (79, 100, 110, 129, 141,
143, 153, 154, 204, 280, 307, 349, 350, 395).

Pharmacological treatment

All allogeneic transplant patients receive prophylaxis against
GVHD. The commonly used regimens for prevention of
aGVHD consist of a combination of a calcineurin inhibitor,
either cyclosporine-A (CsA) or tacrolimus, and an anti-
metabolite (359). However, these interventions that prevent
aGVHD are not effective in preventing cGVHD. Strategies
using anti-thymocyte globulins for in-vivo T-cell depletion
show promise but no benefit on survival (112). Despite pro-
phylaxis, many patients suffer from acute or cGVHD.

Corticosteroids (prednisone/6-methylprednisolone) are the
standard-of-care first-line treatment for both acute (158, 236,
245, 258, 393, 412) and chronic forms of GVHD (110, 153,
364, 398, 421). The treatment protocol for each patient varies
in terms of the dose, regimen and length of therapy. First-line
treatment produces a response in fewer than 50% of patients
with aGVHD and in 40–50% of patients with cGVHD
depending on initial disease severity (127). This has meant
that research efforts have been directed towards developing
additional therapies combining corticosteroids with other
agents (see table 1 for more detailed information). However,
trials performed to date have shown no benefits when other
agents are added to corticosteroids (355). Moreover, steroids
have numerous side effects (e.g., osteoporosis, osteonecrosis,
diabetes mellitus, hypertension, and can be detrimental in a
growing child), which compromise the QoL of patients (5,
120, 127, 219, 337). There is no standard second-line treat-
ment for aGVHD or cGVHD. Numerous therapeutic agents
have been assessed to treat aGVHD and cGVHD (see table 1
for more details) but no single treatment has proven better
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than others. All are associated with high failure rates and
cause severe toxic effects (127, 243, 244). The evaluation of
therapeutic options is complicated by the heterogeneous
nature of the patient group (in terms of organ involvement,
age, conditioning regimens, GVHD prophylaxis), the lack of a
clear definition of corticosteroid-refractory disease, availabili-

ty of therapies, financial considerations, inconsistent treat-
ment end points, preferences and experience of treating physi-
cians, and secondary effects of treatment. The outcome of
refractory aGVHD is poor, including a high morbidity and
mortality figures approaching 80% (90, 392). Response rates
to agents against cGVHD range from 20% to 70% (420). 

"
"

Table 1: Summary of pharmacological therapies against acute (aGVHD) and chronic graft-versus-host disease (cGVHD) 

aGVHD Refs. 
Standard of care Corticosteroids (prednisone/6-methylprednisolone (158, 236, 245, 258, 392, 393, 412) 

Etanercept (6, 41, 224, 388) 
Mycophenolate mofetil (MMF) 
Denileukin 
Pentostatin 

(7, 28, 193) 
(7, 343) 
(7, 40) 

Infliximab (67) 
Antibodies against IL-2R (54, 222) 
Horse anti-thymocyte globulin (ATG) (40, 70) 

First line therapies Methylprednisolone  combined 
with  

either 

Mesenchymal stem cells (MSC) (187) 
ATG (15, 191, 233-235, 246, 319, 392) 
Alefacept (383) 
Alemtuzumab (Campath) (136, 250, 333, 334) 
Beclomethasone (162) 
IL2 receptor antagonists such as daclizumab (10, 217, 291, 302, 418) 
Inolimomab (32, 71, 125, 301) 
Denileukin diftitox (161, 343) 
Basiliximab (123, 251, 332, 407) 
Antitumour necrosis factor antibodies such as 
infliximab 

(67, 69, 290) 

Etanercept (7, 51, 67) 
ECP (64, 144, 293, 326, 390) 
MMF (124, 144, 146, 193, 205, 257, 293, 298) 
Sirolimus (33, 163) 
Pentostatin (40, 299) 

Alone 

MSC (99, 152, 187, 213, 214, 271, 292, 313, 401, 402, 
404) 

Horse ATG + etanercept with or without MMF (188) 
Daclizumab, infliximab and horse ATG (357) 
Daclizumab + etanercept (422) 

Second-line 
therapies 

Combinations 

Daclizumab + infliximab (305) 
"

"
"cGVHD                                          Refs. 

First line therapies Corticosteroids alone or combined 
with: 

Calcineurine inhibitors  
Thalidomide 
Sirolimus 
MMF 
Pentostatin 
Rituximab 
Hydroxychloroquine 
Methotrexate (MTX) 
Extracorporeal photophoresis (ECP) 

(17, 198, 363, 364) 
(17, 197) 
(46, 58, 308) 
(50, 231, 247) 
(40, 135) 
(72, 403, 434) 
(133) 
(133) 
(66, 117, 118, 147, 184) 

Azathoprine (98) 
Alemtuzumab (322) 
Alefacept (341) 
Etanercept (51) 
Infliximab (351) 
Oral beclomethasone (162) 
Hydroxychloroquine (133) 
Thalidomide (47, 209, 287, 318, 399) 
Clofazimine (221, 323) 
Cyclophosphamide (303) 
Steroid pulse (5) 
Sirolimus (69, 180, 181) 
ECP (13, 36, 39, 53, 66, 80, 83, 117, 118, 128, 138, 145, 

147, 183, 184, 257, 284, 294-296, 316, 326, 330, 
337, 390) 

Imatinib (238, 239, 265, 282, 283, 358) 
MMF (28, 29, 50, 52, 124, 193, 205, 220, 231, 263) 
Rituximab (55, 56, 72, 190, 195, 262, 281, 308, 309, 346, 370, 

375, 403, 434) 
mTOR inhibitor (178, 310) 
MSC (415) 
Thoracoabdominal irradiation (49) 
Pentostatin (173, 174, 299) 
Retinoids (Am80, etretinate/isotretinoin) (242, 277) 
Calcineurin inhibitors (58, 387) 

Alone 

MTX (87, 132, 166, 168, 179) 
Prednisone + MMF + sirolimus or ECP (50, 68, 117, 147, 180, 231) 
Isotretinoin + PUVA (131) 
Pulse cyclophosphamide + MMF + steroids (253) 

Second-line 
therapies 

Combinations: 
 

Infliximab + daclizumab (315) 
"

"

"

"

"

"
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non-pharmacological treatment:
rationale for exercise interventions

Clearly there is an urgent clinical requirement to optimize cur-
rent therapies and develop novel treatments for GVHD based
on the patient’s individual needs. The heterogeneous nature of
its manifestations calls for a multidisciplinary approach to
patient management including input from physiotherapists,
microbiologists, occupational therapists, dieticians, pharma-
cists and psychologists. There is strong epidemiological evi-
dence that regular physical exercise (e.g., brisk walking, jog-
ging) leads to a lower risk of all-cause mortality, cardiovascular
disease, hypertension, stroke, metabolic syndrome, type 2 dia-
betes, breast cancer, colon cancer, depression and falls (216).
Exercise has therapeutic benefits on many systems in the body
because working skeletal muscles produce numerous secreted
factors (‘myokines’) with potential drug-like effects such as IL-
6 (an anti-inflammatory cytokine when released during exer-
tion), secreted protein acidic and rich in cysteine (SPARC) or
calprotectin (with potential anti-tumorigenic effects) (see
Fiuza-Luces et al. for an extensive review (114)). Exercise also
stimulates the release of stem cells with a strong regenerative
potential from their source of origin (e.g., bone marrow) to the
bloodstream (114). Moreover, the beneficial effects of moder-
ate-intensity exercise on immune function, at least in non-
immunocompromised individuals, have been well established
(406). Because regular physical exercise has positive effects on
the chain of interactive events that occur from the time of cen-
tral nervous system stimulation to skeletal muscle contraction,
it increases a person’s ability to cope with activities of daily liv-
ing, and improves cardiorespiratory capacity (commonly
expressed as peak oxygen uptake, VO2peak) in virtually all
population groups (232). Finally, exercise is a lifestyle inter-
vention that is also recommended for all patient groups, includ-
ing children and adult recipients of HSCT (423). Thus, it is of
medical interest to assess the effects of exercise in GVHD.

exercise interventions in gvhD (i):
Murine model studies

The present authors sought to determine the effects of a moder-
ate-intensity exercise (treadmill running) program on GVHD in
mouse models of aGVHD (115) and cGVHD (113, 115, 116).
No other data are available on exercise and murine models of
GVHD. In one our studies (115), we addressed the effects of
exercise (treadmill running) in the absence of CsA or any
immunosuppressive treatment in a murine model of aGVHD
and one of cGVHD. In the setting of aGVHD, mice subjected
to 12 weeks of training showed an improved functional capaci-
ty and clinical course of disease relative to controls. At the
muscle level, these mice featured higher citrate synthase activi-
ty (a classic indicator of mitochondrial oxidative capacity),
although no effects were detected on the phospho-p70 S6
kinase/p70 S6 kinase ratio (an indicator of muscle anabolic
state). However, both experimental animals and controls
showed a similar response throughout the study in terms of
rates of survival, immune cell recovery, systemic inflammation
and target organ (skin, liver, intestine) damage. In the cGVHD
model, the exercise group showed less worsening of physical
capacity, accompanied by increases in citrate synthase activity.
In addition, immune recovery was unmodified, such that no

detrimental effects were produced on the GVT effect or on
infections provoked by the immunocompromised state of the
mice. These benefits did not appear to be linked to a possible
anti-inflammatory effect of exercise, though reduced IL-6 lev-
els were recorded in the exercise intervention group. However,
the exercise intervention failed to affect variables such as sur-
vival, disease progression or target organ histological findings. 

In another of our studies (116), we reported our analysis of
the effects of exercise added to the standard immunosuppres-
sive therapy used for this disease (CsA) in the same murine
model of cGVHD. Mice in the intervention group showed sig-
nificantly higher survival rates, a reduced resting heart rate (an
indicator of cardiovascular fitness), and an improved disease
course compared to control animals. Further, the exercise pro-
gram led to lower TNF-α and IL-4 levels, reflecting a weaker
inflammatory state. Immune reconstitution was improved, with
expanded B lymphocytes and CD4 T lymphocyte compart-
ments. At the muscle tissue level, citrate synthase, respiratory
chain complex activities and the phospho-p70 S6 kinase/p70
S6 kinase ratio failed to show an improvement with exercise
training, probably due to the detrimental muscle effects of CsA.
Finally, similar histological observations were made in the dis-
ease's target organs in mice surviving the study period.  

In another study (113), we examined the role of autophagy as
a possible mechanism for cardiac adaptations produced in
response to exercise in mice with cGVHD that survived until the
end of the study described above (116). Autophagy is an intracel-
lular quality control mechanism of degradation and recycling of
damaged macromolecules and organelles that is currently gaining
attention because of its potential involvement in longevity and
defense against chronic diseases. After 12 weeks of training, lev-
els of several markers of autophagy (autophagy related gene 12
(Atg12), microtubule-associated protein 1 light chain 3 alpha
(LC3B), unc-51-like kinase 1 phosphorylated at serine 555
(phospho-ULK1 S555) and sequestosome 1 (SQSTM1/p62),
were elevated, as were the activities of the antioxidant enzymes
catalase and glutathione reductase relative to those recorded in
control mice. These benefits of exercise were observed in the
absence of modifications to the proteins involved in mitochondri-
al dynamics and heart muscle contraction, and thus failed to
affect cardiac structure and function. No significant differences
were detected in control and experimental animals in terms of
electron transport chain complexes or citrate synthase activity. 

exercise interventions in gvhD (ii):
human studies

Patients experience considerable levels of physical and psy-
chological distress before, during and after allo-HSCT. In
addition to GVHD, muscle atrophy, decrements in physical
performance, cachexia, pneumonia, psychological impair-
ments and mortality are more pronounced in the allogeneic
compared to the autologous transplant setting (159, 200, 408,
431). Physical exercise has recently been purported to amelio-
rate some of these treatment-related side effects and enhance
the rehabilitation process in allo-HSCT patients (419).
Despite this, however, no research effort to date has character-
ized the effects of exercise in patients with GVHD. Existing
exercise training interventions have targeted patients undergo-
ing allo-HSCT, among whom patients with GVHD have
sometimes been included (table 2 see next side). Among the
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beneficial effects of exercise reported in these studies were
positive effects on QoL (30, 177, 419), improvements in
endurance/aerobic capacity (30, 31, 74, 177, 419), muscular
strength (30, 31, 74, 177, 256, 419), functional capacity (30,
177), and perceptions of fatigue, physical emotional and
social well-being (419). Exercise training has also been
shown to reduce perceived pain scores and subdue anxiety,
depression and aggressive or hostile behavior (419). Although
the patient cohorts and experimental designs employed in
these studies were very heterogeneous, both aerobic and
resistance based exercise appeared to positively influence var-
ious outcomes in allo-HSCT inpatients, as well as outpatients. 

The vast majority of studies that have examined the effects
of exercise after allo-HSCT have involved inpatient cohorts
(table 2 see next side). In a small retrospective study of allo-
HSCT patients that received myeloablative conditioning regi-
mens (i.e., chemotherapy, irradiation), an inverse correlation
was found between the level of physical activity performed
during hospitalization (number of steps taken daily by the
patient) and time to discharge (170). This relationship was
observed regardless of whether or not the patient experienced
GVHD, infections or cytomegalovirus reactivation. Interest-
ingly, however, physical activity did not impact the length of
hospitalization in patients receiving non-myeloablative condi-
tioning regimens.

Exercise training studies involving allo-HSCT outpatients
are relatively uncommon. A home-based aerobic exercise
training intervention was administered to cancer survivors (at
least 6-months post allo-HSCT), although only ~31% of these
patients received an allo-transplant (417). Patients performed
20-40 minutes of activity at 40-60% of predicted heart rate
reserve 3 to 5 times per week for 12 weeks. Although lacking
a control group, scores on aerobic fitness, fatigue severity and
physical well-being improved after exercise training, with no
adverse events being reported. Another study involving allo-
HSCT outpatients (385) enrolled 10 patients with severe
cGVHD and bronchiolitis obliterans syndrome, which is the
most common and serious pulmonary complication of
cGVHD (63, 65). The 8-week pulmonary rehabilitation pro-
gram, which involved both strength and aerobic based exer-
cise session ~3 times per week, improved 6-minute walk dis-
tance, exercise tolerance, subjective symptoms of dyspnea
and QoL scores (385). To our knowledge this is the only study
conducted to date in which all participants had some form of
GVHD (385).

The diverse nature of the exercise training studies involv-
ing allo-HSCT patients makes it difficult to draw any firm
conclusions pertaining to how physical exercise may benefit a
patient with GVHD. Although no study reported an adverse
event as a direct result of testing or exercising, safety issues or
the feasibility of performing exercise training interventions in
patients with GVHD were not clearly confirmed in most of
these studies. Combining these studies is challenging due to
study limitations and the disparate nature of the patient
cohorts and experimental designs. These include small sample
sizes, a wide range of different outcomes and measurements,
varying types of interventions, different starting and end
points, the duration, frequency and intensity of the different
exercise components, different proportions and severity of
GVHD patients, the presence or absence of a control group, or
varying standard care regimes used in controls, among others.

Although exercise training shows promise, there is a critical
need for more randomized clinical trials to determine if exer-
cise is capable of ameliorating the detrimental effects of both
acute and cGVHD in humans. Although exercise has been
shown to have profound immunologic effects and GVHD is
primarily an immunoreactive disorder, it is surprising that
very few studies have focused on the effects of exercise on
immunological outcomes in the allogeneic transplant setting.
In one randomized control trial involving allogeneic bone
marrow transplant patients, a series of bed exercises (per-
formed 30 minutes daily for 6-weeks) increased total lympho-
cyte counts by 40.9 cells/μl compared to a decrease of 640.7
cells/μl in the non-exercising control group (194), without
affecting the composition of CD4+ and CD8+ T-cell subsets.
As immune reconstitution is a major determinant of prognosis
and progression-free survival after allo-HSCT (89, 376), fur-
ther randomized control trials exploring the effects of exercise
training on immune reconstitution against viruses and tumors
in patients with both acute and cGVHD would be illuminat-
ing.

cOnclUsiOn

Since exercise training as an adjunct therapy to improve
health outcomes after allo-HSCT shows promise, there is a
critical need for more randomized control trials that focus
specifically on GVHD. While outcome measures such as hos-
pitalization time, exercise tolerance, physical functioning and
emotional and social well-being are all important, there is also
a need to explore potential mechanisms underpinning the ben-
eficial effects of exercise. For instance, it remains to be seen
in human models of GVHD if exercise training can alter
cytokine profiles and regulatory T-cell function, improve
immune reconstitution to viruses and tumors, or dampen the
activity of alloreactive T-cells. 
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aBstRact

Exertional-heat stress has the potential to disturb intestinal
integrity, leading to enhanced permeability of enteric patho-
genic micro-organisms and associated clinical manifesta-
tions. The study aimed to determine the circulatory endotoxin
concentration and cytokine profile of ultra-endurance runners
(UER, n=19) and a control group (CON, n=12) during a five
stage 230km ultra-marathon (mean ± SD: 27h38min ±
3h55min) conducted in hot and dry environmental conditions
(30ºC to 40ºC and 31% to 40% relative humidity). Body mass
and tympanic temperature were measured, and venous blood
samples were taken before (pre-stage) and immediately after
(post-stage) each stage of the ultra-marathon for the analysis
of gram-negative bacterial endotoxin, C-reactive protein,
cytokine profile (IL-6, IL-1β, TNF-α, IFN-γ, IL-10, and IL-
1ra), and plasma osmolality. Gastrointestinal symptoms and
perceptive thermal tolerance rating were also monitored
throughout competition. Mean exercise-induced body mass
loss over the five stages ranged 1.0% to 2.5%. Pre- and post-
stage plasma osmolality in UER ranged277 to 282mOsmol/kg
and 286 to 297 mOsmol/kg, respectively. Pre-stage concentra-
tions of endotoxin (peak: 21% at Stage 5), C-reactive protein
(889% at Stage 3), IL-6 (152% at Stage 2), IL-1β (95% at
Stage 5), TNF-α (168% at Stage 5), IFN-γ (102% at Stage
5),IL-10 (1271% at Stage 3), and IL-1ra (106% at Stage 5)
increased as the ultra-marathon progressed in UER; while no
changes in CON were observed (except for IL-1β, 71% at
Stage 5). Pre- to post-stage increases were observed for endo-
toxin (peak: 22% at Stage 3), C-reactive protein (25% at
Stage 1), IL-6 (238% at Stage 1), IL-1β (64% at Stage 1),
TNF-α (101% at Stage 1), IFN-γ (39% at Stage 1), IL-10

(1100% at Stage 1), and IL-1ra(207% at Stage 1) concentra-
tions in UER. Multi-stage ultra-marathon competition in the
heat resulted in a modest circulatory endotoxaemia accompa-
nied by a pronounced pro-inflammatory cytokinaemia by
post-Stage 1, both of which were sustained throughout compe-
tition at rest (pre-stage) and after stage completion. Compen-
satory anti-inflammatory responses and other external factors
(i.e., training status, cooling strategies, heat acclimatization,
nutrition and hydration) may have contributed towards limit-
ing the extent of pro-inflammatory responses in the current
scenario. 

Keywords: endurance, running, heat, inflammation, gastroin-
testinal. 

intRODUctiOn

The epithelial lining along the gastrointestinal tract acts as a
protective barrier between the internal and external environ-
ment, playing a significant role in preventing the penetration
of enteric pathogenic microorganisms into portal and systemic
circulation (23). Prolonged physical exertion, particularly run-
ning exercise, appears to impact upon intestinal epithelial
integrity through redistributing blood flow to the working
muscles and peripheral circulation (i.e., aiding thermoregula-
tion), inevitably leading to splanchnic hypoperfusion and
hypoxia (53, 58). Additionally, alterations to intestinal motili-
ty and mechanical trauma (i.e., repetitive jarring associated
with running) can further promote intestinal mucosa and
epithelial damage and (or) dysfunction(41). 

When acute bouts of prolonged strenuous exercise are per-
formed in hot (>30ºC) environmental conditions, enhanced
thermoregulatory strain, increased body water losses and
accompanying hypovolaemia are commonly observed (62),
and have the potential to further promote splanchnic hypoper-
fusion and disruption to intestinal epithelial integrity (24, 57).
Such perturbations have been linked to increased intestinal
permeability of localised gram-negative bacteria (e.g.,termi-
nal ileum colonized lipopolysaccharide), primarily due to
deterioration of the protective mucosal lining and widening of
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epithelial tight junction spaces. Subsequently, this leads to
endotoxaemia and a responsive cytokinaemia (5, 6). Endotox-
in induced cytokinaemia has previously been implicated in the
aetiology of heat stroke and septic shock (26, 34); whereas its
potential link to autoimmune disease, gastrointestinal disease,
and chronic fatigue in high risk individuals (i.e., genotype
predisposition) is of current research interest (7, 29, 43). In
extreme cases, where by systemic endotoxin proliferation is
evident, over-exaggerated immune activation (i.e., innate
immune cell proliferation and function, and cytokine respons-
es) and increased pro-coagulant factors results in tissue
hypoperfusion, intravascular coagulation, endothelial injury,
and the end-point being refractory shock (19).

It is well established that moderate levels of exercise elicit
favourable changes in cytokine profile; such as suppression of
low-grade inflammation and enhanced anti-inflammatory
cytokine responses (37, 59). Indeed, the classical cytokine
response to moderate exercise in thermoneutral conditions
(body temperature increase <1°C) results in raised circulatory
interleukin (IL)-1 receptor antagonist (ra), IL-10, and muscle
derived IL-6 concentrations; while pro-inflammatory cytokine
IL-1β and tumour necrosis factor (TNF)-α responses are gen-
erally minimal (59). For example, 2 hours of running at 75%
of maximum oxygen uptake (VO2max) in 20ºC ambient tem-
perature resulted in an approximate 150%, 570%, and 1490%
increase in IL-1ra, IL-10, and IL-6, respectively; while no
changes in IL-1β and TNF-α were observed (11). 

On the contrary, excessive strenuous exercise (e.g., long
distance running), especially in hot ambient conditions (body
temperature increase >1°C), results in enhanced enteric endo-
toxin translocation and a cytokine-mediated systemic inflam-
matory response similar to the cytokine profile of an acute
infectious episode (e.g., sepsis, trauma, fever) (3, 15, 22, 47).
Previous laboratory controlled studies have observed elevated
pro- (e.g., TNF-α) and anti-inflammatory (e.g., IL-10)
cytokine production after prolonged exercise in hot (32°C to
40°C) compared with thermoneutral (15°C to 22°C) environ-
mental conditions (9, 42, 47, 49) indicating ambient tempera-
ture plays a crucial role in the degree of cytokinaemia
observed after physical exertion. Such systemic endotoxin and
cytokine responses have also been associated with sympto-
matic manifestations of gastrointestinal symptoms; a common-
ly observed feature in individuals exposed to prolonged peri-
ods of exertional-heat stress (22, 23, 33, 36, 56).Taking into
account that previous research has predominantly focused on
single bouts of exertional-heat stress, to date, it is still unclear
the extent to which consecutive days of exertional-heat stress
may impact on circulatory endotoxin and cytokine responses
along the duration of exposure. Moreover, despite differences
in sex and training status influencing such responses to acute
exertional-heat stress through hormonal and adaptive factors
(3, 47, 59, 61), it is unknown whether these sub-groups
respond differently to consecutive repetitive exposure. 

During exertional-heat stress, endotoxin induced systemic
cytokinaemia appears to be a key feature in the aetiology of
exertional-heat illnesses (i.e., exertional-heat stroke) (26) with
fatalities being acknowledged as resulting from systemic
inflammatory response syndrome (SIRS), a condition known
as a whole body inflammatory state (39). For example, fatal
incidence of heat stroke in military personnel during infantry
training in hot ambient conditions were reported to be due to

septic shock, in which SIRS was a key feature (32, 39). From
a practical perspective, given the substantial growth of ultra-
endurance sports worldwide over the past decade and the
environmental extremes of these events, competing in multi-
stage ultra-endurance competition exposes ultra-endurance
athletes to consecutive days of exertional-heat stress. This
population may thus be predisposed to sub-clinical (e.g., gas-
trointestinal symptoms) and clinical (e.g., exertional-heat ill-
nesses, sepsis, autoimmune diseases, gastrointestinal diseases,
chronic fatigue) manifestations potentially originating from
intestinal mucosa and epithelial damage and dysfunction.
Indeed, mild circulatory endotoxaemia, cytokinaemia, and
gastrointestinal symptoms have been reported after marathon
(6) and Ironman triathlon (22) events, which were also associ-
ated with decrements in overall performance (38).

To date, exercise immunology research in ultra-endurance
sports is limited (30), with no research exploring and tracking
intestinal permeability of endotoxins and cytokine profile dur-
ing multi-stage ultra-marathon. Besides the consecutive days
of exertional-heat stress, such events are also accompanied by
additional stressors that have previously been acknowledged
as predisposing factors in the aetiology of fatal incidence of
heat stroke and SIRS (2, 32, 39, 60). These include inadequate
recovery opportunities, sleep deprivation, and acute periods of
compromised hydration and (or) nutritional status (12, 13).
Moreover, the predominant characteristics of ultra-endurance
runners generally observed (e.g., recreationally active popula-
tion, not acclimatised to environmental conditions, training
status suboptimal for degree of physical exertion required,
high body fat, high motivation, and situation of compromised
immune status) are also reported to be aetiological predispos-
ing factors (60).

The aims of the current study were to: 1) determine circula-
tory endotoxin concentration and cytokine profile of ultra-
endurance runners throughout a five days (five stages) multi-
stage ultra-marathon competition conducted in hot and dry
environmental conditions; 2) determine the relationship
between these responses with gastrointestinal symptoms and
perceptive thermal tolerance rating; and 3) determine if sex
and training status influence responses. Taking into account
the consecutive days of exertional-heat stress, limited recov-
ery time in-between stages, and acute periods of compromised
hydration and (or) nutritional status throughout a multi-stage
ultra-marathon competition, it was hypothesised that endotox-
aemia would be seen by post-Stage 1 and progressively
increase (both pre- and post-stage) along the ultra-marathon,
which would be mirrored by a cytokinaemic response. It was
also hypothesised that a correlation between circulatory
responses with severe gastrointestinal symptoms (positive)
and perceptive thermal tolerance rating (negative) would be
seen. Additionally, it was hypothesised that no difference in
responses would be seen between the sexes, and that faster
runners with higher training status would show lower respons-
es. 

MethODs

Setting
The study was conducted during the 2011 Al Andalus Ulti-
mate Trail (www.alandalus-ut.com), held during the 11th to
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15th of July, in the region of Loja, Spain (Table 1). The multi-
stage ultra-marathon was conducted over five stages (five
consecutive days) totalling a distance of 230 km over a variety
of terrains; predominantly off-road trails and paths, but also
included steep and narrow mountain passes, and occasional
road. Running intensity averaged 8.0, 8.1, 7.1, 7.0, and 7.5
metabolic equivalents (METs) (SenseWear 7.0, BodyMedia
Inc., Pittsburgh, PA, USA) from Stages 1 to 5, respectively.
Sleeping arrangements along the course included a combina-
tion of outdoor tent and village sports hall accommodation
[sleep duration (mean ± SD) 8h10min±0h43min,
7h50min±0h36min, 8h32min±0h51min, 8h18min±1h05min;
and sleep quality (rating scale, 1= very poor to 10= very good)
6 ±2 , 3 ± 2, 5 ± 2, 3 ± 1,from Stages 1 to 4, respectively].

Participants
After ethical approval from Coventry University Ethics Com-
mittee that conforms with the 2008 Helsinki declaration for
human research ethics, 19 out of the total 69 ultra-endurance
runners (UER) who entered this ultra-marathon competition
volunteered to participate in the study [males n= 13: age 41 ±
8 y, height 1.77 ± 0.05 m, body mass 76 ± 7 kg, body fat mass
14 ± 5%; females n= 6: age 49 ± 4 y, height 1.65 ± 0.05 m,
body mass 62 ± 6 kg, body fat mass 21 ± 3%]. For compara-
tive purposes, 12 individuals who accompanied the ultra-run-
ners (on-location for pre- and post-stage measurements and
sampling, slept at the ultra-marathon location with the compe-
tition participants, but drove around the course spectating the
event) along the ultra-marathon course, but did not compete
(absence of exertional stress), volunteered to participate in the
study as part of the control (CON) group [males n= 5: age 41
± 10 y, height 1.76 ± 0.10 m, body mass 76 ± 14 kg, body fat
mass 18 ± 5%; females n= 7: age 31 ± 13 y, height 1.60 ± 0.04
m, body mass 62 ± 13 kg, body fat mass 25 ± 7%]. All partic-
ipants arrived at location ≤48 hours prior to the start of Stage
1. Only n= 2 participants resided in countries with hot ambi-
ent conditions similar to those of the race location (≥30°C
Tamb) at the time of competition; the remaining participants

resided in countries with cold or thermo-neutral environmen-
tal conditions (≤20°C). No participant reported any incidence
of illness and/or infection in the 12 weeks leading up to the
ultra-marathon. 

Oral anti-inflammatory agents 
The use of non-steroidal anti-inflammatory drugs (NSAIDs)
and other anti-inflammatory agents amongst UER included:
paracetamol (500-1000mg), ibuprofen (400mg), cocodamol
(500-1000mg), Celebrex (200mg), and fish oils (1-2g omega
3 fatty acids). Anti-inflammatory agent usage by UER was n=
2, n= 5, n= 3, n= 4, and n= 6 from Stage 1 to 5, respectively.
No form of oral anti-inflammatory agents were used by n= 13
UER and CON (n= 12) throughout the ultra-marathon.

Study design and data collection
Following participant recruitment and informed consent, a
preliminary session was completed to determine baseline
body mass, height, and body fat mass. Height was measured
by a wall-mounted stadiometer. Baseline body mass was
determined using calibrated electronic scales (BF510, Omron
Healthcare, Ukyo-ku, Kyoto, Japan) placed on a hard levelled
surface. Waist and hip circumferences were measured using a
standard clinical tape measure by trained researchers, in
accordance with ISAK international standards for anthropo-
metric assessment. Body mass and circumference measures
were used when conducting multifrequency bioelectrical
impedance analysis (MBIA; Quadscan 4000, Bodystat, Dou-
glas, Isle of Man, UK) to estimate body composition. The cur-
rent ultra-marathon was semi self-sufficient, whereby partici-
pants (including CON) planned and provided their own foods
and fluids (except plain water) along the five days of competi-
tion. Participants’ equipment and sustenance was transported
to each stage section by the race organisation. Ad libitum
water was provided by the race organisers during the rest
phase throughout competition. Additionally, aid stations along
the running route were situated approximately 10 km apart,
and only provided plain water, fruit (oranges and watermel-

Table 1: Multi-stage ultra-marathon characteristics, including stage times and average speed of ultra-endurance runners. 
       

 Distance 
(km) 

Altitude 
(m) 

Ambient 
Temperature 

(°C) 
 

Ambient Relative 
Humidity 

(%) 
 

Running Time 
(hours:minutes)  

and Speed (km/h) 
 

Predominant Course Terrain 

 
Stage 1 
 

 
37  

 
503 to 1443 

 

 
30 to 32 

 
31 to 32 

 
4:41 ± 0:37 

7.9 ± 1.1 
 

 
Off-road trails and paths, steep and narrow 

mountain passes. 

Stage 2 
 

48 830 to 1338  
 

30 to 34 32 to 33 6:56 ± 1:03 
6.9 ± 1.1  

 

Off-road trails and paths, steep and narrow 
mountain passes, and occasional road. 

Stage 3 
 

38 689 to 1302  
 

32 to 38 35 to 37 4:51 ± 0:42 
7.8 ±1.2 

  
 

Off-road trails and occasional road. 

Stage 4 
 

69 671 to 1152  
 

32 to 40 31 to 33 7:11 ± 1:12 
9.6 ± 1.7 

 
 

Off-road trails and road. 

Stage 5 
 

38 473 to 1065  
 

36 to 40 37 to 40 4:42 ± 0:43 
8.1 ± 1.2 

 
 

Off-road trails and road. 

Mean ± SD or range (n= 19).  
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on), and electrolyte supplementation that was used by n= 9
UER as per manufacturer’s instruction (2.46 ml/896 ml fluid;
Elete electrolyte add-in, Mineral Resources International,
South Ogden, Utah, US). Participants were advised to adhere
to their programmed habitual dietary practices throughout the
entire competition. 

Each day, for five consecutive days, running stages com-
menced at either 08:00 or 09:00. Within the hour prior to the
start of each running stage, body mass measurement was
determined using calibrated electronic scales placed on a hard
levelled surface. Participants were then required to sit in an
upright position for 10 minutes before tympanic temperature
(Ttymp; Braun Thermoscan, Kronberg, Germany) was deter-
mined and whole blood collected. To determine Ttymp, partici-
pants were asked to position their head in the Frankfort plane
and avoid head movement until Ttymp measurement was com-
pleted. A disposable thermometer tip cover was placed on the
sensor; the right auricle was then gently pulled up and back
before the sensor was insertion into the right external auditory
canal for five seconds, without touching the tympanic mem-
brane. All measurement techniques and samples were consis-
tently conducted and collected in a large partitioned research
field tent (four sections, 3 m x 3 m) or sports hall facility.
Body mass was re-measured in those participants who needed
to urinate prior to the stage start. 

Immediately post-stage and before any foods or fluids
could be consumed, body mass and Ttymp were measured, fol-
lowed by whole blood collection. For consistency, the order,
positioning and technique of measurements and sampling
were similar pre- and post-stage for all stages, and were taken
by the same trained researcher throughout. At the end of each
competition day (20:00 to 22:00) on Stages 1 to 4, researchers
explored severe gastrointestinal symptoms (38) and percep-
tive thermal tolerance rating (20) through a rating scale (gas-
trointestinal symptoms: “no symptoms” to “extremely bad
symptoms” and thermal tolerance rating: “cool” to “unbear-
able hot”). Exertional-heat illness symptoms were verified by
a qualified Sports Physician.

Dietary analysis and hydration status
At the end of each competition day on Stages 1 to 4, trained
dietetic researchers conducted a standardised structured inter-
view (dietary recall interview technique) on participants to
ascertain total daily food and fluid ingestion. Energy and
water intake through foods and fluids were analysed on Diet-
plan 6 dietary analysis software (v6.60, Forestfield Software,
Horsham, West Sussex, UK). A comprehensive description of
the dietary assessment and analysis technique used can be
viewed in Costa et al. (12, 13). Pre- and post-stage body mass
values were used to determine exercise-induced body mass
change. Pre- and post-stage plasma osmolality (POsmol) was
determined from 50 μl lithium heparin plasma in duplicate by
freezepointosmometry (Osmomat 030, Gonotec, Berlin, Ger-
many). The coefficient of variation for POsmol was 3.5%. 

Blood sample collection and analysis
Whole blood samples were collected by venepuncture without
venostasis from an antecubital vein using a 21G butterfly
syringe into one lithium heparin (6 ml, 1.5 IU/ml heparin;
Becton Dickinson, Oxford, UK) and one K3EDTA (6 ml, 1.6
mg/ml of K3EDTA; Becton Dickinson, Oxford, UK) vacutain-

er tube. Blood samples were immediately centrifuged and
plasma aliquoted into Eppendorf tubes and stored frozen ini-
tially at -20°C during the ultra-marathon competition, prior to
transferring to -80°C storage after completion of the experi-
mental procedure. Whole blood haemoglobin concentration
and haematocrit were used to estimate changes in plasma vol-
ume (PV) relative to pre-Stage 1. Haemoglobin concentration
and hematocrit content of K3EDTA blood samples (100µl)
were determined using an automated cell counter (Coulter
ACT Diff, Beckham Coulter, USA) immediately after sample
collection. All blood parameters were corrected for changes in
PV (14). 

Circulatory concentrations of C-reactive protein (CRP)
(eBioscience, Hatfield, UK), IL-6, TNF-α, IL-1β, IFN-γ, IL-
10, and IL-1ra (Invitrogen, Carlsbad, US) were determined by
ELISA using K3EDTA plasma as per manufacturer’s instruc-
tions. Gram-negative bacterial endotoxin concentration was
determined by limulus amebocyte lysate (LAL) chromogenic
endpoint assay using K3EDTA plasma (HIT302, Hycult
Biotech, Uden, Netherlands) as per manufacturer’s instruc-
tions. In short, 20 μl of sample was diluted in 380 μl of endo-
toxin-free water, and then incubated at 75°C for 10 minutes.
Once at room temperature, 50 μl of standards, blank, positive
control, and samples were added to plate wells in duplicate.
To enhance assay validity, background plate reading without
LAL reagent was performed at OD 405nm. 50 µl LAL reagent
was then added. Plate was covered and incubated at 22ºC for
30 minutes, followed by reading at OD 405nm. Concentration
was calculated by plotting the absorbance against standards in
a linear regression curve and eliminating background error.
The assay was performed using endotoxin-free and depryo-
genated consumables in a sterile laboratory. Each plasma vari-
able was analysed on the same day, with standards and con-
trols on each plate, and each participant assayed on the same
plate. The intra-assay coefficient of variation for plasma vari-
ables analysed was ≤5.5%. In CON, blood-borne indices were
determined on pre-Stages 1, 3 and 5 only.

Data analysis
Data in text and tables are presented as mean ± standard devi-
ation (SD). Due to commonly large individual variation in
immunological responses to exercise (59), data in figures (%
change) are presented as individual participant responses.
Prior to data analysis, outlying values for all variables were
detected through box-plot analysis (SPSS v.20, Illinois, US).
Participants that presented consistent outlying values through-
out the ultra-marathon were removed. The data were exam-
ined using a two-way (stage x time) repeated-measures
ANOVA (Friedman for gastrointestinal symptoms and percep-
tive thermal tolerance rating) (SPSS v.20, Illinois, US); except
for energy, macronutrient, and water intake that was examined
using a one-way ANOVA. Assumptions of homogeneity and
sphericity were checked, and then appropriate adjustments to
the degrees of freedom were made using the Greenhouse–
Geisser correction method. Significant main effects were
analysed using a post hoc Tukey’s HSD test. For comparative
purposes, a two-way ANOVA was also applied to sub-group
analysis [UER vs CON, sexes (total and body mass corrected
values), oral anti-inflammatory agent administration, and run-
ning speed (slow runners (SR, n= 11), who completed the
entire distance of the ultra-marathon using a mixture of walk-
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ing and running (overall mean speed <8 km/h) and fast runners
(FR, n= 8), who completed the majority of the ultra-marathon
distance running (overall mean speed ≥8 km/h)]. Pearson’s
coefficient correlation analysis was used to assess the associa-
tions between endotoxin with C-reactive protein and cytokine
profile. Spearman’s rank correlation analysis was used to
assess the associations between blood-borne variables with
self-reported gastrointestinal symptoms and perceptive thermal
tolerance rating. The pro- to anti-inflammatory balance was
determined by calculating the IL-1β:IL-10 and TNF-α:IL-10
ratios. The acceptance level of significance was set at P < 0.05.

ResUlts

Energy, macronutrient, and water ingestion
A difference in total daily energy intake was seen between
stages in UER and CON (P < 0.001; Table 2). Total daily pro-
tein and carbohydrate intakes were higher (P < 0.001) in UER
compared with CON at various stages of the ultra-marathon.
Rate of carbohydrate intake during running did not differ
between stages in UER. No difference in total daily water
intake through foods and fluids was seen between stages in
UER and CON (Table 2). Total daily water intake through
foods and fluids was higher in UER on all stages compared
with CON (P < 0.001). Rate of water intake through foods and
fluids during running did not differ between stages in UER.

Body mass, plasma osmolality and volume change
Pre-and post-stage body mass did not significantly alter
throughout competition in UER (pre-Stage 1: 71.7 ± 9.5 kg to
pre-Stage 5: 71.2 ± 9.2 kg; and post-Stage 1: 69.8 ± 8.9 kg to
post-Stage 5: 69.6 ± 9.5 kg) and CON (pre-Stage 1: 67.4 ±
15.0 kg to pre-Stage 5: 67.0 ± 14.8 kg. Stage 1 (2.5%) result-
ed in a greater exercise-induced body mass loss compared

with Stages 2 to 5 in UER (2.0%, 1.0%, 2.2%, and 2.2%,
respectively; P < 0.001). Pre-stage(range: 277 to 282
mOsmol/kg) and post-stage (range: 286 to 297 mOsmol/kg)
POsmol did not differ between stages in UER.  Pre-stage POsmol
did not differ from CON throughout the ultra-marathon. Pre-
to post-stage increases in POsmol (P < 0.001) were observed on
all stages in UER. Relative to pre-Stage 1, resting pre-stage
PV increased significantly (P < 0.001) by Stage 2 (7.0 ± 1.4%)
and peaked at Stage 5 (22.7 ± 2.0%) in UER; while no signif-
icant change in PV was observed in CON. UER presented
greater PV change at pre-Stages 3 and 5 compared with CON
(P < 0.001). 

Tympanic temperature
Tympanic temperature (Ttymp) was within normal range pre-
(overall mean: 36.3 ± 0.4°C) and post-stage (overall mean
37.0 ± 0.3°C) in UER. Pre-stage Ttymp gradually decreased (P
= 0.003) in UER as the ultra-marathon progressed (pre-Stage
1: 36.5°C and pre-Stage 5: 36.0°C). No change in pre-stage
Ttymp (36.7 ± 0.5°C) was observed for CON throughout the
ultra-marathon. Pre- to post-stage increase (0.7°C; P < 0.001)
in Ttymp was also observed in UER throughout the ultra-
marathon. No difference in Ttymp was observed for sub-group
comparisons. 

Circulatory gram-negative bacterial endotoxin concentration
Pre-stage circulatory endotoxin concentration gradually
increased (P < 0.001) in UER as the ultra-marathon pro-
gressed (Table 3, Figure 1A), peaking at Stage 5 (21%). No
change in pre-stage circulatory endotoxin concentration was
observed between Stages 1, 3, and 5 for CON. Pre- to post-
stage increase (P = 0.001) in circulatory endotoxin concentra-
tion was also observed in UER throughout the ultra-marathon
(Table 3, Figure 1B). No difference in circulatory endotoxin
concentration was observed for sub-group comparisons.

Table 2: Energy, macronutrient, and water intake (through foods and fluids) of a control group and ultra-endurance runners participating in 
a 230 km multi-stage ultra-marathon competition conducted in a hot ambient environment. 

  
Stage 1 

 
Stage 2 

 
Stage 3 

 
Stage 4 

 UER 
 

CON UER 
 

CON UER 
 

CON UER 
 

CON 
         

Total daily intake         

Energy (MJ/day) 16.3 ± 4.4aa 10.4 ± 1.4  
 

14.6 ± 4.2† 12.6 ± 1.1†  
 

13.7 ± 4.0† 12.1 ± 1.7  
 

15.2 ± 5.4aa 12.6 ± 1.9†  
 

Protein (g/day) 123 ± 42aa 54 ± 8  109 ± 33aa 77 ± 28  
 

92 ± 31aa 68 ± 6   
 

106 ± 40aa 81 ± 27  
 

Carbohydrate (g/day) 590 ± 189aa 400 ± 58  
 

527 ± 190 487 ± 37  
 

516 ± 145 469 ± 47  
 

534 ± 184 484 ± 45  
 

Fat (g/day) 116 ± 51 75 ± 12  
 

106 ± 39 85 ± 10  
 

93 ± 45 82 ± 27  
 

120 ± 47 84 ± 23  
 

Water (L/day) 7.5 ± 1.5aa 2.8 ± 0.3 6.8 ± 2.9aa 3.4 ± 0.2 6.6 ± 1.6aa 3.3 ± 0.6 6.5 ± 2.8aa 3.7 ± 0.7 
         

During running         

Total carbohydrate (g) 121 ± 72‡   146 ± 60‡  137 ± 61‡  195 ± 91  

Carbohydrate intake rate (g/h) 27 ± 16  23 ± 10  29 ± 13  28 ± 14  
         

Total water (L) 3.7 ± 1.0‡  4.3 ± 1.9  3.6 ± 1.5‡  4.4 ± 1.7  
Water intake rate (ml/h) 819 ± 277  693 ± 269  797 ± 331  721 ± 256  

Mean ± SD: ultra-endurance runners (UER, n= 19) and control group (CON, n= 12). † P < 0.05 vs Stage 1,  ‡ P < 0.05 vs Stage 4, aa P < 0.01 vs CON. 
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Plasma C-reactive protein concentration
Pre-stage plasma CRP concentration increased (P < 0.001) by
Stage 2 in UER, and remained elevated thereafter (Table 3,
Figure 2A), peaking at Stage 3 (889%). No change in pre-
stage plasma CRP concentration was observed between
Stages 1, 3, and 5 for CON, and levels were lower than UER
pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage increase (P
= 0.014) in plasma CRP concentration was also observed in
UER throughout the ultra-marathon (Table 3, Figure 2B).Plas-
ma CRP concentration was observed to be higher (P < 0.001)
in males (pre-stage: 8.9 ± 3.6 µg/ml, post-stage: 10.1 ± 4.0
µg/ml) compared with females (pre-stage: 4.2 ± 2.6 µg/ml,
post-stage: 4.3 ± 2.5 µg/ml) throughout the ultra-marathon.
This difference was also observed when corrected for body
mass (P < 0.001). No differences in other sub-group compar-
isons were observed.

Plasma interleukin-6 concentration
Pre-stage plasma IL-6 concentration increased (P = 0.006) by
Stage 2 (152%) in UER and remained elevated thereafter (Table 3,
Figure 3A). No change in pre-stage plasma IL-6 concentration was
observed between Stages 1, 3, and 5 for CON, and levels were
lower than UER pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage
increase (P < 0.001) in plasma IL-6 concentration was also
observed in UER (Table 3, Figure 3B). Post-stage plasma IL-6
concentration was observed to be higher (P = 0.054) in males (26.7
± 20.5 pg/ml) compared with females (17.6 ± 5.7 pg/ml) through-
out the ultra-marathon. However, when corrected for body mass no
substantial difference was observed. There was also a tendency for
higher (P = 0.094) pre-stage plasma IL-6 concentration in SR (20.4
± 15.2 pg/ml) compared with FR (13.3 ± 5.4 pg/ml) throughout the
ultra-marathon. No difference in plasma IL-6 concentration was
observed for oral anti-inflammatory administration.

Table 3: Circulatory endotoxin, C-reactive protein concentrations, and plasma cytokine profile of a control group and ultra-endurance 
runner s par ticipating in a 230 km multi-stage ultra-marathon competition conducted in a hot ambient environment. 

  
Stage 1 

 
Stage 2 

 
Stage 3 

 
Stage 4 

 
Stage 5 

 Pre 
 

Post Pre Post Pre Post Pre Post Pre Post 
           

Gram-negative endotoxin (EU/ml)           

UER 2.8 ± 0.3 3.2 ± 0.8§ 3.0 ± 0.4 3.1 ± 0.5 2.9 ± 0.4 3.5 ± 0.8** 3.3 ± 0.5†† 3.6 ± 0.6* 3.4 ± 0.5†† 3.6 ± 0.9 

CON 3.0 ± 0.2    3.0 ± 0.4    3.1 ± 0.5  

C-reactive protein (µg/ml)           

UER 1.1 ± 1.7 1.6 ± 2.4 7.4 ± 5.3†† 8.8 ± 5.4 10.0 ± 5.7††aa 9.6 ± 5.9 9.2 ± 5.9†† 10.0 ± 6.7* 8.8 ± 5.6††aa 11.0 ± 6.4* 

CON 1.4 ± 0.7    1.3 ± 0.8    1.3 ± 0.8  

IL-6 (pg/ml)           

UER 8.2 ± 4.5 27.9 ± 23.4** 20.8 ± 18.5†† 20.7 ± 14.8 20.7 ± 16.8††aa 25.3 ± 24.3** 19.2 ± 14.1†† 21.7 ± 12.6** 18.2 ± 11.6††aa 23.4 ± 13.1** 

CON 7.5 ± 2.5    5.5 ± 7.1    6.5 ± 5.7  

IL-1� (pg/ml)           

UER 0.6 ± 0.3 1.0 ± 0.3** 1.1 ± 0.4†† 1.1 ± 0.4 1.2 ± 0.4†† 1.2 ± 0.4 1.1 ± 0.3†† 1.4 ± 0.4** 1.2 ± 0.4†† 1.4 ± 0.4* 

CON 0.7 ± 0.2    1.2 ± 0.2†    1.3 ± 0.5††  

TNF-� (pg/ml)           

UER 3.1 ± 2.9 6.3 ± 5.0** 6.1 ± 4.5†† 6.6 ± 3.7 6.9 ± 4.4††aa 6.1 ± 3.8* 6.5 ± 4.2†† 8.1 ± 4.3** 7.1 ± 3.8††aa 8.3 ± 5.0 

CON 1.3 ± 0.4    1.8 ± 0.7    2.3 ± 0.7  

IFN-� (IU/ml)           

UER 9.3 ± 5.5 12.9 ± 6.0** 15.2 ± 6.8 16.9 ± 5.7 16.7 ± 6.7† 15.2 ± 5.2 16.2 ± 7.2† 19.9 ± 8.3** 18.8 ± 10.0†† 22.7 ± 9.9** 

CON 16.8 ± 5.5    14.3 ± 2.0    16.8 ± 5.1  

IL-10 (pg/ml)           

UER 0.7 ± 0.6 7.9 ± 10.1** 7.0 ± 10.8†† 7.9 ± 9.1 9.0 ± 10.2††aa 8.0 ± 9.4 9.0 ± 12.2†† 9.3 ± 10.1 8.2 ± 11.2††aa 10.9 ± 15.0* 

CON 0.6 ± 0.1    1.4 ± 0.3    1.4 ± 0.7  

IL-1ra (pg/ml)           

UER 22.9 ± 8.0 70.3 ± 28.1** 39.8 ± 12.4†† 61.0 ± 39.8** 45.5 ± 20.6††aa 53.9 ± 19.0* 37.9 ± 14.7†† 56.3 ± 30.4** 47.1 ± 22.4††aa 63.2 ± 28.1** 

CON 23.4 ± 7.3    36.4 ± 9.2    33.1 ± 9.3  

Mean ± SD: ultra-endurance runners (UER, n= 19) and control group (CON, n= 12). †† P < 0.01 and † P < 0.05 vs pre-Stage 1, ** P < 0.01 and * P < 
0.05 vs respective pre-stage, § P = 0.058 vs respective pre-stage, aa P < 0.01 vs CON. 
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Figure 1. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) circulatory gram-negative endotoxin concentration of ultra-
endurance runners participating in a 230 km multi-stage ultra-
marathon competition conducted in a hot ambient environment. Indi-
vidual ultra-endurance runner responses (•; n=19).

  

  

Figure 2. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma C-reacitve protein concentration of ultra-endurance
runner participating in a 230 km mulit-stage ultra-marathon competi-
tion conducted in a hot ambient environment. Individual ultra-
endurance runner responses (•; n=19). Additional individual respons-
es outside the figure range for pre- to post-stage changes: Stage 1,
n=1 at 1827%; Stage 2, n=1 at 429% and n=1 at 620%; and Stage 4,
n=1 at 1192%

  

 

 
  Figure 3. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-6 concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual-endurance runner
responses (•; n=19). Additional individual responses outside the figure
range for pre- to post-stage changes; Stage 1, n=1 at 605%, n=1 at
704%, and n=1 at 1205%

  

 

 
 

 

 

Figure 4. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-1β concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (•; n=19).
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Plasma interleukin-1β concentration
Pre-stage plasma IL-1β concentration increased (P < 0.001)
by Stage 2 in UER (Table 3, Figure 4A) and remained elevat-
ed thereafter, peaking at Stage 5 (95%). While an unexpected
increase was also observed for CON (P < 0.001), whereby
plasma IL-1β concentration increased by Stage 3 and
remained elevated there after. Pre- to post-stage increase (P <
0.001) in plasma IL-1β concentration was also observed in
UER (Table 3, Figure 4B). Pre- and post-stage plasma IL-
1βconcentration was observed to be lower (P = 0.014) in
males (pre-stage: 1.0 ± 0.2 pg/ml, post-stage: 1.1 ± 0.2 pg/ml)
compared with females (pre-stage: 1.2 ± 0.4 pg/ml, post-
stage: 1.3 ± 0.4 pg/ml) throughout the ultra-marathon. How-
ever, when corrected for body mass no substantial difference
was observed. There was a tendency for higher (P = 0.054)
pre-stage plasma IL-1β concentration in SR (1.1 ± 0.2 pg/ml)
compared with FR (0.9 ± 0.5 pg/ml) throughout the ultra-
marathon. No difference in plasma IL-1β concentration was
observed for oral anti-inflammatory administration.

Plasma tumour necrosis factor-α concentration
Pre-stage plasma TNF-α concentration increased (P < 0.001)
at Stage 2 in UER (Table 3, Figure 5A) and remained elevated
thereafter, peaking at Stage 5 (168%). No change in pre-stage
plasma TNF-α concentration was observed between Stages 1,
3, and 5 for CON, and levels were lower than UER pre-Stages
3 and 5 (P < 0.001). Pre- to post-stage increase (P < 0.001) in
plasma TNF-α concentration was also observed in UER
(Table 3, Figure 5B). Pre- and post-stage plasma TNF-α con-
centration was observed to be lower (P < 0.001) in males (pre-
stage: 4.8 ± 1.8 pg/ml, post-stage: 6.1 ± 2.8 pg/ml) compared
with females (pre-stage: 8.4 ± 6.1 pg/ml, post-stage: 9.3 ± 6.1
pg/ml) throughout the ultra-marathon. This difference was
also observed when corrected for body mass (pre-stage: P <
0.001, post-stage: P = 0.001). Pre-stage plasma TNF-α con-
centration was observed to be higher (P = 0.016) in SR (6.9 ±
1.8 pg/ml) compared with FR (4.7 ± 6.1 pg/ml) throughout the
ultra-marathon. No difference in plasma TNF-α concentration
was observed for oral anti-inflammatory administration.

Plasma interferon-γ concentration
Pre-stage plasma IFN-γ concentration increased (P < 0.001) at
Stage 3 in UER(Table 3, Figure 6A), peaking at Stage 5
(102%). No change in pre-stage plasma IFN-γ concentration
was observed for CON. Pre- to post-stage increase (P < 0.001)
in plasma IFN-γ concentration was also observed in UER
(Table 3, Figure 6B). Pre-stage plasma IFN-γ concentration
was observed to be higher (P = 0.016) in SR (16.7 ± 6.4
IU/ml) compared with FR (13.2 ± 9.2 IU/ml) throughout the
ultra-marathon. No differences in other sub-group compar-
isons were observed.

Plasma interleukin-10 concentration
Pre-stage plasma IL-10 concentration increased (P = 0.011)
by Stage 2 in UER, and remained elevated thereafter (Table 3,
Figure 7A), peaking at Stage 3 (1271%). No change in pre-
stage plasma IL-10 concentration was observed between
Stages 1, 3, and 5 for CON, and levels were lower than UER
pre-Stages 3 and 5 (P < 0.001). Pre- to post-stage increase (P
= 0.020) in plasma IL-10 concentration was also observed in
UER (Table 3, Figure 7B). Pre- and post-stage plasma IL-10

  

 

 
 

  

Figure 5. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma TNF-α concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (•; n=19).

  

 

 
  Figure 6. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IFN-γ concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual-endurance runner
responses (•; n=19). Additional individual responses outside the figure
range for pre- to post-stage changes: Stage 2, n=1 at 533%; and
Stage 5, n=1 at 511%
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concentration was observed to be lower (P < 0.001) in male
ultra-runners (pre-stage: 4.1 ±4.1pg/ml, post-stage: 6.3 ±
7.6pg/ml) compared with female ultra-runners (pre-stage:
12.6 ± 13.6 pg/ml, post-stage: 14.2 ± 14.3 pg/ml) throughout
the ultra-marathon. This difference was also observed when
corrected for body mass (pre-stage: P < 0.001, post-stage: P =
0.001). No differences in other sub-group comparisons were
observed.

Plasma interleukin-1 receptor antagonist concentration
Pre-stage plasma IL-1ra concentration gradually increased (P
< 0.001) in UER as the ultra-marathon progressed (Table 3,
Figure8A), peaking at Stage 5 (106%). No change in pre-stage
plasma IL-1ra concentration was observed between Stages 1,
3, and 5 for CON, and levels were lower than UER pre-Stages
3 and 5 (P < 0.001). Pre- to post-stage increase (P < 0.001) in
plasma IL-1ra concentration was also observed in UER
throughout the ultra-marathon (Table 3, Figure 8B). No differ-
ence in plasma IL-1ra concentration was observed for sub-
group comparisons.

Pro-inflammatory to anti-inflammatory cytokine ratio
Pre-stage IL-1β:IL-10 and TNF-α:IL-10 ratios decreased in
UER as the ultra-marathon progressed, but failed to reach sig-
nificance (P > 0.05). Ratios in UER did not differ from CON
pre-Stages 3 and 5. No change in pre- to post-stage IL-1β:IL-
10 and TNF-α:IL-10 ratios were observed in UER. No differ-
ences in sub-group comparisons were observed for ratios.

Gastrointestinal symptoms and thermal tolerance rating
Gastrointestinal symptoms were a common feature amongst
UER sampled for endotoxin and cytokine responses; with
58% reporting at least one severe gastrointestinal symptom
(including 33% of sampled UER reporting nausea) during
competition, while no gastrointestinal symptoms were report-
ed by CON. No differences in the reported rates of severe gas-
trointestinal symptoms were observed between stages in
UER. Perceptive thermal tolerance rating in UER improved as
the ultra-marathon progressed (P = 0.005), with no change in
CON. Additionally, no heat related illnesses were observed in
UER and CON throughout the ultra-marathon. 

Correlation analysis
Small but significant positive correlations were observed
between pre-stage circulatory gram-negative bacterial endo-
toxin concentration with pre-stage plasma CRP (r= 0.343, P
= 0.001), IL-6 (r= 0.246, P = 0.019), IL-1β (r = 0.305, P =
0.003), TNF-α (r= 0.370, P < 0.001), IFN-γ (r= 0.282, P =
0.007), IL-10 (r= 0.309, P = 0.003), and IL-1ra (r= 0.268, P =
0.011) concentrations; and between post-stage circulatory
endotoxin concentration with post-stage plasma CRP con-
centration (r= 0.213, P = 0.043). No correlations were
observed between circulatory gram-negative bacterial endo-
toxin and plasma cytokine concentrations with severe gas-
trointestinal symptoms (including nausea). A strong relation-
ship between perceptive thermal tolerance rating and severe
gastrointestinal symptoms was observed (r= -0.665, P <
0.001), whereby lower perceptive tolerance rating to heat
was associated with greater reports of severe gastrointestinal
symptoms in UER. However, no correlations were observed
between circulatory gram-negative bacterial endotoxin and

  

 

 
  Figure 7. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-10 concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (•; n=19). Additional individual responses outside the
figure range for pre- to post-stage changes: Stage 1, n=1 at 2305%,
n=1 at 3781%, n=1 at 4761%, and n=1 at 6226%; and Stage 3, n=1
at 1810%.  

 

 
 Figure 8. Individual changes in pre-stage resting (A) and pre- to post-
stage (B) plasma IL-1ra concentration of ultra-endurance runners par-
ticipating in a 230 km multi-stage ultra-marathon competition con-
ducted in a hot ambient environment. Individual ultra-endurance run-
ner responses (•; n=19). Additional individual responses outside the
figure range for pre- to post-stage changes: Stage 2, n=1 at 509%;
and Stage 4, n=1 at 696%
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plasma cytokine concentrations with perceptive thermal tol-
erance rating.

DiscUssiOn

The current study aimed to determine circulatory endotoxin
concentration and cytokine profile of ultra-endurance runners
throughout a multi-stage ultra-marathon competition conduct-
ed in hot and dry environmental conditions; and determine the
relationship between these responses with severe gastroin-
testinal symptoms and perceptive thermal tolerance rating.
Findings confirm that consecutive days of exertional-heat
stress resulted in a modest and sustained rise in both resting
and post-stage circulatory gram-negative bacterial endotoxin
concentration. Despite overnight recovery between stages,
results show that pyrogenic pro-inflammatory cytokines (i.e.,
IL-6, IL-1β, TNF-α, and IFN-γ) increased in response to exer-
tional-heat stress and remained elevated at rest throughout
competition. These responses however were counteracted by
compensatory anti-inflammatory cytokine responses that pre-
dominated throughout the ultra-marathon (1, 48). Strength of
the findings is supported by the control group showing no
change in circulatory endotoxin concentration and cytokine
profile (except IL-1β) throughout the ultra-marathon period. 

Although the characteristics of the cytokine responses are
similar to that observed during an acute infectious episode and
in accordance with the aetiology of exertional-heat illnesses
(i.e., exertional-heat stroke and SIRS), no diagnosis of heat
related illnesses by a qualified Sports Physician were estab-
lished in UER along the ultra-marathon. Severe gastrointesti-
nal symptoms reported by UER were generally high; but in
contrast to our hypothesis, no relationship between severe
gastrointestinal symptoms with circulatory gram-negative
endotoxin  and plasma cytokine concentrations were
observed. Thermal strain (Ttymp and perceptive thermal toler-
ance rating) appeared to improve as the ultra-marathon pro-
gressed, and is in accordance with heat acclimatization (10). A
strong relationship between severe gastrointestinal symptoms
and perceptive thermal tolerance rating was evident, whereas
no relationship between perceptive thermal tolerance rating
with circulatory gram-negative endotoxin and plasma
cytokine concentrations were observed. Even though ultra-
endurance runners presented no heat related medical issues
during the current study, the endotoxin and cytokine respons-
es observed provide a novel and valuable insight into a poten-
tially high risk situation, whereby individuals with predisposi-
tion and multiple risk factors for deranged pro-inflammatory
and compensatory anti-inflammatory responses are likely to
develop consequential clinically significant issues. For exam-
ple, the degree of cytokinaemia observed has been linked to
the aetiology of heat stroke, septic shock, autoimmune dis-
ease, gastrointestinal disease, and chronic fatigue (7, 34, 26,
29, 43).

Plasma CRP concentration, which is normally low and
undetectable in the circulation of healthy populations, is an
acute phase reactant that dramatically rises in the presence of
inflammation (e.g., induced by trauma, bacterial infection,
and (or) inflammatory responses). In the current study, plasma
CRP concentrations of UER peaked by Stage 2 and remained
elevated thereafter; while no change in CON was observed.

These responses are similar to that observed during a six-days
(total distance: 468 km) endurance mountain bike event (44),
whereby plasma concentrations were significantly elevated at
rest for the duration of the event. However, the level of rise in
plasma CRP concentration was less pronounced in compari-
son to levels (1.9 to 18.4 mg/L) reported in ultra-endurance
athletes after six-days of track based running race totalling
622 km (16), and after the 246 km Spartathlon ultra-marathon
race (0.65 to 97.3 mg/L) (27). Taking into account the respon-
sive nature of CRP to general inflammation, the wide varia-
tions in plasma concentrations observed in the current and
previous ultra-endurance studies likely reflect multi-influen-
tial stimulating factors, such as intestinal originated bacterial
endotoxin leakage into circulation (r= 0.343, P = 0.001) and
soft tissue damage (e.g., exertional rhabdomyolysis) (8). It is
possible that persistent elevations in CRP at rest in UER may
contribute to progressive perceptions of fatigue and subse-
quent impaired performance over the given time course (31,
43). Interestingly, on this occasion, male ultra-runners showed
high plasma CRP concentration throughout competition com-
pared with female ultra-runners, suggesting greater general
inflammatory presence in males. The reason for this observa-
tion is unclear; it is however likely to be attributed to muscle
originated responses (50), since greater plasma IL-6 concen-
trations concomitant with lower IL-1β and TNF-α responses
were observed in male ultra-runners compared with female
ultra-runners. Due to practical limitations in monitoring
parameters after competition (i.e., ultra-endurance athletes
returning to country of origin after cessation of the ultra-
marathon), the current study was not able to determine the
recovery time course of CRP. However, such responses have
been shown to remain elevated above pre-exercise values for
a considerable period of time (i.e., up to nineteen-days after
an Ironman triathlon event)(31), suggesting time course for
full recovery of altered inflammatory status is considerably
delayed. 

In comparison with previous endurance and ultra-
endurance studies observing mild (e.g., marathon, 160 km
ultra-marathon, and Ironman distance triathlon: 5 to 15 pg/ml)
(6, 22) and substantial (e.g., 89.4 km ultra-marathon whereby
81% of runners had concentrations >100 pg/ml and an ultra-
distance triathlon reporting 81 to 294 pg/ml) (3, 4) increases
in circulatory endotoxin concentrations, the current ultra-
marathon resulted in modest increases in post-stage circulato-
ry endotoxin concentrations throughout competition (i.e., 30
pg/ml average increase from pre- to post-stage, with the high-
est individual increase observed at 92pg/ml). A novel finding
was the gradual increases in resting levels as the ultra-
marathon progressed (i.e., 60pg/ml average increase from
Stage 1 to 5, with 32% of UER showing concentrations >100
pg/ml and the highest individual increase observed at 130
pg/ml), possibly attributed to a delayed and sustained intestin-
al leakage upon exercise cessations, which is accompanied by
splanchnic reperfusion (57). The cumulative affect observed
as the ultra-marathon progressed suggests a reduced tolerance
for exertional-heat stress induced endotoxin leakage, subse-
quent to anti-endotoxin antibodies not restoring to their opti-
mal level on consecutive occasions (25). For example,
depressed anti-endotoxin antibodies have been reported after
a marathon race, which remained below pre-exercise values
for 24 hours (6). More over, a100-fold range difference in
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endotoxin neutralizing capacity in plasma has been observed
between individuals (61), likely associated with training adap-
tations (3). Indeed, higher circulating concentrations of endo-
toxin and anti-endotoxin antibodies have been observed in
untrained compared with trained individuals (22, 47). 

The proposed gained adaptation to endotoxin tolerance in
trained individuals is likely attributed to repetitive endotoxin
challenge resulting from exercise-stress inducing endotoxin
intestinal leakage and subsequent “self-immunisation” (3, 4).
Therefore during the current ultra-marathon, it is possible that
the experience level of ultra-runners and frequent endotoxin
exposure induced as part of their competition preparation may
have resulted in training adaptations favouring an attenuated
circulatory endotoxin peak along competition (i.e., ultra-run-
ners developing adaptations that enhance resistance and
resilience to enteric pathogenic endotoxin exposure); such
plausibility, however, warrants investigation. Favourable
adaptations would reduce the risk of developing clinically sig-
nificant issues associated with endotoxaemia and subsequent
cytokinaemia during consecutive days of exertional-heat
stress with or without additional stressors. Conversely, inade-
quate training and not being physically prepared for such an
extreme event would potentially increase the risk. Even
though no differences in endotoxin was seen between running
speeds, pre-stage plasma IL-6, IL-1β, TNF-α, and IFN-γ con-
centrations were higher in SR throughout the ultra-marathon
compared with FR; potentially suggesting greater intestinally
originated endotoxin exposure above clearance capacity in
less trained ultra-runners. This explanation however also war-
rants further investigation (e.g., role of intestinal originated
endotoxin in training adaptions- immune competence), and
may provide valuable findings into the role of endotoxin leak-
age in physiological adaptations to exercise stress, especially
in environmental extremes. Moreover, it has also been sug-
gested that plasma endotoxin concentrations may reach equi-
librium during endurance exercise, whereby endotoxin influx
from the gastrointestinal tract into circulation matches endo-
toxin clearance by anti-endotoxin antibodies (5, 47); which
may in part explain why only modest fluctuations in circulato-
ry endotoxin concentrations were observed. 

The current study observed increases in resting pre-stage
and pre- to post-stage plasma IL-6, IL-1β, TNF-α, and IFN-γ
concentrations that remained elevated throughout competi-
tion; while no change in CON was observed (except for IL-
1β). The cytokine profile of the current study mirrors that of
an acute infectious episode, and is similar to pro-inflammato-
ry cytokine responses seen after endotoxin (e.g., lipopolysac-
charide) infusion in both animal (17) and human (55) models.
These results are in accordance with previous endurance
based (e.g., marathon) experimental designs observing mod-
est increases in plasma IL-6, IL-1β, and TNFα concentrations
(35, 51); which were also accompanied by compensatory anti-
inflammatory responses (i.e., increase in plasma IL-10 and
IL-1ra concentrations). The current ultra-marathon also result-
ed in substantial increases in resting pre-stage and pre- to
post-stage anti-inflammatory cytokines that remained elevat-
ed throughout competition to a similar degree as compensa-
tory anti-inflammatory syndrome (1, 48). It is possible the
anti-inflammatory properties of IL-10, with adjunct IL-1ra,
may have restricted the magnitude of pro-inflammatory
cytokine production along competition. Interestingly, no dif-

ferences in pro- and anti-inflammatory cytokine responses
were observed between UER that ingested and did not ingest
oral anti-inflammatory agents. This observation may suggest
that exposure to exertional-heat stress induce by the event far
outweighs any impact of inconsistent use of low dose anti-
inflammatory medication on cytokine responses, and ques-
tions the efficacy of such inconsistent administration of anti-
inflammatory pharmaceutical agents within medical manage-
ment of ultra-runners during extreme events. 

In well trained individuals, where exertional-heat stress is
better tolerated (10), anti-inflammatory responses predomi-
nated, off-setting potential clinically significant episodes
associated with cytokinaemia. It is however concerning that
inadequately trained individuals may not present such compe-
tent anti-inflammatory responses, and may be a prime risk
population for developing heat illness from immune aetiology
(i.e., exertional-heat stroke, SIRS) (25, 32, 39). Indeed, SR
presented a higher resting pro-inflammatory cytokine profiles
compared with FR. It also needs to be taken into consideration
that SR were on the course routes for a greater amount of time
than FR; and thus SR may have been exposure to greater vol-
umes of exertional-heat stress and a time-dependant effect on
cytokine production during recovery may produce delayed
anti-inflammatory responses in SR. Moreover, an age differ-
ence existed between UER and CON, but only in the female
participants. It is well established that immune responses
decline with age. Depressed responses are commonly
observed in the elderly population, with and without medical
issues, compared with the healthy adult population (59). It is,
however, unlikely that the healthy recreational middle-aged
ultra-endurance female population of the current study would
present altered immune responses due to their age. 

The recovery time course of cytokine responses after the
ultra-marathon was not determined on this occasion due to
practical limitations; however previous ultra-endurance stud-
ies (e.g., long-distance triathlon and ultra-marathon running)
have observed variations in cytokine responses during the
recovery period. For example, IL-6 and TNF-α returned to
baseline by 24 hours after a 50 km ultra-marathon (28); whilst
IL-6 returned to baseline values 16 hours, with no significant
changes observed in TNF-α, after a long-distance triathlon
(22). Furthermore, on cessation of two endurance events of
similar duration (long-distance triathlon and 100 km run), IL-
6, IL-10, and IL-1ra peaked after competition, returning to
baseline values seven days after the events(18). Whereas after
a long distance triathlon, IL-6 remained elevated on day one
(345%) and day five (79%); while IL-10 was elevated on day
one (37%), declining by 4% below pre-competition concen-
trations on day five (31).These observations suggest the time
course for full recovery of altered cytokine profile in response
to extreme events are considerably delayed, and may play a
role in the aetiology of undefined underperformance and
chronic fatigue syndromes (29, 43). The potential role of
extreme event induced immune perturbations initiating
autoimmune disease in individual with predisposition war-
rants attention, since chronic elevations in cytokine responses
are reported in many autoimmune condition (e.g., systemic
lupus erythematosus, fibromyalgia, myalgicen-
cephalomyelitis, idiopathic inflammatory myopathies, arthrit-
ic conditions, and inflammatory bowel diseases) (7, 29, 52,
63). 
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Despite amplified cytokine responses similar to that of an
acute infectious episode and in accordance with the aetiology
of heat-related illnesses, none of the current n= 19 UER were
diagnosed with heat related illnesses. Previously, only n= 1
ultra-endurance runner competing in the five-days 2010 Al
Andalus Ultra-Trail race suffered heat-related problems (46),
reported to be due to ultra-runners experience (e.g., training
status), the hot environmental conditions, and the nature of the
race course (e.g., limited shade availability). Perceptive ther-
mal comfort rating improved as the competition progressed in
the sampled population, and likely reflected heat acclimatiza-
tion as evidenced by PV increases and reductions in Ttymp as
the ultra-marathon progresses, with no changes in CON being
observed (10, 13). Interestingly, the two ultra-runners that
originating from countries with hot ambient conditions at the
time of competition showed similar circulatory endotoxin and
cytokine responses to the main cohort, with substantial
increases in PV indicative of heat acclimatization still being
observed in these ultra-runners (pre-stage 1 to pre-stage 5:
ultra-runner 1 = 30.4% and ultra-runner 2 = 24.9%); suggest-
ing exertional stress is an essential key feature of heat adap-
tions (10). In view of the unique and challenging characteris-
tics of ultra-marathon competitions (i.e., prolonged physical
exertion, sleep deprivation, environmental extremes, acute
periods of under-nutrition and hypohydration) and associated
factors (i.e., training status, inadequate rest, tolerated injury
and trauma) having the potential to disturb intestinal integrity
and promote cytokine-mediated inflammatory responses, the
maintenance of hydration status in the majority of runners,
thermoregulatory-induced adaptations, and cooling behav-
iours throughout competition may have contributed to
improved heat tolerance despite prolonged exposure to exer-
tional-heat stress (2, 10, 13, 54).

The systemic endotoxin and cytokine responses seen in the
current study have previously been associated with sympto-
matic manifestations of gastrointestinal symptoms, commonly
associated with prolonged exposure to exertional-heat stress
(22, 23, 36, 38, 40, 56). For example, gastrointestinal symp-
toms, such as nausea and vomiting, have been observed in
endurance athletes presenting endotoxaemia after an Ironman
triathlon event (22). In contrast to previous studies, no associ-
ations between gastrointestinal symptoms with circulatory
endotoxin and plasma cytokine concentrations were observed
on this occasion. However, a strong relationship (r= -0.665)
between severe gastrointestinal symptoms and perceptive
thermal tolerance rating was confirmed (P < 0.001). These
results suggest that severe gastrointestinal symptoms likely
originate from heat stress during exercise, potentially through
splanchnic hypoperfusion and hypoxia (i.e., exercising in the
heat creating greater redistribution of blood flow away from
the splanchnic  area) (53, 57, 58). Such physiological changes
in splanchnic blood flow, which have symptomatic outcomes,
likely lead to disturbances in intestinal mucosal and epithelial
integrity that enhances local enteric endotoxin leakage and
subsequent cytokinaemia; and not necessarily that endotox-
aemia and cytokinaemia induced gastrointestinal symptoms.

To date, it is still unknown how the degree of exertional
stress, with or without environmental extremes and between
different exercise modes, impacts overall gastrointestinal
integrity. Additionally, does the nutritional and hydration sta-
tus before exertional stress, and the changes that occurs to sta-

tus during physical exertion, influence the degree of gastroin-
testinal disturbance? Conducting a set of controlled laboratory
experiments assessing varying ambient temperatures, exercise
intensities, durations and modes whilst assessing gastroin-
testinal integrity measures (57) would contribute substantially
to the current knowledge base and provide a foundation to
investigate potential strategies to overcome gastrointestinal
complications associated with exertional-heat stress. For
example, dietary strategies during physical exertion, develop-
ment of gut training protocols, functional foods, heat acclima-
tion protocols, external pre-cooling (e.g., cold water bath or
cooling vest) and (or) during physical exertion internal cool-
ing (e.g., cold beverages) are proposed strategies that may
attenuate exertional-heat stress induced gastrointestinal per-
turbations. Indeed, due to gut plasticity, there is potential for
the gastrointestinal tract to adapt to a challenge load (‘training
the gut’) (21). Whereas,  previous investigations have demon-
strated favourable effect of prebiotic oligosaccharides (e.g.,
inulin and oligofructose) and probiotic bacteria (e.g., Lactob-
acillus casei and Bifidobacterium) on markers of gastrointesti-
nal integrity; albeit within inflammatory diseases of the gut
(45). Knowledge into the impact of such biotics on gut
integrity during exertional-heat stress is, however, scarce.
Anecdotal evidence during the current study highlighted that
ultra-runners who consistently consumed commercial probiot-
ic product in the week leading up to the ultra-marathon pre-
sented no incidence of gastrointestinal symptoms; suggesting
further controlled investigation is needed to confirm any ben-
eficial effects of biotics on gastrointestinal integrity in
response to exertional-heat stress. 

cOnclUsiOn

In conclusion, multi-stage ultra-marathon competition in the
heat resulted in a modest circulatory endotoxaemia accompa-
nied by a pronounced pro-inflammatory cytokinaemia and
compensatory anti-inflammatory responses. No incidences of
exertional-heat illnesses were evident throughout competi-
tion. Even though severe gastrointestinal symptoms were
reported, no relationships with blood borne indices were iden-
tified. The expected exacerbated cytokine responses were pos-
sibly attenuated by the maintenance of hydration status in the
majority of runners, and as well thermoregulatory-induced
adaptations and behaviours adopted by participants. The find-
ings from the current study suggest that appropriate informed
training (e.g., physically trained to complete the required dis-
tance in environmental extremes) and competition preparation
(e.g., effective and evidence-based heat acclimation protocols,
hydration maintenance and (or) cooling strategies) may help
prevent significant exertional-heat related sub-clinical and
clinical manifestations from occurring in high risk ultra-
endurance runners competing in extreme events.
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aBstRact

Thioredoxin (TRX) is a 12 kDa protein that is induced by
oxidative stress, scavenges reactive oxygen species (ROS) and
modulates chemotaxis. Furthermore it is thought to play a
protective role in renal ischemia/reperfusion injury. Comple-
ment 5a (C5a) is a chemotactic factor of neutrophils and is
produced after ischemia/reperfusion injury in the kidney. Both
TRX and C5a increase after endurance exercise. Therefore, it
may be possible that TRX has an association with C5a in
renal disorders and/or renal protection caused by endurance
exercise. Accordingly, the aim of this study was to investigate
relationships among the changes of urine levels of TRX, C5a
and acute kidney injury (AKI) caused by ischemia/reperfu-
sion, inflammatory responses, and oxidative stress following
intensive endurance exercise. Also, we applied a newly-devel-
oped measurement system of neutrophil migratory activity
and ROS-production by use of ex vivo hydrogel methodology
with an extracellular matrix to investigate the mechanisms of
muscle damage. Fourteen male triathletes participated in a
duathlon race consisting of 5 km of running, 40 km of cycling
and 5 km of running were recruited to the study. Venous blood
and urine samples were collected before, immediately follow-
ing, 1.5 h and 3 h after the race. Plasma, serum and urine
were analyzed using enzyme-linked immunosorbent assays, a
free radical analytical system, and the ex vivo neutrophil
functional measurement system. These data were analyzed by

assigning participants to damaged and minor-damage groups
by the presence and absence of renal tubular epithelial cells
in the urinary sediments. We found strong associations among
urinary TRX, C5a, interleukin (IL)-2, IL-4, IL-8, IL-10, inter-
feron (IFN)-γ and monocyte chemotactic protein (MCP)-1.
From the data it might be inferred that urinary TRX, MCP-1
and β-N-acetyl-D-glucosaminidase (NAG) were associated
with renal tubular injury. Furthermore, TRX may be influ-
enced by levels of IL-10, regulate chemotactic activity of C5a
and IL-8, and control inflammatory progress by C5a and IL-8.
In the longer duration group (minor-damage group), circulat-
ing neutrophil count, plasma concentration of myeloperoxi-
dase (MPO) and serum concentration of myoglobin were
markedly increased. In the higher intensity group (damaged
group), neutrophil activation and degranulation of MPO
might be inhibited, because not only was ROS production
observed to be higher, but also antioxidant capacity and anti-
inflammatory cytokines were increased. Critically, the newly-
developed ex vivo methodology corroborated the neutrophil
activation levels in the two groups of participants.

Key words: TRX, C5a, ROS, antioxidant, anti-inflammation,
acute kidney injury (AKI)

intRODUctiOn

Endurance exercise not only promotes the generation of reac-
tive oxygen species (ROS), mainly as a result of increased
oxygen utilization, ischemia-reperfusion and leukocyte acti-
vation, but also consumes endogenous antioxidants (2, 3, 54).
This unbalanced state induces oxidative stress and cellular tis-
sue damage in the body. Oxidative stress-induced injury and
inflammation are important considerations for athletes.

Recently, it has been reported that aerobic exercise inter-
ventions can have a positive effect on chronic renal failure. In
the patients with chronic kidney diseases including those
undertaking dialysis therapies or in receipt of kidney trans-
plant, it was demonstrated that aerobic exercise reduced
oxidative stress and improved quality of life (18, 27). For
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these reasons, exercise is recommended for these patients
(26). The underlying mechanisms for the direct improvement
of renal functions due to aerobic exercise have not yet been
identified. However, it has been suggested that moderate exer-
cise may promote nitric oxide production, and inhibit the
renin-angiotensin-aldosterone system, or improve renal blood
flow by modifying dyslipidemia and intraglomerular pressure
(29, 33, 48). However, the acute effects of exercise are differ-
ent from the chronic effects of exercise training and therefore
these exercise modes should be considered separately (33). In
acute exercise, it is known that deterioration of glomerular fil-
tration rate and oliguria are induced following endurance
exercise (69), and that intensive endurance exercise may
cause rhabdomyolysis-induced acute renal failure (10, 52).
Rhabdomyolysis may manifest in acute renal failure due to
acute tubular necrosis leading to deterioration of glomerular
filtration rate. This is induced by glomerulus degeneration and
reduced renal blood flow leading to a reduced supply of oxy-
gen and energy, thereby resulting in ischemic vascular
endothelial cell damage (6). In animal models of acute renal
failure, ROS and lipid peroxides increase, whereas scavengers
of ROS such as glutathione and superoxide dismutase (SOD)
are decreased in renal tissue (51). It was reported that ROS,
such as superoxide anion and hydroxyl radical, contributed to
the onset of acute renal failure through reduced renal blood
flow and disorder of tubular cells (55). Thus, acute endurance
exercise-induced oxidative stress may cause renal failure, and
therefore it is important to evaluate oxidative stress in this
context. 

Currently, oxidative stress is evaluated using metabolic
oxidation end products, because the real time evaluation of
this phenomenon is difficult. Recently, it was reported that
thioredoxin (TRX) is secreted by renal tubular cells due to
ischemia and oxidative stress (30). Furthermore, its usefulness
as a specific biomarker of acute kidney injury (AKI) caused
by ischemia and oxidative stress is being established (30).
TRX is a small (12 kDa) multifunctional protein that contains
a redox-active dithiol/disulfide in the conserved active site
sequence: -Cys-Gly-Pro-Cys- (20). TRX is stress-inducible,
and it protects cells from various types of stress (45, 46). TRX
functions as an antioxidant, as an inhibitor of chemotaxis, and
as a redox-regulating protein in signal transduction (12, 21,
22, 57). TRX eliminates hydrogen peroxide and acts as a radi-
cal scavenger, as demonstrated where recombinant TRX has a
protective activity against hydrogen peroxide cytotoxicity
(23, 38, 45). It is reported that elevated serum TRX in various
diseases is associated with increased oxidative stress (25, 32,
40, 46, 47, 60, 61, 83). Moreover, serum levels and expression
levels of TRX increase following endurance exercise (36, 70,
85). Recently, it was reported that the urine level of TRX is a
specific marker for ischemia and oxidative stress-induced
acute renal failure, because it is secreted from renal tubular
epithelial cells in response to ischemia/reperfusion injury in
renal tissue (30). 

Another protein associated with AKI is complement 5a
(C5a) (1). C5a is a multifunctional proinflammatory mediator,
and a chemotactic factor, which increases the permeability of
blood vessels and promotes the migration of leukocytes
towards inflammatory sites and their generation of ROS (14,
35). It is reported that C5a increases and causes inflammation
following marathon race (8). C5a is an important pathogenic

factor in renal ischemia/reperfusion injury (1). The role of
C5a in the tubulointerstitial component is demonstrated in an
experimental model of progressive glomerulonephritis (80).
Indeed, C5a receptor activation in glomerular mesangial cells
has been shown to induce proliferation, produce cytokines
and growth factors, as well as upregulate certain transcription
factors and early response genes (81). The terminal comple-
ment complex in plasma and urine, and the anaphylatoxin C5a
in plasma and urine, might have potential as an early and reli-
able marker for acute renal allograft rejection (44). In this
regard, urinary C5a level is positively correlated with the
severity of renal injury, which highlights the important role of
C5a in renal damage of human anti-glomerular basement
membrane disease (14, 35).

Given the stresses experienced by endurance athletes, the
first aim of this study was to investigate relationships among
urine levels of TRX, C5a and AKI caused by ischemia/reper-
fusion and oxidative stress following intensive endurance
exercise. Furthermore, in our previous study, we reported uri-
nary excretion of interleukin (IL)-2, IL-4, IL-8, IL-10, inter-
feron (IFN)-γ and monocyte chemotactic protein (MCP)-1 in
stressed athletes suffering from renal tubular epithelial dam-
age. The damaged kidney might be responsible, at least in
part, for the kinetics of some cytokines after endurance exer-
cise (59). Therefore, the second aim was to clarify associa-
tions between urine levels of TRX or C5a and those of IL-2,
IL-4, IL-8, IL-10, IFN-γ, MCP-1 as well as urine albumin
(ALB) and serum creatinine (Cr) as renal function markers.
The final aim was to determine oxidative stress responses in
the circulation after exercise. Here, we applied a newly-devel-
oped system of measurement for neutrophil migratory activity
and ROS-production. This system uses ex vivo hydrogel
methodology with an extracellular matrix as a means to inves-
tigate the mechanisms of tissue damage (28).

MethODs

subjects
Fourteen male triathletes [age 28.7 ± 7.9 (mean ± SD) yr and
body mass 63.2 ± 6.0 kg], volunteered to participate in this
study. The subjects were seven professional triathletes and
seven amateur triathletes. They completed a medical question-
naire and gave written informed consent prior to the study.
None of the athletes had been ill in the previous month. The
experimental procedure was approved by the institutional
ethics committee of Waseda University.

Renal tubular epithelial cells and renal tubular epithelial
casts were observed in the urinary sediments of seven sub-
jects, among the fastest eight subjects for race time (59). In
this study, according to the values of serum Cr in the AKI
diagnosis criteria such as “Risk, Injury, Failure, Loss, End
Stage Kidney Disease (ESKD): RIFLE criteria” (4) and
“acute kidney injury network: AKIN” (34, 37), AKI following
endurance exercise showed “Risk” or “StageI”at 0 h and 1.5 h
after the race in the seven subjects with the existence of renal
tubular epithelial cells in the urinary sediments. Immediately
after exercise in the other seven subjects, there was no evi-
dence of renal tubular epithelial cells in the urinary sediments.
After this, the athletes were analysed as two subgroups that
were divided according to the existence (damaged group,
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n=7) or non-existence (minor-damage group, n=7) based on
the levels of renal tubular epithelial cells in the urinary sedi-
ments (59).

Duathlon race
The present investigation was conducted in an official
duathlon race held on the road course of Miyako Island, Oki-
nawa, Japan as described previously (59). Briefly, the race
consisted of 5 km of running, 40 km of cycling, and 5 km of
running, and began at 14:00. The weather was fair, and the
ambient temperature was 24.6 °C.

Research design
All participants agreed to avoid the use of vitamin/mineral
supplements, herbs and medications from the previous day
until after the last sampling point. All participants ate an
identical breakfast at 08:30. The breakfast contained 574
kcal, with 22.1 g protein, 13.7 g fat and 88.8 g carbohy-
drate. The pre-race blood and urine samples (Pre) were col-
lected at 10:30 while the participants were at rest. The ath-
letes did not exercise for approximately 18 h before the pre-
race blood and urine sampling. The post-race blood and
urine samples were collected immediately (0 h), 1.5 h and 3
h after the race. Peripheral blood samples were drawn by
antecubital venipuncture with the participants in the sitting
position. Urine samples were collected into designated ves-
sels. They ate lunch at 11:00. The lunch contained 211 kcal,
with 9.3 g protein, 2.4 g fat and 38.6 g carbohydrate. All
participants drank the same quantity of fluid during exer-
cise. After a warm-up, they each drank 600 ml of fluid
before the race. During the race, they each drank 1400 ml
of fluid. Therefore, the total fluid intake for each individual
was 2000 ml. They each drank 1500 ml of water until 3 h
after the race.

serum, plasma, urine sampling, urinary sediments and
biochemical parameters 
Approximately 7 ml of blood was drawn by a standard
venipuncture technique from the antecubital vein using vacu-
tainers containing no additive or sodium heparin and disodi-
um EDTA as an anticoagulant to obtain serum and plasma
samples, respectively. Collected blood samples containing no
additives were allowed to clot at room temperature for 1 hour
before centrifugation at 1000 × g for 10 min for serum prepa-
ration, whereas blood samples containing disodium EDTA
were centrifuged immediately for plasma preparation. Plasma
was stored at -80 °C until the day of analysis. Serum concen-
trations of Cr, myoglobin (Mb), uric acid (UA), lactate dehy-
drogenase (LDH), aspartate aminotransferase (AST), alanine
aminotransferase (ALT) and plasma concentration of lactate
were measured using an automated analyzer (Model 747-400,
Hitachi, Tokyo, Japan) (59).

Urine sample volume was measured and then approximate-
ly 8 ml was stored at 4 °C without centrifugation until analy-
sis of sediments. Remaining urine samples were centrifuged
immediately at 1000 × g for 10 min to remove sediments, and
the supernatants were stored at -80 °C until the day of analy-
sis. Urinary concentrations of Cr, ALB, UA, Mb and β-N-
acetyl-D-glucosaminidase (NAG) activity were measured
using an automated analyzer (Model 747-400, Hitachi, Tokyo,
Japan) (59). The urinary data are reported as the gross amount

per minute (urinary excretion rate) as described previously
(59).

MPO, tRx, c5a, cytokines and chemokines 
Myeloperoxidase (MPO), IL-1 receptor antagonist (IL-1ra),
IL-6, IL-8 and IL-10 were measured in plasma, and TRX,
C5a, IL-2, IL-4, IL-8, IL-10, IFN-γ and MCP-1 were meas-
ured in urine samples with enzyme-linked immunosorbent
assay (ELISA) kits according to the manufacturer’s instruc-
tions (59). The following kits were used for all measurements:
MPO (Hbt ELISA test, Hycult biotechnology, Uden, The
Netherlands), TRX (TRX ELISA Kit, Redox Bio Science,
Kyoto, Japan), IL-6 (Quantikine HS, R&D Systems, Inc.,
Minneapolis, MN), IL-1ra and MCP-1 (Quantikine, R&D
Systems, Inc.), C5a, IL-2, IL-4, IL-8, IL-10 and IFN-γ
(OptEIA, Beckton Dickinson Biosciences, San Diego, CA,
USA) (59). For all assays, the absorbance was measured spec-
trophotometrically on a microplate reader (VERSAmax,
Molecular Devices, Sunnyvale, CA, USA) and the concentra-
tion of each cytokine was calculated by comparison with a
standard curve established in the same measurement. The uri-
nary data are reported as the gross amount per minute (urinary
excretion rate).

neutrophil function
Neutrophil function was measured using modified Mebiol
(scaffold-thermoreversible galation polymer: S-TGP) gel
(Mebiol Co., Hiratsuka, Kanagawa, Japan) and luminol as
described previously (17, 28, 68). Peripheral blood samples
were drawn in a 2 ml sodium-heparin tubes (Venoject II,
Terumo Co., Tokyo, Japan). The blood samples were mixed
with 2.5 mM luminol (5-amino-2, 3-dihydro-1, 4-phtha-
lazinedione; Sigma Aldrich, MO, USA) at a ratio of 1:1.
Then, 150 μl luminol-blood samples were layered on 50 μl S-
TGP gel prepared in a tube at 37°C, and was promptly meas-
ured by relative light unit (RLU) using a luminometer (Gene
Light 55; Microtec Co., Ltd, Funabashi, Chiba, Japan). The
samples were incubated at 37°C, and the production of ROS
from neutrophils was monitored in a kinetic mode for 60 min.
After measurement of luminol-dependent chemilumines-
cence (LmCL) for 60 min, luminol-blood samples were
removed. The tubes with 50 μl S-TGP gel in which neu-
trophils migrated were washed three times with PBS at 37°C.
Then, the tubes with gel were cooled on ice and mixed well
following addition of 50 μl Turk solution (Wako, Osaka,
Japan). The suspension obtained in this way was set on the C-
Chip (Disposable haemocytometer, Neubauer improved,
DHC-No.1, Digital Bio, Seoul, Korea), and the migratory cell
number was counted microscopically. Migrating neutrophils
were calculated by a 20 times multiplication of the counted
cell number (28).

Oxidative stress markers
To analyze the plasma levels of reactive oxygen metabolites,
and antioxidant capacity, diacron reactive oxygen metabolites
(d-ROMs), biological antioxidant potential (BAP), and total
antioxidant capacity (OXY-absorbent test) were performed
respectively using the Free Radical Analytical System
(Diacron, Grosseto, Italy) according to the manufacturer’s
instructions. The d-ROMs test provides a measure for the
oxidative stress of blood samples by evaluating the level of
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reactive oxygen metabolites particular to hydroperoxides. This
assay is based on the capability of N,N-dimethyl-para-
phenylen-diamine (DMPD) to give a stable, colored solution
when it is transformed into its radical cation (DMPD+). The
assay was performed in a 5 ml plastic tube by adding 20 μl of
DMPD (final concentration 1mM) and 10 μl of plasma sample
to 2 ml of 0.1 M acetate buffer, pH 4.8. The formation of the
colored DMPD+ was monitored by reading the absorbance at
505 nm. The amount of the colored DMPD+ is related to the
oxidative stress of the plasma and can be expressed in terms of
hydrogen peroxide equivalents, with 1 U. CARR (Carratelli
unit) corresponding to 0.8 mg/l hydrogen peroxide (11,74). The
BAP assay is a photometric test that determines the serum con-
centration of antioxidants capable of reducing the iron from the
ferric to the ferrous form. A plasma aliquot (10 μl) was dis-
solved in 1 ml of colored solution obtained by mixing 50 μl of
ferric ions (FeCl3; ferric chloride) with a chromogenic substrate
(a sulfur-derived compound). Following 5 min incubation, the
intensity of the color change was assessed spectrophotometri-
cally at 505 nm. The amount of reduced ferric ions was calcu-
lated and the BAP unit was expressed as μM (71). The OXY-
absorbent test allows assessment of the antioxidant power of
plasma by measuring the ability of such barrier to oppose the
large oxidant action of hypochlorous acid (HOCl). HOCl is
used as an indicator because it is one of the strongest ROS pro-
duced by leukocytes. In the OXY-absorbent test, 1 ml of R1
reagent (HOCl solution) was put into an empty cuvette, to
which 10 μl of previously diluted sample (plasma or serum)
was added and mixed. The solution was incubated at 37°C for
10 min, before addition of 10 μl of reagent R2 (chromogen).
The cuvette contents were mixed and the absorbance measured
spectrophotometrically at 546 nm. The results were expressed
as μM of HOCl adsorbed by 1 ml of sample (μM HOCl/ml).

statistical analyses
Data were presented as mean ± standard deviation (SD). Sta-
tistical validation was assessed using Friedman’s test. If sig-
nificance was detected, the Scheffe method was used for mul-
tiple comparisons. Associations among measured variables
were determined by Spearman’s rank correlation coefficient
analysis. Statistical findings were deemed to be significant
where the probability of events occurring at random was less
than 5% (p< 0.05).

ResUlts

Markers of renal function in urine and plasma lactate
The degree of renal damage, as measured by creatinine clear-
ance, urinary excretion rates of ALB and NAG, was higher in
the damaged group than those in the minor-damage group
(59). As shown in Figure 2, plasma lactate concentrations
increased significantly after the race compared with the pre-
race values in both groups, but were higher in the damaged
group (3.4-fold) than those in the minor-damage group (2.7-
fold).

Oxidative stress and renal function parameters in the cir-
culation and ex vivo
As shown in Table 1 and Figure 2, many biochemical vari-
ables were affected by the exercise intervention and varied

between the two groups. Serum OXY increased significantly
immediately after exercise compared with pre exercise in the
damaged group only (0 h: 1.2-fold). 

Urinary tRx and c5a
As shown in Figure 1, the excretion rate of TRX in the minor-
damage group did not significantly change, while in the dam-
aged group, TRX was significantly increased at 1.5 h (20.1-
fold) after the race and then decreased 3 h (4.9-fold) post-
exercise. There was no significant change in the excretion rate
of C5a for the minor-damage group. The excretion rate of C5a
increased significantly 3 h (31.8-fold) after exercise in the
damaged group when compared to pre-exercise values. 

associations between urinary nag, tRx, alB and McP-1
As shown in Table 2, the urinary excretion rate of NAG, as a
marker of renal tubular epithelial cell injury, was positively
correlated with that of TRX, ALB and MCP-1 in the damaged
group. In the minor-damage group, the urinary excretion rate
of NAG 0 h after the race was positively correlated with that
of ALB immediately after exercise only. 

Relations among urinary tRx, c5a, renal function
makers and cytokines
As shown in Table 3, the area under the curve (AUC) for pre-,
0 h, 1.5 h and 3 h of urinary excretion rate of TRX was posi-
tively correlated with that of ALB in the damaged group. Fur-
thermore, there was a trend for a positive correlation with
serum Cr concentrations, whereas there was a trend for TRX
to be negatively correlated with AUC of urinary excretion rate
of C5a, IL-2 and negatively correlated with AUC of urinary
excretion rate of IL-4, IL-8, IL-10 and IFN-γ. There was a
trend for the AUC of urinary excretion rate of C5a to be nega-
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TTaabbllee 11.. CChhaannggeess ooff lleeuukkooccyytteess,, ccyyttookkiinneess aanndd bbiioocchheemmiiccaall vvaarriiaabblleess ffoolllloowwiinngg tthhee dduuaatthhlloonn rraaccee..    

 Renal 
tubular 

epithelial 

cells 

Unit Pre 0 h 1.5 h 3 h 

 
Fried 

-man 

test 

Scheffe test 

(+) 

n=7 41.9±8.9 127.1±32.6 128.9±32.5 112.6±25.3 ** 
Pre-0 h** 

Pre-1.5 h* 
Blood leukocytes 

(-) 
n=7 

!102/µl 

 52.9±15.8 168.7±31.2 143.6±39.6 137.3±43.5 ** 
Pre-0 h** 
Pre-1.5 h* 

(+) 11.2±5.2 1.0±0.9 3.4±1.7 4.4±1.3 ** Pre-0 h** 
UA-U 

(-) 
µg/min 

10.8±5.1 2.1±1.1 5.5±2.4 4.9±1.9 ** Pre-0 h* 

(+) 20.0±9.6 3.2±2.6 11.0±3.2 15.2±9.2 ** 
Pre-0 h** 
0 h-1.5 h* Mb-U 

(-) 

ng/min 

21.0±10.9 6.6±4.5 13.8±9.6 29.7±31.5 * Pre-0 h† 

(+) 5.0±2.0 115.5±69.0 198.1±154.8 41.4±36.8 * Pre-1.5 h* 

ALB-U # 
(-) 

µg/min 
4.6±2.3 129.7±111.2 44.9±47.4 19.9±27.3 ** 

Pre-0 h** 
0 h-3 h* 

(+) 4.5±0.3 5.2±0.4 4.9±0.2 4.8±0.3 ** Pre-0 h** 
ALB-P 

(-) 
g/dl 

4.5±0.2 4.9±0.2 4.7±0.3 4.7±0.3 ** Pre-0 h** 

(+) 6.6±2.4 2.5±1.8 8.7±3.6 8.1±2.7 ** 
0 h-1.5 h* 
0 h-3 h† NAG-U # 

(-) 

mU/min 

5.9±3.6 5.1±1.8 6.8±2.6 4.9±1.2 NS NS 

(+) 1.7±0.8 0.5±0.3 2.5±1.2 12.2±15.7 ** 0 h-3 h** 
MCP-1-U # 

(-) 
pg/min 

2.7±1.9 2.4±3.2 2.8±2.3 2.6±1.5 NS NS 

(+) 188.0±36.8 266.6±31.9 250.3±35.2 243.1±45.6 ** 
Pre-0 h** 

Pre-1.5 h* 
LDH-S 

(-) 

IU/l 

174.9±38.6 249.7±38.0 235.0±41.5 231.7±45.9 ** 
Pre-0 h** 
Pre-3 h† 

(+) 32.3±11.8 41.0±14.9 38.9±13.6 38.9±12.0 ** 
Pre-0 h** 
Pre-3 h* 

AST-S 

(-) 

IU/l 

26.9±8.7 33.4±10.3 33.1±10.1 35.6±11.6 ** 
Pre-0 h† 

Pre-3 h** 

(+) 21.9±10.6 26.0±12.3 24.4±11.3 24.1±10.6 ** Pre-0 h** 

ALT-S 
(-) 

IU/l 
20.1±4.9 22.6±5.0 21.6±5.1 22.1±5.3 * 

Pre-0 h* 
Pre-3 h† 

(+) 17.2±11.1 49.8±23.1 35.6±11.3 24.3±11.5 ** 

Pre-0 h** 

Pre-1.5 h* 

0 h-3 h* IL-8-P # 

(-) 

pg/ml 

16.1±10.4 40.1±17.3 30.1±14.1 19.9±11.3 ** 
Pre-0 h* 
0 h-3 h* 

(+) 5.1±11.6 25.6±42.2 21.8±54.4 20.6±52.3 ** Pre-0 h* 
IL-10-P # 

(-) 
pg/ml 

1.0±0.3 6.6±11.6 1.2±0.4 0.8±0.4 ** 0 h-3 h** 

Values: means  SD (n=7). Statistics: ** p < 0.01, * p < 0.05, † p < 0.1  not significance (NS). 
-P: Data are plasma concentrations.  
-S: Data are serum concentrations. 

  -U: Data are the gross amount in the volume of urinary excretion per one minute (urinary excretion rate). 
The pre-exercise (pre), immediately post-exercise (0 h), 1.5 hours post-exercise (1.5 h) and 3 hours post-exercise (3 h) are sampling points. 
(+): damaged group; renal tubular epithelial cells existed in the urinary sediments. 
(-): minor-damage group; renal tubular epithelial cells did not exist in the urinary sediments. 

#: Data modified from Figure 1 of the reference No. 59. 
Abbreviations: uric acid (UA), myoglobin (Mb), albumin. (ALB), "-N-acetyl-D-glucosaminidase (NAG), monocyte chemotactic protein (MCP)-1,  
lactate dehydrogenese (LDH), aspartate aminotransferase (AST), alanine aminotransferase (ALT), interleukin (IL). 
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tively correlated with that of urinary excretion rate of ALB.
C5a excretion was negatively correlated with serum Cr con-
centrations, whereas that of urinary excretion rate of C5a was
positively correlated with IL-2, IL-4, IL-8, IL-10 and IFN-γ.

In the minor-damage group, AUC of urinary excretion rate
of C5a was positively correlated with IL-2, IL-4, IL-8 and
IFN-γ. There was a trend for the AUC of urinary excretion
rate of C5a to be positively correlated with IL-10. On the
other hand, AUC of urinary excretion rate of TRX was not
significantly correlated with any variables. 

associations among variables in the circulation 
As shown in Table 4, in the damaged group the AUC for pre-,
0 h, 1.5 h and 3 h of plasma lactate concentrations was posi-
tively associated with leukocyte count, neutrophil count,

chemokines and tended to be positively associated with oxida-
tive stress markers. AUC of plasma MPO concentrations was
positively correlated with antioxidant capacity markers. AUC
of neutrophil ROS production ex vivo tended to be positively
associated with oxidative stress markers and was associated
with IL-1ra, an anti-inflammatory cytokine. Moreover, migra-
tory neutrophil count ex vivo was correlated with IL-1ra. AUC
of serum d-ROMs was positively associated with leukocyte
count, neutrophil count, IL-1ra and Mb, and tended to be pos-
itively correlated with OXY. 

In the minor-damage group AUC of plasma concentration
of lactate was associated with migratory neutrophil count ex
vivo and d-ROMs, and tended to be positively correlated with
MPO. Plasma concentration of MPO was correlated with
leukocyte count and neutrophil count, and tended to be corre-

����������������	
��������������������������������������������������������������������������������� ��!�"#$%&
���'��!���(�!�(���
��!��'������%!���(�!�(���
�

!!������((��!!�((������


���%
�� ���%)�' ���%&�*�' ���%+�' ���%
�� ���%)�' ���%&�*�' ���%+�' �� %
�� �� %)�' �� %&�*�' �� %+�' "#$%&%
�� "#$%&%)�' "#$%&%&�*�' "#$%&%+�'

���%
�� ��&�))) �%)�,)- ��)�&.+ ��)�*)) ��)�*)) �%)�/,.00 ��)�.�/ ��)�+/+ ��)�*)) �%)�,-/1 ��)�)-& ��)��2, ��)�&-/ �%)�.�/ ��)�))) ��)��2,
���%)�' �%)�,)- ��&�))) �%)�,.+ �%)�/,.00 ��)�+*- ��)�*+, �%)�2/+00 �%)�2*-0 �%)�&.+ ��)�-&.1 �%)�-2,0 �%)�2*-0 ��)�*-& ��)�2/+00 �%)�-&.1 �%)�,)-
���%&�*�' ��)�&.+ �%)�,.+ ��&�))) ��)�-2,0 �%)�,.+ �%)�)+, ��)�*)) ��)�.,. �%)�*)) �%)��*) ��)�2�&0 ��)�,-/1 �%)�,)- �%)�*+, ��)�-*)1 ��)�,.+
���%+�' ��)�*)) �%)�/,.00 ��)�-2,0 ��&�))) �%)�*)) �%)�.�/ ��)�2*-0 ��)�-2,0 ��)�))) �%)�,)- ��)�2/+00 ��)�2�&0 �%)�,.+ �%)�2*-0 ��)�-*)1 ��)�*-&
���%
�� ��)�*)) ��)�+*- �%)�,.+ �%)�*)) ��&�))) �%)�*+, �%)�.�/ �%)�+/+ ��)�*)) �%)�)-& �%)�2�&0 �%)�*+, ��)�2�&0 ��)�.�/ �%)�-*)1 �%)��2,
���%)�' �%)�/,.00 ��)�*+, �%)�)+, �%)�.�/ �%)�*+, ��&�))) �%)�.,. �%)�.�/ �%)�,.+ ��)�-*)1 �%)�)+, �%)��*) �%)�&.+ ��)�+/+ ��)�)+, �%)�&.+
���%&�*�' ��)�.�/ �%)�2/+00 ��)�*)) ��)�2*-0 �%)�.�/ �%)�.,. ��&�))) ��)�/,.00 ��)�+*- �%)�-*)1 ��)�-2,0 ��)�2*-0 �%)�,-/1 �%)�/�/00 ��)�-&.1 ��)�+*-
���%+�' ��)�+/+ �%)�2*-0 ��)�.,. ��)�-2,0 �%)�+/+ �%)�.�/ ��)�/,.00 ��&�))) ��)��2, �%)�2�&0 ��)�-&.1 ��)�/�/00 �%)�-&.1 �%)�2*-0 ��)�-2,0 ��)�*))
�� %
�� ��)�*)) �%)�&.+ �%)�*)) ��)�))) ��)�*)) �%)�,.+ ��)�+*- ��)��2, ��&�))) �%)�+/+ �%)��&. �%)�)-&. ��)��2, �%)�+�& �%)�+*- �%)�*))
�� %)�' �%)�,-/1 ��)�-&.1 �%)��*) �%)�,)- �%)�)-& ��)�-*)1 �%)�-*)1 �%)�2�&0 �%)�+/+ ��&�))) �%)�+/+ �%)�-&.1 ��)�.,. ��)�*+, �%)�*+, �%)�*))
�� %&�*�' ��)�)-& �%)�-2,0 ��)�2�&0 ��)�2/+00 �%)�2�&0 �%)�)+, ��)�-2,0 ��)�-&.1 �%)��&. �%)�+/+ ��&�))) ��)�-2,0 �%)�2*-0 �%)�-*)1 ��)�2*-0 ��)�.,.
�� %+�' ��)��2, �%)�2*-0 ��)�,-/1 ��)�2�&0 �%)�*+, �%)��*) ��)�2*-0 ��)�/�/00 �%)�)-& �%)�-&.1 ��)�-2,0 ��&�))) �%)�-2,0 �%)�-2,0 ��)�/�/00 ��)�-*)1
"#$%&%
�� ��)�&-/ ��)�*-& �%)�,)- �%)�,.+ ��)�2�&0 �%)�&.+ �%)�,-/1 �%)�-&.1 ��)��2, ��)�.,. �%)�2*-0 �%)�-2,0 ��&�))) ��)�*)) �%)�/�/00 �%)�*))
"#$%&%)�' �%)�.�/ ��)�2/+00 �%)�*+, �%)�2*-0 ��)�.�/ ��)�+/+ �%)�/�/00 �%)�2*-0 �%)�+�& ��)�*+, �%)�-*)1 �%)�-2,0 ��)�*)) ��&�))) �%)�,)- �%)�+�&
"#$%&%&�*�' ��)�))) �%)�-&.1 ��)�-*)1 ��)�-*)1 �%)�-*)1 ��)�)+, ��)�-&.1 ��)�-2,0 �%)�+*- �%)�*+, ��)�2*-0 ��)�/�/00 �%)�/�/00 �%)�,)- ��&�))) ��)�-*)1
"#$%&%+�' ��)��2, �%)�,)- ��)�,.+ ��)�*-& �%)��2, �%)�&.+ ��)�+*- ��)�*)) �%)�*)) �%)�*)) ��)�.,. ��)�-*)1 �%)�*)) �%)�+�& ��)�-*)1 ��&�)))

��������%%!!������((���((������


���%
�� ���%)�' ���%&�*�' ���%+�' ���%
�� ���%)�' ���%&�*�' ���%+�' �� %
�� �� %)�' �� %&�*�' �� %+�' "#$%&%
�� "#$%&%)�' "#$%&%&�*�' "#$%&%+�'

���%
�� ��&�))) �%)��&. ��)�-&.1 �%)�&.+ ��)�2/+00 �%)�&.+ �%)�)-& �%)��*) ��)�2/+00 �%)��&. ��)�*-& ��)�)-& ��)�,-/1 �%)�)+, �%)�)+, �%)�-2,0
���%)�' �%)��&. ��&�))) �%)��*) �%)�.�/ �%)�)+, ��)�.�/ ��)�+�& ��)�*-& �%)�)+, ��)�/�/00 ��)��2, ��)�*+, �%)�&.+ ��)�)+, ��)�)+, ��)�+,)
���%&�*�' ��)�-&.1 �%)��*) ��&�))) �%)��*) ��)�-*)1 �%)�&.+ �%)�.�/ �%)�+�& ��)�-*)1 �%)�+�& ��)��*) �%)�.�/ ��)�&-/ �%)�*-& �%)�*-& �%)�*-&
���%+�' �%)�&.+ �%)�.�/ �%)��*) ��&�))) �%)�)-& ��)�+*- ��)��*) ��)��&. �%)�)-& �%)�&.+ ��)�)+, �%)�+�& ��)�+�& ��)�)-& ��)�)-& ��)�&)-
���%
�� ��)�2/+00 �%)�)+, ��)�-*)1 �%)�)-& ��&�))) �%)�)-& �%)��*) �%)��&. ��&�))) �%)�)-& ��)�.,. ��)�))) ��)�*)) �%)�+*- �%)�+*- �%)�2*-0
���%)�' �%)�&.+ ��)�.�/ �%)�&.+ ��)�+*- �%)�)-& ��&�))) ��)�-2,0 ��)�/,.00 �%)�)-& ��)�-&.1 ��)�,-/1 ��)��&. ��)�.�/ ��)��2, ��)��2, ��)�*+,
���%&�*�' �%)�)-& ��)�+�& �%)�.�/ ��)��*) �%)��*) ��)�-2,0 ��&�))) ��)�2*-0 �%)��*) ��)�,)- ��)�-&.1 ��)�*)) ��)�,)- ��)�-2,0 ��)�-2,0 ��)�,.+
���%+�' �%)��*) ��)�*-& �%)�+�& ��)��&. �%)��&. ��)�/,.00 ��)�2*-0 ��&�))) �%)��&. ��)�2�&0 ��)�,.+ ��)�+/+ ��)�+*- ��)�.�/ ��)�.�/ ��)�,-/1
�� %
�� ��)�2/+00 �%)�)+, ��)�-*)1 �%)�)-& ��&�))) �%)�)-& �%)��*) �%)��&. ��&�))) �%)�)-& ��)�.,. ��)�))) ��)�*)) �%)�+*- �%)�+*- �%)�2*-0
�� %)�' �%)��&. ��)�/�/00 �%)�+�& �%)�&.+ �%)�)-& ��)�-&.1 ��)�,)- ��)�2�&0 �%)�)-& ��&�))) ��)�*)) ��)�*+, ��)�&)- ��)��&. ��)��&. ��)�*))
�� %&�*�' ��)�*-& ��)��2, ��)��*) ��)�)+, ��)�.,. ��)�,-/1 ��)�-&.1 ��)�,.+ ��)�.,. ��)�*)) ��&�))) ��)�.�/ ��)�2*-0 ��)�.�/ ��)�.�/ ��)�)))
�� %+�' ��)�)-& ��)�*+, �%)�.�/ �%)�+�& ��)�))) ��)��&. ��)�*)) ��)�+/+ ��)�))) ��)�*+, ��)�.�/ ��&�))) ��)�+*- ��)�,-/1 ��)�,-/1 ��)��2,
"#$%&%
�� ��)�,-/1 �%)�&.+ ��)�&-/ ��)�+�& ��)�*)) ��)�.�/ ��)�,)- ��)�+*- ��)�*)) ��)�&)- ��)�2*-0 ��)�+*- ��&�))) ��)�*+, ��)�*+, �%)�&-/
"#$%&%)�' �%)�)+, ��)�)+, �%)�*-& ��)�)-& �%)�+*- ��)��2, ��)�-2,0 ��)�.�/ �%)�+*- ��)��&. ��)�.�/ ��)�,-/1 ��)�*+, ��&�))) ��&�))) ��)�*+,
"#$%&%&�*�' �%)�)+, ��)�)+, �%)�*-& ��)�)-& �%)�+*- ��)��2, ��)�-2,0 ��)�.�/ �%)�+*- ��)��&. ��)�.�/ ��)�,-/1 ��)�*+, ��&�))) ��&�))) ��)�*+,
"#$%&%+�' �%)�-2,0 ��)�+,) �%)�*-& ��)�&)- �%)�2*-0 ��)�*+, ��)�,.+ ��)�,-/1 �%)�2*-0 ��)�*)) ��)�))) ��)��2, �%)�&-/ ��)�*+, ��)�*+, ��&�)))

3�����4��5-��	���������4�00
�6�)�)&��0
�6�)�)*��1
�6�)�&�
7���������'��(��������������'��8�������������������������
������������9��������������������:�

��%���������9
��:������!�������
���%���������9)�':��&�*�'�����
���%���������9&�*�':��!�+�'�����
���%���������9+�':��������
��(�
�����
!���(�!�(���
4���������������
��'������������������!����'�����������!������
����%!���(��(���
4���������������
��'������������!�!�������������'�����������!������
�����8������4�;%�%������%7%(���������!����9���:���'����!����9���:���������9�� :�����������'����������
������9"#$:%&� �

����������������	
������������������������������������������������������������������������������������������������������� �
�����!� ��"������"��������

 ���
 ���#$ ���#$ %&'#$ ��#	 (&#)#$ (&#*#$ (&#+#$ (&#,-#$ (./#0#$

���#$ 123 ����,--- ���#-�4,*5 ����-�4+67 ����-�6485 ���#-�4�-5 ���#-�4+67 ���#-�+�47 ���#-�+�47 ���#-�+�47

1#3 ����,--- ���#-�*6* ����-�6-4 ���#-�)+6 ���#-���6 ���#-���6 ���#-�*6* ���#-�6-4 ���#-�)+6

���#$ 123 ���#-�4,*5 ����,--- ���#-�6485 ���#-�+),7 ����-�86*77 ����-�8)877 ����-�+8�77 ����-�+8�77 ����-�+8�77

1#3 ���#-�*6* ����,--- ���#-���6 ���#-��8� ����-�+�47 ����-�+�47 ����-�4+67 ����-�4,*5 ����-�+),7

%��������!�����������������������������"��������1%$�3
%$�9����������������
����-�"��,���"������"�
:�����9�/;4��	���������9�77
�<�-�-,��7
�<�-�-���5
�<�-�,�
#	9�=�������������������������
�#$9�=���������"�� ��������������"����������������������������
������������1��������������������3�

��#���������1
��3��������������
���#���������1-�"3��,���"�����
���#���������1,���"3������"�����
���#���������1��"3��������
�� �
������
1239����� ��� ���
>���������������
��"�����������������������"������������������
1#39�����#���� �� ���
>���������������
��"����������������������������"������������������
%�����������9��"���������1���3�����
���������1���3���������1%&'3�����������1��3������������1(&3#)��*��+��,-�����������1(./3#0��



Pathogenic mechanisms of redox/inflammatory responses to endurance exercise •   137

EIR 21 2015

lated with ROS production ex vivo. AUC of ROS production
ex vivo tended to be associated with migratory neutrophil
count ex vivo. Migratory neutrophil count ex vivo was associ-
ated with UA. Plasma IL-10 concentrations were correlated
with Mb.

DiscUssiOn

It is known that blood flow is redistributed during endurance
exercise. In this study, we provide evidence that the presence
of renal epithelial cells in urine may be induced by
ischemia/reperfusion caused by a reduction in renal blood
flow. We have already investigated AKI caused by endurance
exercise and the possible associations between AKI and the
increases in urinary levels of IL-2, IL-4, IL-8, IL-10, IFN-γ
and MCP-1 (59). This study further analyzed the associations
among AKI, cytokines, inflammation and oxidative stress
with a special focus on TRX and C5a. In particular, the excre-

tion rate of TRX increased significantly at 1.5 h (20.1-fold)
from pre-exercise in the damaged group only (Figure 1), and
the excretion rates of NAG (3 h) were positively correlated
with those of TRX (3 h) (Table 2). These findings suggested
that TRX was related to renal tubular injury. Therefore, it
might be possible that the excretion rate of TRX increased in
response to oxidative stress as a result of renal tubular injury
following intensive endurance exercise.

In a previous study on murine kidney, transgenic hTRX
was predominantly observed in the outer medulla after renal
ischemia/reperfusion. Thereafter, the immunoreactivity for
hTRX was revealed in the intraluminal region of the renal
tubule, coinciding with a decrease in TRX protein in the kid-
neys and an increase in urine. Interestingly, TRX protein con-
centration did not change in the blood, and expression of TRX
mRNA did not reveal localization or change in abundance
after renal ischemia/reperfusion. Therefore, it is suggested
that urinary TRX protein is derived from proximal tubule cor-
tical region of the kidney (30). In this study, however, it might
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be possible that blood-derived TRX was mixed with TRX
from proximal tubule cortical region, because the excretion
rates of TRX at the same time points after the race were posi-
tively correlated with the excretion rates of ALB at pre, 0 h,
1.5 h and 3 h after exercise and TRX is small protein of 12
kDa. Whereas urinary excretion rates of ALB at the same time
points after the race tended to be positively correlated with the
excretion rates of NAG (as a generally accepted marker of
renal tubular injury) at pre, 0 h, 1.5 h and 3 h after the race,
the correlations between urinary excretion rates of TRX and
NAG at 3 h after exercise were significant (Table 2). Serum
NAG protein is not excreted into urine because its molecular
weight is 130-140 kDa. Hence, it might be possible that uri-
nary excretion of TRX was derived from both blood and kid-
ney. In this study, renal ischemia/reperfusion of subjects was
induced by endurance exercise, but in the previous work,
bilateral renal arteries were clipped for 30 min and then
released (30). The inconsistency of the results might be
derived from the difference of the above induction methods for
ischemia and exercise. It is reported that chemokines such as
MCP-1 are key modulators in renal ischemia/reperfusion
injury, and urinary chemokines are good markers of clinical
diseases and AKI (78, 79). In the damaged group, urinary
excretion rates of MCP-1 significantly increased (Table 1), and
tended to be positively correlated with the excretion rates of
TRX and NAG (Table 2). This suggests that TRX, MCP-1 and
NAG may be associated with renal tubular injury. 

In the present study, the excretion rates of C5a in the dam-
aged group and the minor-damage group significantly increased
following intensive endurance exercise (Figure 1). Urinary
excretion rate of C5a was positively correlated with that of IL-2,
IL-4, IL-8, IL-10 and IFN-γ after intensive endurance exercise
(Table 3). It is suggested that the chemotactic factors C5a and
IL-8 increased after reperfusion, making inflammatory cells
infiltrate into tubular epithelium or glomerular capillary (13, 14,
15, 35, 39, 42, 76, 77 84). On the other hand, it may also be sug-
gested that IL-10 increased to suppress progressive inflamma-
tion, and/or to repair damaged tissues (58). Therefore, it might
be possible the excretion rates of C5a, IL-8 and IL-10 reflect
inflammatory levels in the renal tubular injury. In contrast, in
the damaged group, the excretion rates of TRX after intensive
exercise were negatively correlated with the excretion rates of
C5a, IL-2, IL-4, IL-8, IL-10 and IFN-γ following intensive
exercise (Table 3). In the damaged group, it may be possible
that levels of TRX were influenced by levels of IL-10 as an anti-
inflammatory cytokine, and TRX regulates chemotactic activity
C5a and IL-8, or TRX controls inflammatory progress by C5a
and IL-8, because TRX functions as an antioxidant, as a chemo-
taxis inhibitor and as a redox-regulating protein in the signal
transduction (12, 21, 22, 57).

We examined systemic oxidative stress and inflammation
induced by endurance exercise within two groups (damaged
group and minor-damage group) based on urinary measures of
AKI. When evaluating the circulating oxidative stress and
inflammatory state in these same groups, lactate levels were
increased significantly in both (0 h: damaged group 3.4-fold;
minor-damage group 2.7-fold). Lactate-related factors such as
lactate threshold (LT) and onset of plasma lactate accumula-
tion (OPLA) are critical for setting exercise intensity (16, 72).
Since this study was carried out in an actual competition race,
we could not examine LT and OPLA, but the athletes’ lactate

levels suggested a difference of exercise intensity between the
two participant groups. 

Endurance exercise increases the circulating number of
leukocytes, especially neutrophils, which exhibit the greatest
change in cell count and function (7, 41, 49, 50 62-65, 82).
Moreover, IL-6, IL-8 and M-CSF responses are positively
correlated with the delayed-onset neutrophil mobilization
from the bone marrow reserve after exercise (64, 82), partic-
ularly when the duration is over 2 h. In this study, leukocytes
and neutrophil counts in the minor-damage group (whose
race time was over 2 h) tended to be greater than the dam-
aged group (Figure 1 and Table 1). MPO catalyses the con-
version of hydrogen peroxide into hypochlorous acid in neu-
trophils and macrophages (75). MPO is located in the pri-
mary (azurophilic) granules (5) and is a marker of neutrophil
activation after exercise (7, 50). MPO produces a large
amount of ROS and induces oxidative damage to proteins,
lipids and DNA (43). MPO increases depending on exercise
intensity (49, 53). These findings suggest that the intensity
was also higher in the minor-damage group, but MPO
increased depending on exercise duration rather than intensi-
ty in case of such a long-duration exercise. In the damaged
group we found serum concentrations of d-ROMs as an
oxidative stress marker, and BAP and OXY as antioxidant
capacities tended to be higher than those in the minor-dam-
age group immediately after the race. It was suggested that
acute endurance exercise-induced oxygen consumption in
many organs in the damaged group was greater and pro-
duced ROS, because the intensity of the damaged group was
higher compared with that in the minor-damage group. Pre-
vious studies showed that scavengers such as enzymatic
activities of plasma SOD and catalase (a scavenger for H2O2
) and plasma concentration of vitamin C (ascorbate: a scav-
enger for O2

－,•OH, 1O2 and other oxidants) for toxic ROS
might be induced in response to intensive exercise (67).
Moreover, it was reported that free radical scavengers pre-
vent not only oxidation of molecules in the body but also
adhesion of neutrophils to the endothelial lining and inhibit-
ing neutrophil infiltration (19, 57). It was also reported that
anti-inflammatory cytokines prevent inflammatory tissue
damage (31, 66, 73). In particular, the anti-inflammatory
cytokine IL-10 is an immunosuppressive cytokine that
inhibits both proinflammatory cytokine production and ROS
production by activated neutrophils (31). Furthermore, anti-
inflammatory cytokines and free radical scavengers work to
counteract oxidative tissue damage by ROS (9, 24, 56). In
this study, the plasma concentration of IL-10 significantly
increased only in the damaged group (Table 1). Plasma IL-
1ra concentrations increased significantly after exercise in
both groups (59) and were significantly correlated with ex
vivo neutrophil migratory activity and ROS-production in
the damaged group only. Accordingly, increased antioxidant
capacity and anti-inflammatory cytokines in the damaged
group might inhibit neutrophil activation as compared with
those in the minor-damage group. We found also that serum
Mb concentrations in the minor-damage group (0 h: 6.2-fold,
1.5 h: 7.0-fold) were higher than those in the damaged group
(0 h: 4.8-fold, 1.5 h: 4.2-fold) after the race. These results
might suggest that muscle damage increased due to ROS
from activated neutrophils in the minor-damage group,
whereas in the damaged group, muscle damage was prevent-
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ed by elevated antioxidant capacity and anti-inflammatory
cytokines. 

Kanda et al. reported enhanced neutrophil migration and
ROS production after one-leg calf-raise exercise through the
use of a newly-developed ex vivo methodology in imitation of
tissue damage (28). In this study, we assessed ROS production
by neutrophils that migrated into the hydrogel. We found that
both neutrophil migration and ROS production increased after
exercise in both groups. The ROS production immediately
after the race in the damaged group was lower than that in the
minor-damage group, but serum concentration of OXY and
plasma concentration of IL-10 were higher than those in the
minor-damage group. These results suggest that neutrophil
activation was suppressed by antioxidant and anti-inflamma-
tory cytokines immediately following intensive endurance
exercise. 

In conclusion, we infer that the excretion rates of TRX,
MCP-1 and NAG were associated with renal tubular injury. It
might be possible that the excretion rates of C5a, IL-8 and IL-
10 reflect inflammatory levels in renal tubular injury, where
the excretion rate of C5a was strongly associated with that of
IL-2, IL-4, IL-8, IL-10 and IFN-γ. In the damaged group, the
excretion rates of TRX after exercise were negatively corre-
lated with the excretion rates of C5a, IL-2, IL-4, IL-8, IL-10
and IFN-γ following exercise. Therefore, in the damaged
group, it could be inferred that levels of TRX were influenced
by levels of IL-10 as an anti-inflammatory cytokine, and that
TRX regulates chemotactic activity of C5a and IL-8, or that
TRX controls inflammatory progress by C5a and IL-8,
because TRX functions as an antioxidant, as a chemotaxis
inhibitor and as a redox-regulating protein in the signal trans-
duction. Clarification of these pathways might be valuable in
the assessment of AKI risk following intensive endurance
exercise.

In the circulation of the damaged group ROS production
was found to be higher than the minor damage group, while
antioxidant capacity and anti-inflammatory cytokines
increased immediately after intensive endurance exercise.
From these data it might be inferred that neutrophil activation
and efflux of MPO were inhibited. Therefore, we suggest that
damage to muscle and other tissues are likely to be lower in
this group. On the other hand, results from the longer duration
group (minor-damage group) showed neutrophil count and
efflux of MPO in the circulation were higher when compared
to the damaged group. Furthermore, both variables were sig-
nificantly correlated with neutrophil count and plasma con-
centration of MPO immediately following intensive
endurance exercise. In combination, these results suggest that
muscle is likely to be damaged by activated neutrophils to a
greater extent than in the damaged group. This inference was
further supported by the results from our application of the
newly-developed ex vivo method that estimated the functional
impact of activated neutrophils.

In the present study, we confirmed that intensive endurance
exercise caused “Risk” or “stage I” in the AKI diagnosis crite-
ria such as RIFLE and AKIN, suggesting that not only blood
but also urine analyses are important for estimating tissue
damage. The relationships among the variables in the urine
and circulation, and further delineation of their clinical signif-
icance must be revealed in future research.
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aBstRact

The ex vivo expansion of tumor-associated-antigen (TAA)-
specific cytotoxic T-cells (CTLs) from healthy donors for
adoptive transfer to cancer patients is now providing addi-
tional treatment options for patients. Many studies have
shown that adoptive transfer of expanded CTLs can reduce
the risk of relapse in cancer patients following hematopoietic
stem cell transplantation (HSCT). However, the procedure
can be limited by difficulties in priming and expanding suffi-
cient numbers of TAA-specific-CTLs. Because acute dynamic
exercise mobilizes large numbers of T-cells to peripheral
blood, we hypothesized that a single bout of exercise would
augment the ex vivo expansion of TAA-specific-CTLs.We
therefore collected lymphocytes from blood donated by
healthy adults at rest and after brief maximal dynamic exer-
cise.TAA-specific CTLs were expanded using autologous
monocyte-derived-dendritic cells pulsed with melanoma-asso-
ciated antigen 4 (MAGE-A4), with preferentially expressed
antigen in melanoma (PRAME), and with Wilms’ tumor pro-
tein (WT-1). Post exercise, 84% of the participants had a
greater number of CTLs specific for at least one of the three
TAA.Cells expanded from post exercise blood yielded a
greater number of MAGE-A4 and PRAME-specific-cells in
70% and 61% of participants, respectively. In the ‘exercise-
responsive’ participants (defined as participants with at least
a 10% increase in TAA-specific-CTLs post-exercise), MAGE-
A4- and PRAME-specific-CTLs increased 3.4-fold and 6.2-
fold respectively. Moreover, expanded TAA-specific CTLs
retained their antigen-specific cytotoxic activity. No pheno-
type differences were observed between expanded cells donat-
ed at rest and postexercise. We conclude that exercise can

enhance the ex vivo expansion of TAA-specific-CTLs from
healthy adults without compromising cytotoxic function.
Hence, this study has implications for immunotherapy using
adoptive T-cell transfer of donor-derived T-cells after allo-
geneic HSCT.

Key words: Immunotherapy, CTLs, physical activity, adop-
tive transfer, tumor-associated-antigens

intRODUctiOn

Immunotherapy-based cancer treatments are providing a new
wave of treatment options in conjugation with more tradition-
al approaches, including chemotherapy and hematopoietic
stem cell transplantation (3). The adoptive transfer of ex vivo
expanded tumor-associated-antigen (TAA)-specific cytotoxic
T-cells (CTLs) has been shown to be a potentially potent
approach for the treatment of various types of cancer, includ-
ing metastatic melanoma (26), lymphoma (5), neuroblastoma
(29), and lymphocytic and myeloid leukemia (12, 17). How-
ever, there are challenges that must be overcome before the
treatment can be used more broadly in cancer patients with
various malignancies. Techniques for manufacturing antigen-
specific CTLs using GMP compliant methodologies for
patients after allogeneic HSCT have arisen from studies using
virus-specific T-cells, where products can now be rapidly
manufactured in less than 10 days (16, 31, 40). A key factor of
this technique is the selection of target antigens where a natu-
ral occurrence of T-cells specific for that antigen can be
found. However, non-viral TAA are often self-antigens, which
in healthy donors are infrequent and usually also of low avidi-
ty, as most self-reactive T-cells are anergized (13). Therefore,
extensive cell stimulationsare required to expand sufficient
numbers of TAA-specific CTLs for adoptive transfer. Further,
results are often marred by the concomitant expansion of
CTLs that are reactive to healthy cells (13, 23, 25, 42).
Despite recent advances that have allowed researchers to
overcome difficulties in adoptive transfer immunotherapy,
such as avoiding mechanisms of tumor escape (7, 13, 23), the
limitation of expanding sufficient numbers of tumor-reactive
CTLs from healthy donors remains, even if an apheresis pro-
cedure is performed.
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A single bout of dynamic physical exercise (e.g., running or
cycling) markedly increases the numbers of leukocyte sub-
types in peripheral blood and alters their composition. This
occurs due to mechanisms such as shear stress and increases
in catecholamines, glucocorticoids, and other hormones that
have direct impact on blood leukocytes (41). A single bout of
exercise causes a 2-4 fold increase in the number of circulat-
ing blood monocytes and lymphocytes, the magnitude of
which is related to the intensity and duration of the exercise
(1, 22, 39, 41). Exercise specifically mobilizes CTLs with a
phenotype consistent with tissue migration and enhanced
cytotoxicity, and also increases the expression of molecules
associated with T-cell activation (15, 19). The redeployment
of these activated cells by exercise may provide a means to
overcome the difficulty in obtaining sufficient numbers of
functional TAA-specific CTLs from healthy donors. 

The aim of this study was to determine if a single bout of
dynamic exercise would enhance the ex vivo expansion of
TAA-specific CTLs. Three leukemia- and lymphoma-associ-
ated antigens were selected as representative targets: the can-
cer-testis antigen melanoma-associated antigen 4 (MAGE-
A4), and the antigens overexpressed by malignant cells pref-
erentially-expressed antigen of melanoma (PRAME) and
Wilm’s Tumor 1 (WT-1).The robust expansion of MAGE-A4-
specific CTLs for clinical use would improve treatment
options for Hodgkin’s Lymphoma patients with EBV-negative
tumors (32),while enhancing the expansion of PRAME (38)-
and WT-1 (8)-specific CTLs would offer an important  T-cell
therapeutic to patients with acute leukemias after allogeneic
HSCT. We demonstrate here that a single bout of dynamic
exercise increases the yield of MAGE-A4 and PRAME-spe-
cific CTLs in the majority of the healthy adult participants.
These findings indicate that exercise is a simple yet effective-
and economical approach to enhance the expansion of TAA-
specific CTLs for adoptive T-cell therapy post allogeneic
HSCT.

MethODs

experimental Design
This was a within-subjects repeated measure study of 19
healthy adults (10 women) designed to assess the effects of
brief dynamic exercise on the expansion of TAA-specific T-
cells. Standard sample size calculations using an estimated
effect size (d) of 0.6 and α=0.05 indicated that 19 participants
were expected to yield a power of 0.8 to detect differences
between resting and post exercise cells. Unstimulated and
expanded cells donated at rest and post exercise were ana-
lyzed using flow cytometry, IFN-γ ELISPOT assays, and 51CR
release cytotoxicity assay (expanded cells only). 

Participants
Healthy adult volunteers were recruited in Houston, TX for
this study. Written informed consent and medical history were
obtained from each participant after the procedures, benefits,
and risks were explained verbally and provided in writing.
Institutional review boards at the University of Houston and at
Baylor College of Medicine granted ethical approval for the
study.  Participants were instructed to avoid alcohol, nonpre-

scription drugs, and strenuous exercise 24h prior to each labo-
ratory visit. 

exercise trials and blood sampling
Participants visited the laboratory between 7am and 10am on
two occasions separated by 7 days. During Visit 1, partici-
pants were asked to ascend 260 stairs (10 floors) as quickly as
possible. Completion time, maximal heart rate (Polar Electro,
USA), and circulating lactate values were recorded in 11 par-
ticipants. Earlobe capillary blood samples were drawn using
heparin-lined microcapillary tubes at rest and post exercise,
and analyzed in duplicate for lactate concentration using an
automated lactate analyzer (Analox P-GM7 Micro Stat,
Analox, UK). A 3ml venous blood sample was collected at
rest and immediately post exercise in vacutainer tubes treated
with ethylene-diamine-tetra-acetic acid (EDTA) (Becton-
Dickenson, USA) for differential leukocyte cell counts
(BC3200, Mindray North America, Mahwah, NJ). A 40ml
venous blood sample was collected at rest and post exercise in
vacutainer tubes treated with sodium heparin (Becton-Dicken-
son) for monocyte-derived (mo)-dendritic cell (DC) genera-
tion and CTL expansion. An additional blood sample was
taken at rest and post exercise into a 6ml serum gel tube (Bec-
ton-Dickenson). Blood was processed within 4 hours of being
drawn. Blood serum was frozen at -80°C until analysis. Dur-
ing Visit 2, participants donated a resting 40ml blood sample
collected in sodium heparin vacutainer tubes. At the second
visit, 13 participants also completed the Bruce Maximal Exer-
cise Test (9) on a treadmill (Woodway Desmo, WoodwayUSA
Inc, Waukesha, WI) until volitional exhaustion. The speed and
incline increased at three-minute intervals to increase the
intensity. Heart rate, ventilation, and oxygen consumption
were measured throughout the test using an automated meta-
bolic cart (Cosmed Quark CPET, Rome, Italy).  

generation of Dcs from blood
Peripheral blood mononuclear cells (PBMCs) were isolated
using Ficoll (Lymphoprep; Nycomed) density gradient sepa-
ration.  Mo-DCs were generated by plate adherence of
PBMCs. PBMCs were incubated for 2 hours in DC medium
(CellGenix media with 2mM L-glutamine (GlutaMAX; Invi-
togen)) at a concentration of 10 x 106 cells/well in a 6-well
plate (Costar). Nonadherent cells were removed by gentle
washing with PBS (Sigma), and cryopreserved at -80°C for
later stimulation with mature mo-DCs. Adherent cells were
cultured in DC media with 800 U/ml granulocyte-macrophage
colony-stimulating factor (GM-CSF) and 400U/ml inter-
leukin-4 (IL-4) (both R&D Systems) for 5 days at 37° C in a
humidified CO2 incubator. On day 5, immature mo-DCs were
harvested by gentle rinsing and resuspended at 0.5 x 106

cells/ml in DC medium and matured in a cytokine cocktail of
GM-CSF (800 U/ml), IL-4 (400 U/ml), IL-1β (10ng/ml), IL-6
(10ng/ml), tumor necrosis factor-α (TNF-α; 10ng/ml, all
R&D), and prostaglandin E2 (PGE2; 1μg/mL; Sigma-
Aldrich). On day 7, mature mo-DCs were harvested and used
as antigen presenting cells.

expansion of tumor-associated-antigen-specific t-cells
Mature mo-DC were incubated with each TAA, usingthe pep-
tide libraries of MAGE-A4, PRAME, and WT-1 (100 ng/Pep-
Mix; JPT Peptide Technologies), in 10 μl PBS for 1 hour at
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37° C. Autologous, cryopreserved, non-adherent PBMCs
were thawed and stimulated with the TAA-pulsed mo-DCs at
a stimulator-to-effector ratio of 1:10. Non-adherent PBMCs
isolated from resting blood were stimulated with mo-DCs
generated from resting blood, and non-adherent PBMCs iso-
lated from post exercise blood were stimulated with mo-DCs
generated from post exercise blood. Cells were cultured 7
days at 1 x 106 cells/ml in 24 well plates (Costar) in 2ml
RPMI-1640 supplemented with 45% Clicks media (Irvine
Scientific), 5% human AB serum, and 2mmol/L GlutaMax,
and recombinant human IL-7 (10ng/ml), IL-12 (10ng/ml), and
IL-15 (5ng/ml)(all Peprotech). After 7 days, cells were har-
vested and restimulated with autologous TAA-pulsed mo-DCs
at a ratio of 1 to 4 for a further 7 days. All mo-DCs for the sec-
ond stimulation were generated from resting blood. Cells
were split and fed with fresh media containing IL-7, IL-12,
and IL-15 on days 5 and 12. Due to limitations in the number
of available cells, all three TAA-specific cell lines were not
expanded for each participant; MAGE-A4 specific cells were
expanded from 17 participants, PRAME specific cells were
expanded from 18 participants, and WT-1 specific cells were
expanded from 13 participants.

enzyme-linked immunospot assay
Enzyme-linked immunospot (ELISPOT) analysis was con-
ducted on PBMCs and twice-stimulated (expanded) cells
using IFN-γ ELISPOT multiscreen IP plates (Millipore,
USA). Cells were stimulated overnight with MAGE-A4,
PRAME, and WT-1 PepMixes (1 μg/ml) at a concentration of
150000 cells/well (PBMCs) or 100000 cells/well (expanded
cells) in a 37° C humidified CO2 incubator. Cells stimulated
with staphylococcal enterotoxin B (1μg/ml; Sigma-Aldrich)
served as a positive control, and cells stimulated with Ad-pen-
ton (JPT Peptide Technologies) or incubated in media only
served as negative controls. Each condition was measured in
triplicate. Plates were evaluated by Zellnet Consulting. Spot-
forming cells (SFCs) were enumerated to obtain the frequency
of TAA-reactive cells.

cytotoxicity assay
The cytotoxic specificity of TAA-specific T-cells expanded
from resting and post exercise blood were analyzed in a stan-
dard 4h 51Cr release assay using effector:target ratios of 40:1,
20:1, 10:1, and 5:1. Target cells were autologous Phyto-
hemagglutinin(PHA)-blasts pulsed with each TAA pepmix,
and were generated from non-adherent cells cultured for one
week in the presence of IL-2 (100U/mL; Chiron) and PHA
(Sigma, 5μg/mL) and fed every other day. A portion of the
resultant PHA-blasts were pulsed for 1h with TAA-PepMix
(0.2μg) and used as autologous target cells. The remaining
PHA-blasts were pulsed with irrelevant (Ad-penton) peptide
and used as controls to measure non-specific T-cell cytotoxic-
ity. All PHA-blasts were pulsed with 10μl 51Cr for 1 h. 51Cr –
labeled target cells were mixed with effector cells at doubling
dilutions to produce the desired ratios. Target cells incubated
in complete medium or 5% Triton X-100 (Sigma Aldrich)
were used to determine spontaneous and maximum 51Cr
release respectively. Supernatants were collected after 4h and
radioactivity was measured on a gamma counter. The mean
percentage of specific lysis was calculated as: 100 x (experi-
mental release – spontaneous release)/(maximal release –

spontaneous release. Each condition was measured in tripli-
cate. 

Flow cytometry
To document exercise-induced shifts in leukocyte subsets in
peripheral blood, PBMCs from rest and post exercise were
labeled with FITC-conjugated anti-CD45RA (IgG2b, clone
HI100), anti-CD28 (clone CD28.2) or Alexa488-conjugated
anti-KLRG1 (clone 13D12F2), PE-conjugated anti-CD57
(clone TB01), anti-CD62L(clone DREG-56), or anti-CD27
(IgG1, clone O323), PerCP-Cy5.5-conjugated anti-CD4
(IgG2b, clone OKT-4), anti-CD8 (IgG1, clone RPA-T8), or
anti-CD56 (IgG1 Clone CMSSB), and APC-conjugated anti-
CD3 (IgG1, Clone UCHT1) in a four-color direct immunoflu-
orescence procedure. All monoclonal antibodies were previ-
ously titrated to determine optimal dilutions. Cells were incu-
bated with 50 μl of each pre-diluted mAb for 30 minutes in
the dark at room temperature. Antibodies were purchased
from eBioscience Inc (San Diego CA, USA), except anti-
CD57 (Abcam, Cambridge, UK) and the anti-KLRG1, which
was kindly provided by Hans Peter Pircher of the University
of Freiburg, Germany (21). To document the phenotypes of
the expanded cells, aliquots of twice-stimulated cells were
labeled with the above antibody panel in a four-color direct
immunofluorescence procedure. 

Cell phenotypes were assessed on a BD Accuri C6 flow
cytometer (BD Accuri, Ann Arbor, MI, USA) equipped with a
blue laser emitting light at a fixed wavelength of 488 nm and
a red laser emitting light at a fixed wave length of 640 nm.
Lymphocytes were identified by forward and side scatter
characteristics and gated electronically using Accuri C6
(CFlow software v1). Single color tubes were used for com-
pensation. A minimum of 20,000 events in the lymphocyte
gate were collected. Naïve CD3+/CD4+ and CD3+/CD8+ T-
cells were identified as CD45RA+CD62L+, central memory
(CM) cells were identified as CD45RA-CD62L+, effector
memory (EM) cells were identified as CD45RA-CD62L- and
the CD45RA+ highly differentiated effector memory (EMRA)
cells as CD45RA+CD62L-(30).

Measurement of blood hormones and determination of
viral serostatus
ELISA kits were used to determine serum levels of epineph-
rine and norepinephrine (2-CAT ELISA, LDN, Nordhorn,
Germany), cortisol (Abcam, Cambridge, MA), and neopterin
(IBL International, Toronto ON, Canada), and to detect IgG
antibodies against CMV (Genway Biotech, San Diego, CA)
and EBV (EBV-VCA, IBL International, Toronto ON, Cana-
da). Assays were performed according to manufacturers’
directions using a 96 well microplate reader (Molecular
Devices, Sunnyvale, CA, USA). 

statistical analysis
Data were screened for normality and transformed (logarithm
or square root) when required. Paired T-tests were used to
compare the number and phenotype of PBMCs and CTLs and
the number of SFCs from blood donated at rest and post exer-
cise. Independent T-tests were used to compare participant
characteristics between exercise-responders and exercise-non-
responders; Fisher’s exact test was used to compare categori-
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cal variables and group. Restricted maximum likelihood lin-
ear mixed models were used to compare physiological
responses to exercise, as well as the number and phenotype of
PBMCs and CTLs from rest and post exercise, among the
exercise-responders and exercise non-responders. The models
included main effects of exercise-time (resting and post exer-
cise) and group assignments (MAGE-A4- and PRAME- exer-
cise-responders and exercise-non-responders), and interaction
effects between exercise-time and each group. Analyses were
performed using Statistical Package for the Social Sciences
version 17 software (SPSS, Chicago, IL, USA). Statistical sig-
nificance was set at p<0.05.

ResUlts

exercise increases leukocyte number for expansion
We first evaluated the effect of exercise on absolute white cell
numbers. As shown in table 1, brief exercise (i.e. rapidly
ascending 260 steps, led to a significant increase in the num-

ber of leukocytes, lymphocytes, and monocytes in whole
blood, and increased the numbers of T-cells in the peripheral
blood mononuclear cell (PBMC) fraction. To determine
whether CTLs could be expanded from both resting and post
exercise blood obtained from healthy donors, PBMCs isolated
from blood at rest and post exercise were stimulated with

autologous TAA-pulsed mo-DCs in the presence of inter-
leukin- (IL-)7, IL-12, and IL-15. While a greater number of
PBMCs were stimulated post exercise (table 2), the numbers
of T-cells expanded from resting versus post exercise blood
samples following the second week of stimulation were the
same (table 2). Further, the fold- expansion of the CTLs cal-
culated from the total number of input PBMCs did not differ
with exercise (Fig. 1a); however, when the fold-expansion
was calculated relative to the number of input naïve
(CD45RA+CD62L+) T-cells, the rate of expansion was signifi-
cantly greater post exercise (mean ±SD: day 7 resting: 9.90
±4.58, post exercise: 17.07 ±9.84; t(10)=-3.793, p=0.004;day
14 resting: 71.35 ±55.36, post exercise: 115.0 ±101.41;
t(10)=-2.683, p=0.023) (Fig. 1B).

ctls expanded from rest and post exercise have similar
phenotypes
Although exercise increased the proportion of natural killer
(NK) cells and later-differentiated T-cells in blood (data not
shown), resting and post exercise CTLs no longer differed in
the proportions of NK-cells, T-cells, and most T-cell subsets
after two stimulations. CTLs expanded post exercise 
contained a greater proportion of low differentiated
(CD45RA+CD62L+) CD4+ T-cells (resting: 18.2±7.5 %, post
exercise: 21.9± 8.1%; t(7)=-2.613, p=0.035) and a smaller
proportion of later differentiated (CD45RA-CD62L-) CD4+ T-
cells (resting: 29.1 ±7.4 %, postexercise: 24.8 ± 7.6%;
t(7)=3.903, p=0.006) (Fig. 2a). The T-cell subsets that exhib-
ited the greatest increase in cell number in both resting and
post exercise cells during expansion were the central memory
(CD45RA-CD62L+) CD4+ and CD8+ T-cells (Fig. 2B). Similar
results were obtained when T-cell subsets were identified
based on combinations of CD27 and CD28 surface molecules
(data not shown).

Most participants are ‘exercise-responders’ for one or
more taa
To determine whether the twice stimulated T-cells expanded
from rest and post exercise were specific for each TAA, we
measured interferon-γ (IFN-γ) secretion after stimulating
CTLs overnight with MAGE-A4, PRAME, and WT-1 pep-
mixes in an ELISPOT assay. All of the ex vivo expanded T-

                

             

    

 
Source  Cell type  Resting  Post exercise  

Whole 
blood 

Leukocytes 
(x103 cells/�l  

5.26 ±2.0 
(3.6-10.7)  

9.28 ±2.8 ** 
(6.8-17)  

Lymphocytes 
(x103 cells/�l) 

1.54 ±0.29 
(1.1-2.1)  

3.56 ±0.72 ** 
(2.6-5.3)  

Monocytes  
(x103 cells/�l) 

0.39 ±0.12 
(0.25-0.60)  

1.04 ±0.31 ** 
(0.50-1.70)  

Granulocytes 
(x103 cells/�l) 

3.33 ±1.69 
(1.8-8.0) 

4.67 ±1.99 ** 
(2.8-10.0) 

PBMCs 

CD3+T-cells  
(x103 cells/�l) 

1.10 ±0.29 
(0.66-1.63)  

1.80 ±0. 51** 
(1.07-2.91)  

CD45RA+CD62L+ T-cell 
(x103 cells/�l) 

0.53 ±0.18 
(0.27-0.81) 

0.65 ±0.22** 
(0.30-1.01) 

CD45RA-CD62L+ T-cell 
(x103 cells/�l) 

0.31 ±0.10 
(0.18-0.46) 

0.44 ±0.16** 
(0.23-0.80) 

CD45RA-CD62L-  T-cell 
(x103 cells/�l) 

0.19 ±0.06 
(0.08-0.34) 

0.44 ±0.23** 
(0.16-0.98) 

CD45RA+CD62L- T-cell 
(x103 cells/�l) 

0.04 ±0.03 
(0.01-0.12) 

0.16 ±0.12** 
(0.04-0.37) 

 

 

 

 

 

 

Table 1. Cell numbers at rest and post exercise. Data are displayed as
mean ±SEM (range). Significant differences from resting are indicated
by ** (p<0.01) and * (p<0.05). PBMCs: Peripheral blood mononuclear
cells.

             

               

             

Cell type Resting Post exercise 
Mo-DCs (Day 0) 
(x106 cells)  

0.94 ±0.48 
(0.4-1.8) 

1.56 ±0.78* 
(0.6-2.9) 

PBMCs (Day 0) 
(x106 cells)  

10.25 ±5.08 
(4-18)  

15.38 ±7.31 * 
(6-24)  

Once-stimulated CTLs (Day 7) 
(x106 cells)  

16.74 ±11.79 
(4.78-48.90)  

22.16 ±12.70* 
(6.27-49.05)  

Twice-stimulated CTLs (Day 14) 
(x106 cells)  

80.44 ±75.13 
(5.04-329.58)  

90.61 ±69.03 
(11.57-262.08)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2. The numbers of monocyte-derived dendritic cells (mo-DCs),
PBMCs, and once and twice stimulated CTLs in resting and post
exercise blood. Data are displayed as mean ±SEM (range). Significant
differences from resting are indicated by ** (p<0.01) and * (p<0.05).

Figure 1. The expansion of the CTL lines. A) n-fold expansion of CTLs
per input PBMC and B) n-fold expansion of CTLs per input naïve
(CD45RA+CD62L+) T-cell. Cell counts were assessed at end of each
stimulation cycle on days 7 and 14. Significant difference between
cells expanded from blood donated at rest and post exercise is indi-
cated by ** (p<0.01) and * (p<0.05). Mean ±S.D. is shown, data are
from 12 (A) and 11 (B) participants.
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cells showed TAA recognition; however we observed a large
variation among the participants with respect to the difference
in the number of IFN-γ-secreting cells (spot-forming cells;
SFCs) between TAA-specific T-cells expanded from rest ver-
sus post exercise. (table 3). We therefore classified partici-

pants as ‘exercise-responders’ (greater than 10% increase in
SFC post exercise) or ‘exercise-non-responders’ (less than
10% increase in SFCs post exercise) for each TAA-specific
CTL line expanded. 84% of the participants (16 of 19) were
exercise-responders for at least one TAA-specific CTL line
(Fig. 3a). For MAGE-A4-specific CTLs, 70% of participants
were exercise-responsive, for PRAME-specific CTLs, 61% of
participants were exercise-responsive, and for WT-1-specific
CTLs, 38% of participants were exercise-responsive (Fig.
3B).

exercise increases the number of taa-specific ctls
among ‘exercise-responders’
Exercise-responders had a significantly greater number of
MAGE-A4, PRAME- and/or WT-1-specific CTLs post
exercise (p<0.05) (Fig. 4a). The 12 (of 17) participants who
were MAGE-A4-exercise-responders had a mean increase
of 6118 (SD: 5629) MAGE-A4-specific CTLs post exercise,
compared to resting cells (median: 4825, range: 1489 to
22492; t(11)=-6.307, p=0.000) (corresponding to a mean
percent increase of 254% in SFCs among the 12 partici-
pants). The 11 (of 18 participants) PRAME-exercise-
responders had a mean increase of 10671 (SD: 15124)
PRAME-specific CTLs post exercise (median: 4590, range:
220 to 52690; t(10)=-2.902, p=0.016) (mean increase of
523%). The 5 (of 13 participants) WT-1-exercise-responders
had a mean increase of 33332 (SD: 44927) WT-1-specific
CTLs post exercise (median: 11426, range: 1419 to 109728;
t(4)=-3.497 p=0.025) (a mean increase of 511%). Exercise-
responders also had a marked increase in SFCs without
stimulation (CTL alone) following exercise; however the
number of SFCs resulting from TAA-stimulation was signif-
icantly greater than without stimulation at rest and post
exercise (p<0.05).

Exercise-non-responders had no significant difference
between blood donated at rest versus post exercise with
respect to the number of T-cells recognizing MAGE-A4 and
PRAME (p>0.05). However, there was a trend for a
decreased frequency of MAGE-A4- and PRAME-specific
T-cells expanded from post exercise samples versus samples
obtained at rest (mean decrease±SD: 45%±30% and 57%±
34%, respectively).  WT-1-exercise-non-responders had sig-
nificantly fewer WT-1-specific T-cells expanded from post

Figure 2. The phenotype of the CTL lines. A)The percentage of the
indicated T-cell subsets within CTLs expanded by two weeks of stim-
ulation with autologous TAA-presenting mo-DC. B) The absolute
change in number of the expanded CTL subsets from the number of
T-cells in each subset at day 0. Significant difference between cells
expanded from blood donated at rest and post exercise is indicated
by * (p<0.05). Mean ±S.D. is shown, data are from 8 participants.

Figure 3. Exercise increases the number of TAA-specific CTLs in
some, but not all, participants. A) The percent of participants that
were exercise-responders for none of the TAA, for 1of the TAA, or for
2 or more TAA. B) The percent of participants who had at least a 10%
increase in TAA-specific CTLs post exercise (exercise-responders) for
the MAGE-A4, PRAME, and WT-1 specific-cell lines.

              
              

           

Participant 

MAGE-A4 PRAME WT-1 

Rest 
Post 

exercise Rest 
Post 

exercise Rest 
Post 

exercise 
1  2.8 10.8 10.9 15.4 6.4 17.8 
2  5.9 12.9 85.6 0.7 209.1 8 
3  45.2 12.8 25.5 8.8 28.7 10.7 
4  2.1 5 0.9 23.1     
5  0.7 2.8 5.2 4.6     
6  33 37.7 16.8 20     
7  5.2 1.2 9.3 3.8 2.9 1.2 
8  0.4 2.2 3.8 3.3 0.8 0.2 
9  11.5 10.6 93.9 37.5 24.1 12.8 
10  1.1 6.1 2.2 4.7 7.7 4.7 
11  22.1 44.6 84.5 137.2 100.1 90 
12  10.8 18.6 11.3 1.0 3.6 41.2 
13          13.1 122.8 
14  4 10 2.1 12.6 1.4 7.9 
15  2.5 6.5 0.8 5.2 0.6 0.5 
16  0.2 1.6 1.7 2     
17  0.4 0.3 0.5 8.1     
18  19.4 10.9 25.5 31.1 15.5 16.9 
19      0.2 4.0     

�

Table 3. The total number of CTLs (x 103) recognizing the indicated
TAA expanded from rest and post exercise by two stimulations with
autologous mo-DC. CTLs were enumerated by IFN-γ ELISPOT.
Results for each participant are shown.
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exercise blood, with a mean decrease of 30721 (SD: 69130)
WT-1-specific CTLs post exercise (median: -6514, range: -
87 to -201093;t(7)=2.742, p=0.029) (data not shown). 

The cytolytic activity of the CTL lines was measured using a
4h Cr51 release assay. Data from the cytotoxicity assays con-
firmed that the TAA-specific T-cells were functional, as both
resting and post exercise CTLs exhibited antigen-specific
killing of TAApeptide-pulsed autologous target cells (Fig. 4B
and c).

PRaMe exercise-responders and non-responders differ in
t-cell phenotype
We sought to identify other parameters in which exercise-
responders and exercise-non-responders differed. Although
exercise-responders appeared to have fewer MAGE-A4-,
PRAME-, and WT-1-specific CTLs at rest compared to non-
responders, this did not reach statistical significance (table
4). Exercise-responders and non-responders did not differ in
the number of SFCs in the CTL alone condition or in

response to SEB (data not shown). Further, using data col-
lected in 11 of the 19 participants, we compared demograph-
ic characteristics and physiological responses to exercise
between the exercise-responders and non-responders to the
MAGE-A4- and PRAME antigens (table 5). WT-1-specif-
ic-CTL lines were not examined in this context as only two
of these 11 participants were exercise-responders. While

Figure 4. TAA-specific responses after two weeks of stimulation
among exercise-responders. A) The total number of IFN-γ-secreting
cells (SFCs) among cells expanded from blood donated at rest (grey)
and postexercise (black) following overnight stimulation with the indi-
cated TAA, or without stimulation (CTL alone). Results for the exer-
cise-responsive participants are shown; each spot represents an indi-
vidual participant. Significant difference between cells expanded from
blood donated at rest and post exercise is indicated by ** (p<0.01)
and * (p <0.05), ^indicates significant difference from CTL alone con-
dition; p<0.05. 51Cr release at 4 hours after coincubation of represen-
tative CTL lines expanded from resting cells (B) and post exercise
cells (C) with autologous PHA blasts pulsed with MAGE-A4, PRAME,
WT-1, or unpulsed PHA blasts (auto). The data are the mean ±SD per-
centage lysis at effector: target ratios of 40:1, 20:1, 10:1, and 5:1.
Each condition was measured in triplicate.

                

            

         

                 

  Mean ±S.D. (range) is shown. Significant difference from cells expanded from rest is 

i          

� MAGE-A4 cell line PRAME cell line WT-1 cell line 

responders  
N=12 (7 
female)  

non-
responders 
N=5 (2 
female)  

responders  
N=11 (7 
female)  

non-
responders 
N=7 (2 
female)  

responders  
N=5 (4 
female)  

non-
responders 
N=8 (3 
female)  

Resting  
SFC (x 103)  

7.1 ±10.3 
 (0.2-33)  

16.3 ±17.3  
(0.4-45)  

13.3 ±25.0  
(0.4-84.4)  

33.5 ±39.1  
(3.8-93.9)  

8.0 ±6.1  
(1.4-15.5) 

46.7 ±73.4  
(0.6-209.1) 

Post exercise  
SFC (x 103)  

13.2 ±14.0 
(1.6-
44.6)**  

7.2 ±5.9 
(0.3-12.8)  

23.9 ±38.6 
(2.0-
137.1)**  

8.5 ±13  
(0.7-37.5)  

41.3±47.2  
(7.9-
122.8)* 

16.0 ±30.2  
(0.2-90.0)* 

 

 

 

 

 

 

 

 

Table 4. The total number of CTLs recognizing the indicated TAA from
blood donated at rest and post exercise and expanded by two stimu-
lations with autologous mo-DCs in exercise-responsive and exercise-
non-responsive participants. CTLs were enumerated as spot-forming
cells (SFCs) by IFN-γ ELISPOT. Groups did not differ in the number of
SFCs within each time point.  Mean ±S.D. (range) is shown. Signifi-
cant difference from cells expanded from rest is indicated by **
(p<0.01) and * (p <0.05).

Figure 5. PRAME exercise responders and exercise non-responders
differ in the phenotype of T-cell subsets at rest and post exercise in
unstimulated and expanded cells. A) The percent of total T-cells and
CD4+ and CD8+ T-cells in PBMCs (day 0) at rest and post exercise. B)
The number of medium and late differentiated CD4+ and CD8+ T-cells
in PBMCs at rest and post exercise. C) The percent of medium and
late differentiated CD4+ and CD8+ T-cells among CTLs (day 14) at rest
and post exercise. Data are displayed as means ± SEM of 11 or 8 par-
ticipants, # indicates significant difference between PRAME exercise-
responders and exercise-non-responders (p<0.05).
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there were more females in the exercise-responder groups
than in the non-responder groups, this did not reach statisti-
cal significance (p>0.05). Compared to exercise-non-
responders, exercise-responders tended to be slightly older
(MAGE-A4 exercise-responders: 27.4 ±2.4 yrs, MAGE-A4
exercise-non-responders: 24.3 ±2.5 yrs; F=1.73,t(10)=-
2.479, p=0.033) (table 5). No other differences in partici-
pant demographics, such as fitness or viral serostatus, or in
physiologic responses to exercise, including maximum heart

rate and circulating levels of stress hormones, were found
between the groups; all participants demonstrated a signifi-
cant increase in blood lactate, hormone levels, and cell
counts following exercise (table 5).

In the unstimulated cells (pre-expansion), PRAME exercise
responders had a smaller proportion of CD4+T-cells and a
greater proportion of CD8+T-cells compared to PRAME exer-
cise non-responders,as well as a greater number of late-differ-
entiated cells (CD45RA-CD62L- CD4+ T-cells and
CD45RA+CD62L- CD8+ T-cells) (Fig. 5a and 5B). The two
groups did not differ in the exercise-induced mobilization of
these cell subsets. Following two weeks of stimulation, the
PRAME exercise responders had a greater proportion of late
differentiated cells(CD45RA-CD62L- CD4+ and CD8+ T-cells)
and a smaller proportion of central memory cells compared to
PRAME exercise non-responders (Fig. 5c). T-cell subsets did
not differ between the MAGE-A4 exercise-responders and
non-responders either before or after CTL expansion. 

DiscUssiOn

While the ex vivo expansion of virus specific T-cells from
healthy seropositive donors is becoming increasingly routine
(28), expansion of TAA-specific T-cells has proven more dif-
ficult, partially due to low numbers of naturally occurring
TAA-specific T-cells among healthy individuals. As acute
dynamic exercise elicits a profound and almost instantaneous
leukocytosis (41), we hypothesized that a single bout of exer-
cise could serve as a non-invasive and economical approach
to increase the number of activated mononuclear cells in the
blood. This strategy could thus augment the manufacture of
TAA-specific T-cells. In agreement with this hypothesis, brief
maximal exercise increased the expansion of CTLs specific to
at least one of three TAAs in 84% of the healthy adults sam-
pled, with exercise increasing the number of CTLs specific
for MAGE-A4 and PRAME in 70% and 61% of all partici-
pants respectively. Both resting and post exercise expanded
CTL lines were functional, as evidenced by their ability to
secrete IFN-y in response to peptide stimulation and to kill
autologous peptide-pulsed target cells in an antigen-specific
manner.The CTLs expanded post exercise included both
CD4+ and CD8+ T-cells with central and effector memory
phenotypes, which is associated with persistence after infu-
sion of antigen-specific CTLs (20).

Compared to CTLs expanded from resting blood, the exer-
cise-responders demonstrated a 3.4- and 6.2- fold increase
post exercise in the numbers of MAGE-A4- and PRAME-spe-
cific CTLs, respectively. Although only 38% of participants
exhibited an exercise-enhancement for the expansion of WT-
1-sepcific CTLs, the WT-1 exercise-responders showed a
marked (6.1-fold) increase in the number of WT-1-specific
CTLs post exercise. As very large numbers of TAA-specific
CTLs are required for adoptive transfer (patient doses range
from 4 x 107 to 3.3 x 109CTL/m2 per transfer, 2-8 transfers) (6,
43), any increase in the number of TAA-specific CTLs is
desirable. Exercise used in conjunction with apheresis, a clini-
cal technique used to increase the number of leukocytes col-
lected from a donor, could lessen the volume of blood

           

         

              

          

         

 MAGE-A4 cell line PRAME cell line 

responders 
N=8 (4 
female) 

non-
responders 

N=3 (1 
female) 

responders 
N=4 (3 
female) 

non-
responders 

N=7 (2 
female) 

Age (yrs) 27.4 ±1.8 
(25-30)# 

24.3 ±2.5 
(22-27) 

27.0 ±2.4 
(25-30) 

26.3 ±2.4 
(22-29) 

BMI (kg/m2)  23.6 ±3.3 
(18.0-28.3) 

23.3 ±2.9 
(19.9-25.1) 

21.5 ±3.1 
(18.0-25.5) 

24.6 ±2.6 
(19.9-28.3) 

PA rating (1-7)  6.3 ±0.7 
(5-7) 

5.3 ±0.6 
(5-6) 

6.5 ±0.6 
(5-7) 

5.7 ±0.8 
(5-7) 

VO2max (ml/kg/min)  50.5 ±6.3 
(38-59) 

50.0 ±2.6 
(47-52) 

50.7 ±3.6 
(48-56) 

50.2 ±6.5 
(38-59) 

CMV serostatus  
(% seropositive)  25% 33% 50% 14% 
CMV IgG titer of 
seropositive (IU/ml)  

16.15 ±6.7 
(5.1-18.4) 24.07 16.15 ±6.7 

(5.1-18.4) 24.07 
EBV serostatus  
(% seropositive)  75% 66% 100% 57% 

EBV IgG titer of 
seropositive (IU/ml)  

140.4 
±73.4 
(22-199) 

154.19±64.8 
(108-200) 

178.37±70.9 
(22-199) 

168.27±40.9 
(108-200) 

Time to completion 
(sec)  

105±19  
(73-133) 

111±16  
(96-128) 

106±17  
(93-133) 

107±20  
(73-131) 

Maximum heart rate 
obtained (bpm)  

168±14  
(142-185)  

182±5  
(177-187)  

174±10 
 (164-185) 

171±15.5  
(142-187) 

Blood lactate 
(mmol)  

Resting  1.3±0.5  
(0.75-2.1) 

1.4±0.4  
(1-1.9) 

1.5±0.5  
(1-2.1) 

1.2±0.4  
(0.75-1.9) 

Post 
exercise  

8.5±2.3 
(5-11.7)*  

9.5±2.5  
(7-12)*  

8.8±2.3  
(6.9-11.7)*  

8.8±2.5  
(5-12)*  

Serum 
Neopterin 

Resting 6.15±3.9 
(1.7-11.8)  

9.3±3.9  
(5.7-13.5)  

4.9 ±3.9  
(1.7-10.4)  

8.2±3.8  
(2.4-13.5)  

Table 5. Characteristics and exercise performance measures of repre-
sentative participants from MAGE-A4 and PRAME exercise-responders
and exercise-non-responders. Mean ±SD (range) from 11 participants
(5 female) are shown. BMI: body mass index, PA: self-reported physical
activity level (1=infrequent, 7=>3h/week of vigorous activity) #indicates
significant difference from non-responder (p<0.05),* indicates signifi-
cant difference from resting (p<0.05).

(nmol/L)  Post 
exercise  

7.4±4.2 
(1.8-12.4)*  

11.5±5.8  
(6.8-18.0)*  

6.6±4.1 
 (1.8-10.9)  

9.7±5.1  
(2.0-18.0)  

Serum 
Cortisol 
(ng/ml)  

Resting  193±163 
(52-506)  

105±16 
(87-118)  

76 ±20.9 
(52-90)  

205±153  
(87-506)  

Post 
exercise  

202±190  
(54-582)  

89.6±9.4  
(79-97)  

77±26  
(54-106)  

208±185  
(79-582)  

Serum 
epinephrine 
(pg/ml)  

Resting  61.8±19.3 
(40.5-90.3)  

46.9±3.26 
(44.8-50.7)  

55.2±14.4 
(40.6-74.9)  

59.2 ±20.2  
(40.7-74.9)  

Post 
exercise  

320±323 
(55.3-
1022)*  

115±59.6 
(80.9-184)*  

190±152 
(55.3-383)*  

307±347 
(80.9-
1022)*  

Serum 
norepinephrine 
(pg/ml)  

Resting  511±261 
(208-1036)  

1192±372 
(908-1613)  

641±280 
(384-1036)  

728±502  
(208-1613)  

Post 
exercise  

1960±1858 
(482-
5553)*  

3396±1248 
(2189-
4680)*  

2018±2374 
(482-5553)*  

2543±1536  
(749-4680)*  

Lymphocytes 
(x103 cells/�l) 

Resting  1.54±0.21 
(1.2-1.9)  

1.53±0.51 
(1.1-2.1) 

1.45±0.21 
(1.2-1.7) 

1.59±0.33 
 (1.1-2.1) 

Post 
exercise  

3.49±0.42 
(2.3-4.9)* 

3.77±1.39 
(2.6-5.3)* 

3.52±0.58 
(2.9-4.3)* 

3.58±0.84  
(2.6-5.3)* 

Monocytes  
(x103 cells/�l) 

Resting  0.36±0.98 
(0.25-0.50) 

0.47±0.15 
(0.30-0.60) 

0.34±0.11 
(0.25-0.50) 

0.41±0.12  
(0.30-0.60) 

 
Post 
exercise  

0.98±0.26 
(0.5-1.3)* 

1.23±0.42 
(0.9-1.7)* 

0.94±0.15 
(0.75-1.1)* 

1.11±0.37  
(0.50-1.7)* 

�

�

�

�

�
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processed, thereby decreasing the potential risks and discom-
forts associated with this procedure.Because exercise increas-
es the number of TAA-specific CTLs, it is possible that a suf-
ficient number of these cells could be manufactured and trans-
ferred to the patients more quickly than with traditional proto-
cols using resting blood. Current protocols typically require 4
to 12 weeks to stimulate and expand TAA-specific CTLs, lim-
iting the applicability of this therapy to many patients (4, 40).
Although we did not perform a time course experiment in the
present study, it will be important to determine if exercise can
reduce the time needed to manufacture clinically sufficient
numbers of TAA-specific CTLs. The rapid generation of
TAA-specific CTLs from healthy exercising donors could
improve the efficacy of TAA-specific CTL transfer as both a
prophylactic and early stage relapse treatment for a range of
hematologic malignancies. 

Although exercise did not increase TAA-specific CTL expan-
sion from all participants in this study, it is important to note
that exercise did not appear to substantially impair the expan-
sion of TAA-specific CTLs either. That is, in the exercise-
non-responders, the numbers of TAA-specific CTLs expanded
post exercise were often similar to the numbers generated
from resting blood. It is not known why exercise was less
effective at expanding WT-1-specific CTLs compared to
MAGE-A4- and PRAME-specific CTLs. Differences in anti-
gen size seem unlikely, as the number of amino acids in the
WT-1 peptide pool is greater than PRAME but less than-
MAGE-A4. It would be interesting for future studies to broad-
en the tumor antigen repertoire examined post exercise,
including tumor antigens involved in a variety of both solid
organ and hematological cancers such as Aurora kinase (27),
BMI-1 (33), and survivin (2). 

It would be advantageous to identify individuals in whom
exercise is most likely to benefit TAA-specific CTL expan-
sions. We therefore attempted to identify demographic and
physiological predictors of the exercise-responders in the cur-
rent study. Although persistent herpes viruses such as CMV
are believed to impair T-cell responses to novel antigens (34),
CMV and EBV serostatus did not differ between the exer-
cise-responders and non-responders. Moreover, although the
physiological responses to exercise were not controlled, we
did not find any differences in peak heart rate, exercise dura-
tion, blood lactate concentration, leukocyte mobilization, or
serum hormones between the groups. It is therefore unlikely
that differences between the groups were due to variations in
demographic characteristics or the physiological responses to
exercise. We also considered if exercise-induced changes in
the composition of lymphocyte subsets differed between
groups. Although PRAME-exercise-responders had a greater
proportion of CD8+ T-cells in initial cell cultures, and thus a
greater proportion of T-cells with potential cytotoxic effector
function, the groups no longer differed in the number or pro-
portions of these cells following two weeks of stimulation.
And while PRAME-exercise-responders had a greater pro-
portion of EM CD8+ cells among the expanded cells than
non-responders, there was no exercise effect on the propor-
tions of these cells in either group. The fact that exercise did
not impact cell redeployment differently in the two groups
suggests that shifts in cell proportions due to exercise can not

fully explain differences between exercise-responders and
non-responders. However, we acknowledge that this analysis
may be limited by the small sample size and it remains possi-
ble that certain demographic characteristics and/or physio-
logical responses to exercise may serve as good predictors of
those donors likely to have an increased TAA-specific CTL
response after exercise. Moreover, because the exercise pro-
tocol used in this study was rather rudimentary, future studies
should make better attempts to optimize the intensity and/or
duration of exercise for augmenting the manufacture of TAA-
specific CTL and also include a non-exercise control condi-
tion to account for potential variability in CTL generation
between blood draws. 

The mechanisms that underpin the effects of exercise on
TAA-specific CTL expansion are unknown. Shear stress, due
to increases in cardiac output and blood pressure, and the
actions of catecholamines binding to adrenergic receptors on
leukocytes are thought to underlie many of the exercise-
induced changes in immune cells (11, 14, 41). However, in the
present study, epinephrine and norepinephrine levels
increased to a similar extent in both the exercise-responders
and non-responders, and the groups did not differ in maxi-
mum heart rate. This indicates that these physiological
responses to exercise cannot alone explain the effect of exer-
cise on TAA-specific CTL expansion. As has been document-
ed elsewhere (10, 18, 19, 36), we observed a preferential
mobilization of NK-cells and late differentiated subsets of T-
cells, which in turn decreased the proportion of naïve cells
within the PBMCs post exercise.We did not account for this
increase in cells which are unlikely to respond to TAA (such
as T-cells specific to alternate antigens), as a fixed ratio of
mo-DC: PBMCs was used in all cultures. Despite beginning
with a smaller proportion of naïve T-cells post-exercise, the
two-week expansion using mo-DC stimulation yielded similar
numbers of cells. This could suggest that the naïve T-cells
mobilized by exercise were more susceptible to the stimulato-
ry signals provided by the mo-DCs. Although not measured in
these experiments, other studies have shown that T-cells
mobilized with exercise express activation markers such as
HLA-DR (15). Future work should account for exercise-
induced changes in the composition of T-cell subsets and cul-
ture equal numbers of naïve cells from rest and post exercise.

The idea of using exercise as a simple adjuvant to improve
immune-based treatments is quite new (35). Millard et al
recently found that exercise increases peripheral blood NK-
cells without causing substantial changes in their function,
thus rendering them useful for some in vitro experiments
requiring large numbers of NK-cells (24). We have also shown
that many of the T-cells mobilized into the blood by exercise
are specific to viruses such as CMV (37), indicating that a sin-
gle bout of exercise could augment the manufacture of virus-
specific CTLs as a means to prevent or treat viral infections
after HSCT. The current study adds to this literature, demon-
strating that exercise can also increase the expansion of TAA-
specific CTLs. Although the current results are limited to
donors capable of completing a maximal exercise bout, future
studies able to identify the mechanism(s) by which exercise
improves the expansion of TAA-specific CTLs may highlight
pathways that could be manipulated by pharmacological
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means to mobilize desirable cell populations to the peripheral
blood compartment. This would expand the results of the pres-
ent study to allogeneic donors lacking the fitness level neces-
sary to complete an exercise bout, or to cancer patients requir-
ing an autologous transfer but too ill to exercise. 

In conclusion, we have shown for the first time that a short
bout of maximal exercise in healthy adults yields greater num-
bers of functional CTLs specific for the tumor-associated-
antigens MAGE-A4 and PRAME, and in some cases WT-1.
Therefore, due to its simplicity, cost-effectiveness, likelihood
of success and low risk of impairing the response, a single
bout of exercise immediately prior to blood donation should
be considered a worthwhile means to augment the manufac-
ture of TAA-specific CTLs in healthy allogeneic donors.
Future research should aim to optimize the intensity and dura-
tion of the exercise protocol that will best elicit this response,
and determine if exercise could be used to minimize the time
required to manufacture clinically sufficient numbers of TAA-
specific CTLs for adoptive transfer immunotherapy.
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aBstRact

Rationale: The TGF-β superfamily has been shown to play an
important role in a wide range of physiological as well as
pathological processes including ageing, immune modulation,
atherosclerosis and cancer development. The aim of the cur-
rent study was to investigate (i) whether TGF-β signalling in
peripheral blood mononuclear cells (PBMCs) would differ
between young and old females and (ii) whether physical per-
formance parameters of elderly women would be related to
the expression of TGF-β or its receptors. 
Methods: Sixteen healthy young (22-28 years; YF) and 90
healthy older (65-92 years; OF) females participated in the
study. In addition to several components of health-related
physical fitness, circulating CRP and TGF-β levels were
determined together with the mRNA expression of TGF-β,
TGF-βRI, TGF-βRII, and miRNA-21 (known to interfere with
TGF-β signalling) in PBMCs. 
Results: Physical fitness as determined by 6-minutes walking
test (YF:median 932 (range 573-1254) m; OF:360 (114-558)
m), handgrip strength (YF: 32 (24-39) kg; OF:18(10-30) kg),
relative isokinetic peak torque of knee extensors (YF:1.9 (1.2-
2.3) Nm/kg; OF:1.0 (0.2-1.9) Nm/kg and flexors (YF: 1.1 (0.7-
1.5) Nm/kg; OF: 0.5 (0.2-1.0) Nm/kg was substantially lower
in older women (p<0.001 for all comparisons). These
changes were paralleled by an increase in hs-CRP (YF: 0.9
(0.1-4.3)mg/L; OF: 2.3 (0.3-56.7)mg/L,p<0.001). Serum lev-
els of TGF-β and TGF-β mRNA levels from PBMCs did not
differ between young and old women whereas, both TGF-

βRI/GAPDH (YF: 4.07 (1.38-14.60); OF: 2.08 (0.14-28.81);
p=0.020) and TGF-βRII/GAPDH levels (YF: 3.16 (1.14-
10.25); OF: 1.71 (0.51-14.86); p=0.020) were lower with
respect to old age. In elderly women, only TGF-βRΙ expres-
sion correlated negatively with miRNA-21 expression in
PBMCs (ρ=-0.315; p=0.004). Interestingly, hs-CRP and
miRNA correlated positively with handgrip strength (ρ=0.237
and ρ=243, p<0.05), while none of the TGF-β-related param-
eters were related to physical performance. 
Conclusion: The results suggest that age affects TGF-β sig-
nalling in leukocytes by altering the expression levels of its
receptors. These changes seem to occur independently of
physical fitness of old women.

Key words: Inflamm-ageing, TGF-β Pathway, TGF-β recep-
tors, microRNA-21, physical performance, Vienna Active
Ageing Study

intRODUctiOn

Although the causes of human ageing are multifaceted, the
molecular inflammation hypothesis of ageing implies that
increased oxidative stress will lead to the activation of redox-
sensitive transcription factors which in turn enhance the
expression of pro-inflammatory genes in a variety of different
cell types (8). As a consequence ageing is associated with a
chronic inflammatory state, where pro-inflammatory factors
such as tumour necrosis factor-α (TNF-α), interleukin-6 (IL-
6) or C-reactive protein (CRP) are continuously present (over
years) at levels higher than baseline but much lower than
those found during acute inflammation (11, 64). Chronically
elevated levels of IL-6 (> 2.0 ng/L) of middle-aged persons
reduce the chance of successful ageing and increase the risk of
future cardiovascular events or non-cardiovascular death later
in life (1). Up to now it is unclear whether the main source of
these pro-inflammatory factors is the chronically activated
immune system (inflamm-ageing) or the senescence of cells
with their senescence-associated secretory phenotype (SASP)
leading to an enhanced secretion of pro-inflammatory media-
tors (15, 16, 18, 27). 
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Besides being associated with age-related diseases such as
diabetes mellitus type 2, cardiac illnesses or neurological dis-
eases, chronic subclinical inflammation may also contribute
to impaired physical function in older adults. Several large
scale studies have revealed that higher levels of circulating
CRP or IL-6 are associated with lower physical performance
such as handgrip strength or gait speed (4, 7, 12, 51). While
alterations in TNF-α, IL-6 or CRP in response to ageing,
physical inactivity as well as acute and chronic exercise have
been studied extensively (14, 38, 42), much less is known
about the involvement of transforming growth factor-β (TGF-
β) in this context.

TGF-β is known as a potent regulatory cytokine with diverse
effects on haemopoietic cells. It has pivotal function in the
immune system through keeping tolerance via the regulation
of lymphocyte proliferation, differentiation and survival (28).
Furthermore, TGF-β controls the initiation and resolution of
inflammatory responses through the regulation of chemotaxis,
activation and survival of lymphocytes, natural killer cells,
dendritic cells, macrophages, mast cells and granulocytes
(31). It has been suggested that the age-associated dysregula-
tion of the immune system might be caused by a decreased
expression and functioning of receptors or signalling rafts
and/or defects in signalling pathways finally leading to altered
function of immune cells and immunosenescence (25). TGF-β
mediates its biological function via binding to type ΙI and
forming a complex with type I transmembrane serine/threo-
nine kinase receptors (TGF-βRI, TGF-βRII). Ligand binding
assembles a complex consisting of two type I receptor compo-
nents and two type II components, whereby the type I compo-
nents are phosphorylated further activating intracellular Smad
proteins whose nuclear localization is required for the tran-
scriptional regulation of target genes (35).

Interestingly, TGF-β signalling is intimately involved in bio-
genesis and control of microRNAs (miRNAs) as Smad pro-
teins play a regulatory role in the processing of miRNAs in
the nucleus (2, 21). MiRNAs are small non-coding RNAs that
affect gene expression either by inhibiting translation of their
target proteins or by degrading the respective mRNA (67).
They have been shown to regulate many biological functions
including ageing, immune function and the response to exer-
cise (33, 36, 53, 63). It also has been suggested that senescent
donor cells contribute to SASP by secreting not only soluble
proteins but also microvesicles containing miRNAs which are
taken up by recipient cells and may cause or contribute to age
related pathologies like osteoporosis, atherosclerosis,
Alzheimer's disease or diabetes mellitus, type 2 (62). Several
miRNAs such as miRNA-155, -146a and -21 are involved in
the regulation of inflammation by controlling Toll-like recep-
tor or nuclear factor-κB (NF-κB) signalling (45, 48). MiRNA-
21, despite being well established as an ‘onco-miR’ due to its
aberrant expression in numerous cancers, seems to be of par-
ticular importance as it links inflamm-ageing to cellular
senescence (44). Intracellular as well as circulating miRNA-
21 levels are higher in elderly in comparison to young sub-
jects or centenarians. This is associated with a lower TGF-
βRΙΙ expression in leukocytes (46), whereby TGF-βRΙΙ is a
validated target of miRNA-21 in adipocytes (24) and colon
cancer cells (66). Mice lacking the TGF-βRII develop an

autoimmune biliary ductular disease similar to human primary
biliary cirrhosis. Using this experimental model it has been
shown that the lack of TGF-β signalling leads to a down-regu-
lation of several miRNAs in T cells but interestingly to an up-
regulation of miR-21 concomitant with an increased produc-
tion of TNF-α and interferon-γ (2). It is hypothesized that the
up-regulation of miRNA-21 is caused by a dysregulated gene
expression normally controlled by TGF-β. This would result
in the activation of inflammatory pathways such as NF-κB
which directly or indirectly (via induction of miRNA-21)
leads to an up-regulation of inflammation. Another possibility
is that a global down-regulation of miRNA expression induces
multiple genes causing inflammation; this in turn could lead
to elevated levels of miR-21 with a feedback up-regulation of
inflammation (2).

However, TGF-β signalling seems to play an important role in
relation to several diseases associated with chronic-low grade
inflammation. We hypothesized that both, age and physical
fitness could affect TGF-β and its receptors in peripheral
blood mononuclear cells of healthy women. Therefore, the
aim of the current study was to investigate (i) whether circu-
lating TGF-β, as well as intracellular TGF-β, TGF-β receptors
and miRNA-21 would differ between young and elderly
women and (ii) whether these markers would be associated
with parameters of physical performance.

MethODs

subjects 
Ninety elderly women (aged 65-92 years) who were recruited
in 5 different senior residencies in the area of Vienna (Cura-
torship of Viennese Retirement Homes (KWP)) participated
in the study. For the current study we used baseline character-
istics of study participants intended to take part in a prospec-
tive training study. In addition 16 young women (aged 18-28
years) responded to flyers at the University of Vienna. Young
as well as elderly women were sedentary (less than 1h of
sports activities per week) and free of severe diseases that
would contra-indicate medical training therapy or measure-
ment of physical performance, serious cardiovascular dis-
eases, diabetic retinopathy and regular use of cortisone-con-
taining drugs. Written informed consent was obtained from all
participants before entry into the study in accordance with the
Declaration of Helsinki and after approval by the ethics com-
mittee of the City of Vienna (EK-11-151-0811). 

anthropometric Measurements
Using a commercial stadiometer (Seca, Hamburg, Germany),
standing height was measured without shoes to the nearest 0.5
cm. Shoulders kept in a relaxed position and arms allowed to
hang freely. Body mass was evaluated with a digital scale
(BWB 700, Tanita, Amsterdam, Netherlands) to the nearest
0.1 kg with subjects lightly dressed and barefoot. Body mass
index (BMI) was calculated by dividing body mass in kilo-
grams by height in meters squared. For determining body
composition (muscle and fat mass) we used bioelectric imped-
ance analyses, due to successful validation against data
obtained by magnetic resonance imaging (50). Bioelectric
Impedance Analyses (BIA) were performed in the morning
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after an overnight fast using a BIA Analyzer 2000-S (Data-
Input GmbH, Darmstadt, Germany). Participants were asked
not to perform any exercise or strenuous physical activity the
day before the tests.

Determination of physical performance
To evaluate each participant’s aerobic endurance a 6-minutes
walking test was conducted. Therefore, participants walked
for 6 minutes as fast as possible on a 30 metre shuttle track.
They were allowed to reduce their speed or to rest if the
selected speed was too high to be sustained. The completed
distance within 6 minutes was recorded (55).

To measure handgrip strength participants performed two tri-
als of an isometric handgrip strength test (kg) using a
dynamometer in a sitting position with an angle of 45° in the
elbow and the lower arm on the armrest. The participant was
instructed to squeeze the handle as hard as possible for 4-5
seconds and the maximum isometric contraction was recorded
(SAEHAN Corporation, Masan, Korea). The two trials were
separated by one minute of passive recovery (37). Out of the
two trials on each arm, the best result regardless of side was
used for further calculation.

The isokinetic peak torque of knee extension and flexion con-
sisted of concentric isokinetic torque measurements (Lido
Loredan Biomedical, Inc., Davis, USA; Range of Motion 30°-
80°, speed 60°/s or 120°/s). The left leg was tested in all par-
ticipants except for 3 older women with acute injuries of the
left leg making it necessary to test the right leg. The best
result of two trials separated by a rest period of two minutes
between the attempts was documented. Absolute values were
divided by body mass to obtain relative values.

Blood sampling and analyses
Routine blood analyses
Between 06:30 and 08:00 in the morning venous blood sam-
ples were taken after an overnight fast. Venous blood was col-
lected in Z Serum Clot Activator collection tubes (Vacuette®,
Greiner Bio-One GmbH, Kremsmünster, Austria) for cytokine
analyses and in EDTA tubes for the determination of leuko-
cyte subpopulation numbers. For the isolation of peripheral
blood mononuclear cells (PBMCs) from whole-blood, BD
Vacutainer® CPTTM Tubes containing ~130 IU Na-Heparin
and 2 ml FicollTM (Becton, Dickenson and Company,
Schwechat, Austria) were used. 

After at least 30 min and at most 60 min after blood collection,
the serum tubes were centrifuged (10 min, 3,000 x g). An
aliquot of 1 ml was used for immediate determination of glu-
cose, insulin and hs-CRP. The remaining serum was stored in
aliquots at -80°C until further analysis. Glucose was analyzed
by hexokinase method and insulin was estimated using a solid-
phase, enzyme-labeled chemiluminescentimmunometric assay
(IMMULITE 2000, Siemens Healthcare Diagnostics Inc.,
Llanberis, UK). Cholesterol, HDL cholesterol, LDL choles-
terol, triglyceride and hs-CRP were routinely quantified on a
Cobas 8000 (Roche Diagnostics, Vienna, Austria). Leukocytes,
lymphocytes, monocytes and granulocytes were quantified by
flow cytometry on a Sysmex XE-2100™ Automated Hematol-
ogy System (Sysmex Austria GmbH, Vienna, Austria).

Serum levels of TGF-β
TGF-β was determined using a commercially available
DuoSet development kit for performing enzyme-linked
immunosorbent assays (DY240, R&D Systems; Abingdon,
UK) consisting of a capture antibody (2 µg/ml of mouse anti-
TGF-β1), a detection antibody (300 ng/ml of biotinylated
chicken anti-human TGF-β1), and recombinant human TGF-
β1 to prepare a standard curve (31-2,000pg/ml). Twenty µl of
each serum sample were activated by adding 10 µl of 1N HCl,
incubated at room temperature for 10 min and neutralized
with 10 µl of 1.2N NaOH/0.5 M Hepes. The activated sample
was diluted 20-fold with reagent diluent (0.05% Tween® 20
in PBS) and used in the assay following the instructions of the
manufacturer. Spectrophotometric measurements were per-
formedon a Victor3 1420 Multilabel Counter (Perkin Elmer,
MA, US).  

Isolation of total RNA from PBMCs
PBMCs were separated from red blood cells and neutrophils
by centrifugation of BD Vacutainer® CPT Tubes at 1,650 x g
for 20 min at room temperature. After removing 2 ml of the
plasma supernatant, the cells comprising PBMCs were resus-
pended in the remaining plasma and transferred to another
tube. PBMCs were washed twice with PBS without Ca and
Mg according to the protocol provided by the manufacturer.
Finally, the pellet was carefully resuspended in 700 µl of
QIAzol Lysis Reagent (Qiagen, Hilden, Germany) and stored
on -80° until analysis.

Total RNA including small RNAs was isolated after thawing
and incubating the samples for 5 min at room temperature
using the miRNeasy Mini Kit (Qiagen, Hilden, Germany) and
following the instructions of the manufacturer. In order to pre-
pare a miRNA-enriched fraction separated from the larger
RNAs (>200nt) the RNeasy Min Elute Cleanup Kit (Qiagen,
Hilden, Germany) was used. Reverse transcription was for the
miRNA-enriched fraction was performed using the miScript
II RT Kit (Qiagen, Hilden, Germany) while larger RNAs were
reverse transcribed using the QuantiTect Reverse Transcrip-
tion Kit (Qiagen, Hilden, Germany).

Quantitative real-time RT-PCR
TGF-β, TGF-βRI and TGF-βRI mRNA were determined
usingthe respective primer assays (Hs_TGFB1_1
(QT00000728), Hs_TGFBR1_1 (QT00083412),
Hs_TGFBR2_1 (QT00014350), Qiagen, Hilden, Germany) in
conjunction with the QuantiTect SYBR Green PCR kit (Qia-
gen, Hilden, Germany). A standard curve was prepared by
pooling equal amounts of cDNA from PBMCs of 7 young and
23 old subjects which were randomly selected from the study
population. In addition, GAPDH (Hs_GAPDH_2
(QT01192646)) served as endogenous control and was used to
normalize the data. Quantification was performed on an
Applied Biosystems® 7500 Real-Time PCR System. 

MiRNA-21 expression levels were detected using a miScript
Primer Assay specific for miRNA-21 (hs_miR-21_2
(MS00009079), Qiagen, Hilden, Germany). A standard curve
was prepared by using a commercially available totalRNA of
peripheral blood leukocyte cells of a 24 year old female donor
(Total RNA (R1234148-10), BioChain, Newark, USA). Quan-
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tification was performed on an Applied Biosystems® 7500
Real-Time PCR System. 

statistical analyses
The data acquisition and data processing took place using
commercial software (IBM SPSS for Windows, Version 20).
Shapiro-Wilk test was used to determine if data sets were nor-
mally distributed. As most of the variables did not meet the
criteria for normal distribution, Mann-Whitney U test was
used in order to compare young and elderly women. Associa-
tions between variables were analysed using Spearman´s ρ
correlation coefficient. Data are shown as median (minimum-
maximum), statistical significance was set at p<0.05. 

ResUlts

subject characteristics
Old females with a median age of 84 years had a higher body
mass (+23%, p<0.001) as well as BMI (+36%, p<0.001) com-
pared to young females (median age: 25 years). Bioelectric
impedance analyses revealed a higher percentage of body fat
mass (+37%, p<0.001) and a lower muscle mass (-12%,
p<0.001). The age-related changes in body composition were
accompanied by substantial worsening of health-related
parameters such as circulating glucose levels (+10%,
p<0.001), cholesterol (+22%, p=0.002), LDL cholesterol (+
49%, p<0.001), HDL cholesterol (-16%, p=0.006), and
triglyceride (+41%, p=0.006) (Table 1).

Physical fitness
Aerobic fitness was determined by 6-minutes walking test
(6MWT). Old females reached a significant lower distance
within a time frame of 6 minutes (-61%, p<0.001) than
younger females (Figure 1A). Strength was determined by
handgrip dynamometer as well as isokinetic peak torque
measurements. Isometric handgrip strength was significantly
lower in old women (-43%, p<0.001, Figure 1B). Similarly,
relative peak torque knee extension (PTE) as well as relative
peak torque knee flexion (PTF) differed significantly between
groups at both tested velocities (Fig. 1C-F) reflecting strength
loss of M. quadriceps (-48% at 60°/s and -51% at 120°/s,
p<0.001) and hamstrings (-53% at 60°/s as well as at 120°/s,
p<0.001).

inflammatory parameters
Differences in inflammatory parameters between young and
old females are summarized in Table 2. The number of leuko-
cytes in whole blood did not differ between young and old
women. However, the subpopulation analysis revealed a sig-
nificant higher percentage of monocytes in elderly (+24%,
p=0.007), with no changes in lymphocytes and granulocytes.
As expected, hs-CRP was significantly higher in old women
in comparison to young females (+156%, p<0.001). Serum
levels of TGF-β did not differ between young and elderly
women (p=0.290). Similarly, TGF-β mRNA levels from
PBMCs did not vary between groups (p=0.290). Interestingly,
both TGF-βRI (-49%, p=0.020) and TGF-βRII mRNA levels
(-46%, p=0.020) were lower with respect to old age.

 

Table 1: Subject Character istics 
Parameter  Young (n=16) Old (n=90) p-value 

Age [years] 24.9 (21.7-28.4) 83.8 (65.0-92.2) <0.001 

Body mass [kg] 58.1 (51.0-65.2) 71.7 (46.2-112.4) <0.001 

Height [m] 1.65 (1.57-1.71) 1.57 (1.40-1.72) <0.001 

BMI [kg/m²] 21.7 (18.9-23.6) 29.6 (18.1-50.0) <0.001 

Body fat mass [%] 26.3 (21.2-33.2) 36.1 (14.0-50.4) <0.001 

Muscle mass [kg] 22.2 (20.6-23.1) 19.5 (12.9-26.4) 0.019 

Glucose [mg/dl] 87 (67-106) 96 (79-196) <0.001 

Insulin [�IU/ml] 6.40 (2.50-13.50) 8.05 (1.32-41.57) 0.068 

Cholesterol [mg/dl] 171 (136-264) 209 (144-336) 0.002 

HDL-Cholesterol [mg/dl] 74 (54-99) 62 (33-120) 0.006 

LDL-Cholesterol [mg/dl] 81 (47-146) 121 (43-238) <0.001 

Triglyceride [mg/dl] 79 (41-191) 111 (43-275) 0.006 
Data are expressed as medians (min-max); Differences were detected using Mann-Whitney U test; 
BMI (body mass index); HDL (high density lipoprotein); LDL (low density lipoprotein)  
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To investigate whether the change in TGF-β receptor mRNA
expression could be influenced by miRNA-21, its level was
measured in PBMCs. While we did not detect any differences
in intracellular miRNA-21 levels between young and old
women (p=0.190), miRNA-21 in PBMCs of old women cor-
related negatively with TGF-βRΙ expression (ρ=-0.315;
p=0.004) but not with TGF-βRII or TGF-β.

correlations between fitness and inflammation in elderly
women
Next we were interested whether higher fitness levels within
the cohort of older women would be associated with lower
pro-inflammatory states (Table 3). Indeed, hs-CRP levels and
relative peak torque measurements revealed negative correla-
tion; however, significance was reached only for relative peak
torque of knee extension at 120°/s (ρ=-0.276; p=0.013). Sur-
prisingly, hs-CRP was not associated with performance in
6MWT and even positively correlated to handgrip strength

(ρ=0.237; p=0.035). Serum TGF-β, its expression level in
PBMCs, and the expression of its receptors TGF-βRI and
TGF-βRII were not related to any performance measure.

Body composition influences inflammatory and fitness-
related parameters in elderly
As the subgroup of older women showed a substantial variation
in body composition, its influence on inflammatory, fitness- and
health-related variables was investigated. It has to be mentioned
that age in this subgroup was even negatively associated with
muscle mass (ρ=-0.546; p<0.001) but surprisingly also with BMI
(ρ=-0.219; p=0.039) and body fat mass (ρ=-0.316; p=0.003).

Hs-CRP was positively correlated to BMI (ρ=0.326;
p=0.002), body fat (ρ=0.331; p=0.002) and muscle mass
(ρ=0.291; p=0.007), but not age. Furthermore, total leukocyte
counts were positively associated with BMI (ρ=0.342;
p=0.001) and body fat (ρ=0.212; p=0.050). In contrast, TGF-

 

  

   

    

    

    

  

     

    

      

 

 

 

   

Figure 1. Age-related differences in physical fitness: (A) 6-minutes Walking Test, (B) Handgrip strength, (C) Relative Peak Torque Knee Extension
(PTE) 60°/s, (D) Relative Peak Torque Knee Flexion (PTF) 60°/s, (E) Relative Peak Torque Knee Extension  (PTE) 120°/s, (F) Relative Peak Torque
Knee Flexion (PTF) 120°/s. # denotes a significant differences between young and old women (p<0.001).



TGF-β pathway in young and old women •   159

EIR 21 2015

βRII mRNA was negatively associated with body fat (ρ=-
0.263, p=0.018) but not with BMI (ρ=-0.185; p=0.091). None
of the other inflammatory variables correlated with body com-
position.

With respect to fitness parameters BMI and body fat correlat-
ed negatively with relative peak torque of knee extension at
120°/s (BMI: ρ=-0.282; p=0.011, body fat: ρ=-0.237;
p=0.038) and partly with relative peak torque of knee flexion

 

 

Table 2: Age-related changes in immune parameters 
Parameter Young (n=16) Old (n=90) p-value 

Circulating    

Leukocytes [109/l] 6.0 (4.6-8.0) 6.5 (3.4-13-3) 0.208 

   Lymphocytes [%] 33.8 (23.5-46.6) 31.6 (15.3-48.1) 0.375 

   Monocytes [%] 6.7 (3.7-11.5) 8.3 (1.0-14.1) 0.007 

   Granulocytes [%] 59.0 (43.8-67.2) 56.3 (38.4-75.0) 0.584 

hs-CRP [mg/l] 0.9 (0.1-4.3) 2.3 (0.3-56.7) 0.001 

TGF-� [pg/ml] 33,321 (23,793-42,543) 34,851 (16,667-73,681) 0.290 

PBMCs (intracellular)    

TGF-� / GAPDH [-] 0.65 (0.30-1.59) 0.53 (0.06-3.36) 0.387 

TGF-�RI / GAPDH [-] 4.07 (1.38-14.60) 2.08 (0.14-28.81) 0.022 

TGF-�RII / GAPDH [-] 3.16 (1.14-10.25) 1.71 (0.51-14.86) 0.022 

hsa-miRNA-21[copies /pg RNA] 1,821 (380-3,824) 2,452 (57-5,481) 0.190 
Data are expressed as medians (min-max); Differences were detected using Mann-Whitney U test;  
hs-CRP (high sensitive C-reactive protein), PBMC (peripheral blood mononuclear cells), TGF-� 
(transforming growth factor-�), TGF-�RI (transforming growth factor-� receptor type I), TGF-�RII 
(transforming growth factor-� receptor type II), GAPDH (glyceraldehyde-3-phosphate dehydrogenase); 
hsa-miRNA-21 (human microRNA-21) 
 

  

 

 

Table 3: Correlation between fitness and immune parameters in old women 

 6MWT Handgrip PTErel60°/s PTFrel60°/s PTErel120°/s PTFrel120°/s 

Leukocytes  -0.100 -0.102 -0.017 0.062 -0.020 -0.039 

hs-CRP  0.049 0.237* -0.206 -0.127 -0.276* -0.175 

TGF-� 
(circulating) -0.086 -0.082 -0.060 -0.019 -0.046 -0.120 

TGF-� / GAPDH 
(intracellular) -0.117 -0.043 0.033 -0.101 0.138 0.033 

TGF-�RI / GAPDH 
(intracellular) -0.070 -0.092 -0.124 -0.180 -0.013 -0.089 

TGF-�RII / GAPDH 
(intracellular) -0.175 -0.045 -0.002 -0.116 0.092 0.038 

hsa-miRNA-21  
(intracellular) -0.011 0.243* 0.101 0.034 0.075 0.015 

Data indicate Spearman-Rho correlation coefficients. * p < 0.05, n � 80; 6MWT (6 Minutes Walking Test), PTErel 
(relative peak torque of knee extension), PTFrel (relative peak torque of knee flexion), hs-CRP (high sensitive C-
reactive protein), TGF-� (transforming growth factor-�), TGF-�RI (transforming growth factor-� receptor type I), 
TGF-�RII (transforming growth factor-� receptor type II), GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 
hsa-miRNA-21 (human microRNA-21) 
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at 120°/s (BMI: ρ=-0.292; p=0.009, body fat: ρ=-0.209;
p=0.068). BMI and body mass were not associated with hand-
grip strength or 6MWT. Muscle mass correlated positively
with handgrip strength (ρ=0.662; p<0.001), but not with other
performance parameters.

DiscUssiOn

The aim of the current study was to investigate the expression
of TGF-β, its receptors and its potential modulator miRNA-21
in PBMCs in the context of age and fitness status. Young and
old females differed substantially in fitness as measured by
6MWT, handgrip strength, isokinetic peak torque of knee
extensors and flexors as well as serum hs-CRP levels. While
serum levels of TGF-β as well as TGF-β and miRNA-21
expression levels in PBMCs did not differ between young and
old females, TGF-βRΙ and TGFβ-RΙΙ mRNA were significant-
ly lower in the elderly. However, within the cohort of elderly
women neither TGF-β nor its receptors were associated with
performance characteristics.

Initially, TGF-β was purified from human platelets (3). In
mammals three different isoforms (TGF-β1, -β2, -β3) have
been described, whereby TGF-β1 is the predominant form in
immune cells. TGF-β is synthesized and secreted by most cell
types as an inactive precursor complex, termed latent TGF-β,
where TGF-β is bound non-covalently to the latency associat-
ed peptide (LAP). To be activated TGF-β has to be cleaved
from the LAP using one of physiological mechanisms such as
proteolytic cleavage by plasmin, cathepsin, and other
enzymes, oxidation by free radicals or the interaction with
thrombospondin (41). Circulating TGF-β has been detected in
a variety of studies with plasma values ranging from below
0.1 ng/ml up to more than 25 ng/ml. Of course the study pop-
ulation differed between these studies ranging from healthy
individuals of mixed gender and age-groups to different
patient groups. However, methodological issues concerning
plasma processing and assay system seem to be the most criti-
cal factors in determining TGF-β levels (20). In this respect it
has been shown that platelet degranulation, haemolysis of ery-
throcytes and contamination with leukocytes can lead to an
over-estimation of TGF-β protein levels in plasma, however
different activation protocols to dissociate TGF-β from its
complexes are in use. For this purpose, we and many other
groups used acidification of serum samples prior to assessing
TGF-β by ELISA (20). Furthermore, both serum from young
and old females were treated in the same way, therefore mini-
mizing the risk of bias within the study.

Regarding lifestyle-related diseases TGF-β seems to play
conflicting roles as shown for cancer, where it can either act
as tumour suppressor by inhibiting cell proliferation and
inflammation in the early stage of cancer development or as
tumour promoter by inducing metastasis or angiogenesis in
later stages of the disease (52). Similarly, higher levels of
TGF-β are measured in hypertensive humans (57), but
increased serum levels of TGF-β may also protect patients
with coronary artery disease against cardiovascular events
and coronary interventions (59). With respect to age
decreased levels have been reported for adults (21-67 years)

in comparison to children (1-14 years) (43). Another study
has revealed that TGF-β levels are higher in males than in
females, but decrease with age and increase with obesity in
both genders (32). However, in centenarians, serum TGF-β
concentration seems to be higher than in younger adults, sug-
gesting that high concentrations of TGF-β might be benefi-
cial during extreme old age (6). These data are in conflict
with our results as we did not detect any differences in TGF-β
between young and old women. However, the broad range of
age as well as other lifestyle related factors such as obesity or
diabetes which were characteristic for our study could have
influenced the results.

Conflicting data have also been reported with regard to TGF-β
and acute exercise, whereby intensity and type of exercise
seem to play an important role for data interpretation. While a
graded cycling exercise to exhaustion of about 18 min dura-
tion (10) and 1 h of treadmill running at about 70-80% of
VO2max (22) are able to increase the concentration of circulat-
ing TGF-β, 1 h of cycling exercise at ~70% of VO2max does not
alter circulating TGF-β (17). However, salivary TGF-β is
increased as late as 24 h after a moderate exercise bout (49).
Long-term training for 6 weeks in healthy students resulted in
a biphasic response of TGF-β with increased levels after 2
weeks of training and lower levels at the end of the training
period (23). This is in contrast to another study in diabetic
patients showing that 8 weeks of strength and aerobic training
results in increased TGF-β levels which are accompanied by
lower hs-CRP levels (61). Furthermore, 6 months of exercise
(2.5 h per week) were able to increase TGF-β production of
unstimulated as well as phytohaemaglutinin-stimulated
peripheral blood mononuclear cells of persons at risk of
developing ischemic heart disease (54). Taken together, it
seems that chronic exercise lowers TGF-β in young and
healthy persons but it might up-regulate TGF-β in patients
suffering from lifestyle-related diseases.

In addition to circulating levels of TGF-β we were especially
interested in expression of TGF-β and its receptors in PBMCs
of young and old women. While intracellular TGF-β mRNA
was not different between these two groups, lowered TGF-
βRI and TGF-βRII have been detected in elderly. These
results are partly in accordance with a previous study in
young (20-30 years), old (75-85 years) and very old (>98
years) subjects, where leukocyte TGF-βRII mRNA were low-
est in the 75-85 year old group in comparison to both, the
young and the centenarians. In contrast to our study the
decrease in TGF-βRII expression is accompanied by an
increase in miRNA-21 levels. However, neither intracellular
nor circulating TGF-β nor physical performance has been
assessed in this study (46). The importance of signalling via
TGF-βRII has been shown in an animal model where the
induction of a TGF-βRII gene disruption results in a lethal
inflammatory disease (29). On the one hand TGF-βRII is
important in T-cell mediated immunity (30) but on the other
hand macrophages lacking TGF-βRII have defects in expres-
sion of a set of genes that form the hallmark of the M2 polar-
izing program in macrophages which is important to induce
the anti-inflammatory effects of M2 macrophages such as
phagocytosis of apoptotic cells, resolution of inflammation
and tissue repair (19, 34, 40). 
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Data support the hypothesis that exercise can reduce low
grade inflammation in elderly (61) and provide long-term
benefits with regard to cardiovascular, cognitive, psychosocial
and other aspects in elderly (11). Hs-CRP has been shown to
be consistently higher in elderly (26, 60), a fact that was con-
firmed in the current study. Moreover, hs-CRP correlated pos-
itively with BMI and body fat but negatively with relative
peak torque measurements. This partly confirms several stud-
ies which revealed associations between a higher inflammato-
ry state and lower physical performance (47, 56). Besides
originating in the liver, the acute phase protein hs-CRP is pro-
duced and released from adipose tissue thereby linking obesi-
ty to a chronic inflammatory state (13, 65). 

Although we detected a negative correlation between hs-CRP
and isokinetic knee extension strength which is in line with
many studies linking chronic inflammation to low physical
performance in elderly (7, 9, 12, 58), this picture was not con-
sistent for other performance parameters such as aerobic fit-
ness or strength. The reason for this finding could be a com-
plex interaction between several factors which has been sug-
gested by Morrisette-Thomas et al. who applied principal
component analysis in order to understand why inflamm-age-
ing does not simply reflect increases in pro-inflammatory
markers (39). One especially interesting aspect in our study
was that general fitness status of elderly women was not relat-
ed to TGF-β, TGF-βRI or TGF-βRII expression in PBMCs.
Furthermore, higher hs-CRP and miRNA-21 levels in older
women were even associated with a higher handgrip strength.
According to our hypothesis we would have expected higher
levels of the inflammatory miRNA-21 in subjects with low
physical performance as suggested by Bye et al. who showed
that miRNA-21 was increased in male participants with low
aerobic capacity as assessed by VO2max (5). However, these
studies are sparely comparable as miRNA-21 was detected in
serum, participants were male and younger and there might be
a difference between performance indicators for strength or
endurance. Furthermore, it would have been interesting to
measure general physical activity levels by an objective
method such as accelerometry as both current physical activi-
ty practice and performance are associated with inflammatory
biomarkers (12).

In summary, it has been shown that TGF-β is involved in a
variety of physiological as well as pathological process exert-
ing positive but in some cases also negative effects on health.
We have demonstrated that in older women TGF-β signalling
in PBMCs might be impaired as reflected by a lower gene
expression of its receptors TGF-βRI and TGF-βRII independ-
ent of physical fitness. However, further studies are needed to
test whether a reduced expression of the TGF-β receptors
indeed would reduce TGF-β signalling in PBMCs in order to
get mechanistic insight as well as to reveal its functional con-
sequences, more precisely.
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aBstRact

The role of cell free DNA (cfDNA) has been intensively dis-
cussed under various pathological conditions and after acute
bouts of exercise. To date, there is still no conclusive evidence
concerning the cellular origin of cfDNA and the entire mecha-
nism leading to elevated cfDNA concentrations in human
plasma and serum. Here, we investigated the cellular origin
of cfDNA in sex-mismatched haematopoietic stem cell trans-
plantation (HSCT) and liver transplantation (LT) patients by
determining the relative proportion of Y-chromosomal to total
nuclear cfDNA. Total nuclear cfDNA and Y-chromosomal
cfDNA concentrations were determined in blood plasma
before and after an incremental exercise test via quantitative
real-time PCR (qPCR). Female HSCT patients showed high
proportions of Y-chromosomal cfDNA. Both total nuclear and
Y-chromosomal cfDNA increased significantly and in a highly
correlated fashion due to exercise. In male HSCT patients
with female donors less than 10% of the cfDNA was of Y-chro-
mosomal origin at any point in time and even though the total
amount of cfDNA increased during exercise, no increases in
Y-chromosomal DNA could be detected. The percentage of Y-
chromosomal cfDNA in female LT patients with male donors
was very low and levels remained unchanged during exercise.
This indicates that cells not derived from the bone marrow, in
this case transplanted liver cells, represented only a minor
fraction of cfDNA in blood plasma and were not released dur-
ing acute physical exercise. Even though many physiological
conditions may be altered in transplant patients versus
healthy people, our results strongly suggest that cells from the
haematopoietic lineage are the main source of cfDNA
released during acute bouts of exercise. 

Keywords: cell free DNA, sex-mismatched transplantation,
Y-chromosomal PCR, exercise, graft rejection. 

intRODUctiOn

The potential of cell free DNA (cfDNA) as a biological mark-
er has attracted much interest in various biomedical disci-
plines. Under physiological conditions, the concentration of
cfDNA is low whereas levels increase under chronic and acute
pathological conditions like cancer, autoimmune diseases,
sepsis and stroke (20, 37, 41, 49). Elevated concentrations of
cfDNA have also been reported after acute bouts of exercise
(4, 6). For all of these conditions, there is so far no conclusive
evidence concerning the cellular origin and the precise mech-
anisms involved in cfDNA release into serum or plasma. Con-
tinuously occurring apoptosis in normal tissues could lead to
the presence of cfDNA in healthy subjects (35) whereas ele-
vated levels of cfDNA in cancer patients could result from
both apoptosis and necrosis of tumour tissue and surrounding
normal cells, autophagy or mitotic catastrophe (34, 40). Apart
from cellular damage, strenuous physical exercise can also
induce cfDNA levels (2). Since the appearance of DNA frag-
ments in the circulation in response to cell death-stimuli
would require several hours (18, 23, 25, 30), these mecha-
nisms seem to be unlikely to account for the immediate
increases of circulating cfDNA levels in settings applying
short bouts of exercise (10). Several studies have suggested
that the spontaneous DNA release from living cells could con-
tribute to the cfDNA pool in blood plasma (39, 42). In a recent
study, the rapidly increasing cfDNA concentrations observed
during physical exercise were at least partially attributed to
the release of neutrophil extracellular DNA traps (7).

In this pilot study we investigated the cellular origin of
cfDNA induced by acute bouts of physical exercise. We used
a sex-mismatched transplantation model to distinguish donor-
from host-derived DNA by quantitative real-time PCR
(qPCR), therefore being able to determine whether cfDNA
release can be attributed to the transplanted organ. Since it
was already shown that baseline cfDNA originates predomi-
nantly from the haematopoietic cell lineage (27) we decided
to primarily focus on measuring cfDNA release during exer-
cise in sex-mismatched haematopoietic stem cell transplanta-
tion (HSCT) patients. Considering the role of the liver in the
clearance of DNA from the circulation (16, 44), we also
analysed cfDNA release in sex-mismatched liver transplanta-
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tion patients (LT). To track the donor-derived DNA in the
patients we selectively amplified male DNA by using PCR
primers targeting Y-chromosomal sequences. We compared
the proportion of male DNA to the amount of total nuclear
cfDNA in blood plasma of the patients, quantified by qPCR
targeting long terminal repeat (LTR) loci. Whole blood was
collected before and after exercise. We show that the majority
of cfDNA released during physical exercise is derived from
the haematopoietic system. Furthermore, liver cells only con-
tribute to a low extent to the cfDNA pool and it seemed that
this cell type does not liberate DNA in response to acute exer-
cise.

MateRial anD MethODs

Subjects
We recruited seven HSCT patients at the Department of Inter-
nal Medicine III, University Medical Center, Mainz. Five
were females with male donors and two male patients
received HSCT from a female donor. In addition, five LT
patients, who received an orthotropic liver transplant from a
deceased male donor, were recruited at the Department of
Internal Medicine I, University Medical Center, Mainz. Sex
and diagnosis of the patients are shown in Table 1.

We also recruited three healthy male and three healthy female
volunteers, serving as controls for the Y-chromosomal qPCR
assay, from the Department of Sports Medicine in Mainz.
All experimental procedures were approved by the Human
Ethics Committee of Rhineland-Palatine and were in line with
the standards of the Declaration of Helsinki of the World
Medical Association. All subjects were informed orally and in
writing about the procedures and the aim of the study and
gave written consent to participate.

Exercise protocol
All subjects performed an incremental treadmill test. The
exercise protocol started for the patients at a velocity of 2 or 4
km/h and speed was increased 1 km/h every 3 min until voli-
tional exhaustion. To allow for comparability of the protocol
duration, the healthy controls started at a speed of 6 km/h with
a step-wise increase of 2 km/h every 3 min. Capillary blood
samples for lactate measurement were taken from the earlobe
before the exercise test, after each incremental step, immedi-
ately after and 3, 5 and 10 min post-exercise. Respiratory gas
exchange data and heart rate were continuously recorded dur-
ing the test by spiroergometry and electrocardiogram monitor-
ing, respectively. Borg scale values to monitor the self-report-
ed level of exertion were assessed at the end of each speed
step. The subjects were requested to avoid any exercise train-
ing for the 24 h before the test.

�
�

Table 1. Sex and diagnosis of the transplantation patients. 
Patient Sex 

of donor 
Sex 

of recipient 
Age 

(years) 
BMI Diagnosis Months after 

transplantation 
Infection hsCRP 

(mg/l) 
GVHD 

HSCT1 M F 23 25.8 sAA 13 No 53.8 No 

HSCT2 M F 41 29.1 AML 5 Sinusitis 
* 

1.7 No 

HSCT3 M F 48 20.8 c-B-ALL 3 No 45.0 No 

HSCT4 M F 53 26.9 MM 13 parvovir
us B19 

2.4 Yes 

HSCT5 M F 58 24.3 Pre-B-ALL 5 No 0.4 Yes 

HSCT6 F M 24 21.5 Pro-T-ALL 11 No 8.9 No 

HSCT7 F M 59 22.6 MDS 28 Chronic
espiratory
infection 

9.4 Yes 

LT1 M F 56 22.8 Hepatitis 
B/D liver 
cirrhosis 

79 No 1.1 No 

LT2 M F 43 26.4 Acute drug 
induced 

liver failure 
(non-

paracetamol) 

96 No 1.9 No 

LT3 M F 57 22.1 Hepatitis C 
Liver cirrhosis 

98 No 0.2 No 

LT4 M F 63 22.1 
carcinoma 
Alcoholic 

liver 
cirrhosis  

29 No 1.1 No 

LT5 M F 56 20.9 Primary 
sclerosing
cholangitis 

19 No 0.2 No 

HSCT: Haematopoietic stem cell transplantation; LT: Liver transplantation; M: Male; F: Female; BMI: Body Mass Index; ALL: 
Acute lymphoblastic leukaemia; pre-B-ALL: pre-B cell acute lymphoblastic leukaemia; c-B-ALL: common B cell acute 
lymphoblastic leukaemia; Pro-T-ALL: pro-T cell acute lymphoblastic leukaemia; AML: Acute myeloid leukaemia; MDS: 
Myelodysplastic syndrome; MM: Multiple myeloma; sAA: Severe aplastic anaemia; BM: Bone marrow; PB: Peripheral blood; 
hsCRP: high-sensitivity C-reactive protein; GVHD: graft-versus-host disease * Partial lung resection with pneumonia before 
transplantation. 
 

             

             

 

           

                

             

            

 

  

r

Hepatocellular 

 

 



166 •   Exercise-induced cell free DNA originates predominantly from haematopoietic cells

EIR 21 2015

Blood sampling and processing
10 ml of EDTA-anticoagulated blood were taken from the
antecubital vein before, immediately after and 90 min after
the treadmill exercise. The blood samples were centrifuged at
4°C, 1,600*g for 10 min. In a second high-speed step the plas-
ma was centrifuged at 4°C, 16,000*g for 5 min to remove cel-
lular debris. The plasma samples were stored at -20°C and
cfDNA concentrations were measured within a maximum of 4
weeks. 2.5 ml of venous blood were sent to an external labora-
tory for the analysis of complete blood cell counts and other
blood parameters. Capillary blood samples were measured
with the lactate analyser Biosen 5130 (EKF Diagnostics,
Magdeburg, Germany).

DNA extraction
Since column-based DNA extraction kits may not be as effi-
cient as traditional methods for isolating low quantities of
DNA from bodily fluids (48), we established a manual, non-
column based phenol-chloroform method. 50 µl of plasma
were diluted with 250 µl phosphate buffered saline (PBS, Life
Technologies, Darmstadt, Germany) to a total volume of 300
µl. 1/100 Vol of Triton X-100 (Carl Roth, Karlsruhe, Ger-
many) were added, samples were incubated at 98°C for 5 min
and then cooled on ice for 5 min. Samples were mixed with 1
Vol Phenol:Chloroform:Isoamyl Alcohol, pH 8.0 (Sigma-
Aldrich, Taufkirchen, Germany), vortexed for 30 s and cen-
trifuged at 20°C, 16,000*g for 10 min. The upper aqueous
phase was pipetted off and DNA was precipitated with 2.5 Vol
of 100% ethanol, 1/10 Vol 3 M sodium acetate, pH 5.2 and 20
µg Glycogen (Life Technologies, Darmstadt, Germany)
overnight at -20°C. The next day, the precipitate mixture was
centrifuged at 4°C, 16,000*g for 30 min. DNA pellets were
washed two times with 70% ethanol and a third time with
100% ethanol. After each washing step the samples were cen-
trifuged at 4°C, 16,000*g for 5 min. Pellets were dried for
about 20 min at 55°C and eluted with 50 µl TE buffer, pH 8.0
(Life Technologies, Darmstadt, Germany). Samples were fur-
ther incubated at 37°C for 30 min to completely dissolve the
DNA. 

Quantitative real-time PCR 
Quantification of total nuclear cfDNA was based on the
amplification of long terminal repeats (LTRs) of the human
endogenous retrovirus K family (HERV-K LTR5 Hs). Since
fragmented cfDNA is characterized by less intact target
amplicons (21), we chose these multi-locus primers to enable
a more precise and sensitive quantification of cfDNA.
Sequence analysis revealed that LTR elements are represented
in the cfDNA pool in an equal proportion as in genomic DNA
(43), which minimizes a target-specific bias in quantification
of cfDNA. Sequence information for primer design was
obtained from the UCSC Genome Browser on the February
2009 human reference sequence (GRCh37) (33). The online
software Primer3 was used to design multi-locus primers 5’-
ACC GAG ACA TTC CAT TGC C -3’ and 5’- GCC TCT
TGC AGT TGA GAC AAG -3’ targeting a 70 bp fragment of
a LTR5 sequence with 195 matches in the human haploid
genome. The binding frequency was assessed by aligning the
primers using the in-silico PCR tool of the UCSC Genome
Browser. For the quantification of  Y-chromosomal cfDNA we
used a set of primers targeting DYZ1 sequences (8): sense (5´-

GTCCATTACACTACATTCCC -3´) and antisense (5´-AAT-
GCAAGCGAAAGGAAAGG -3´) to amplify a 77 bp
sequence. 

The amplification of total nuclear cfDNA and Y-chromosomal
cfDNA was performed on a CFX384 TouchTM Real-Time PCR
detection system (Bio-Rad, München, Germany) under the
following conditions for the LTR assay: initial denaturation at
95°C for 5 min and 40 cycles of denaturation at 94°C for 15 s,
annealing at 61°C for 30 s, and extension at 80°C for 30 s and
for the DYZ1 assay: initial denaturation at 95°C for 5 min and
40 cycles of denaturation at 94°C for 15 s, annealing at 56°C
for 30 s, and extension at 72°C for 30 s. The experiments were
performed in triplicates with a final volume of 5 µl per single
reaction containing 1.6 µl of template DNA, 2.6 µl master
mix containing 0.1 U/µl HotStarTaq Plus Polymerase (Qia-
gen, Hilden, Germany), 2 x PCR Buffer (Qiagen, Hilden, Ger-
many), 1 µM MgCl2 (Qiagen, Hilden, Germany), 0.4 mMd-
NTPs (Carl Roth, Karlsruhe, Germany), 0.28 x SYBR green
(Sigma-Aldrich, Taufkirchen, Germany), 5 nM FITC (Sigma-
Aldrich, Taufkirchen, Germany), and 0.8 µl primer-mix at a
final concentration of 312 nM. Non-template controls (NTC)
and positive controls for inter-plate calibration were also
analysed in triplicate within each PCR run. Formation of the
expected PCR product was confirmed by melting curve analy-
sis. 

The LTR assay was established and optimised with a genomic
reference standard including the target sequences for the
LTR5 primer set. The standard was generated from human
genomic DNA (Novagen, Merck, Darmstadt, Germany) by
PCR using primers 5´ TTC TCA AAG AGG GGG ATG TG 3´
and 5´ GTG GGA AGG GAA AGA CCT GA 3´ to amplify a
400 bp-fragment of a LTR-sequence. Sequence information
was obtained from the UCSC Genome Browser on the Febru-
ary 2009 human reference sequence (GRCh37) (33). The
amplification was performed on a Mini Thermal Cycler (Bio-
Rad, München, Germany) with the following conditions: ini-
tial denaturation at 95°C for 5 min and 40 cycles of denatura-
tion at 94°C for 15 s, annealing at 59°C for 30 s, and exten-
sion at 72°C for 30 s. The PCR product was TA-cloned in a
pCR®2.1 vector (Invitrogen, Carlsbad, CA, USA) and the
sequence was confirmed by Sanger sequencing (StarSEQ®,
Mainz, Germany). For standard preparation the PCR product
was cut out of the vector and the stock solution of genomic
reference standard was determined fluorophotometrically
(NanoDrop 3300, Thermo Fisher Scientific Inc., Waltham,
MA). The DYZ1 assay was established with male genomic
DNA (gDNA). Prior to amplification the high-molecular
gDNA was treated for 1 h at 37°C with the restriction
enzymes DdeI and RsaI (NEB, Frankfurt/M., Germany), fol-
lowed by a heat-inactivation-step at 65°C for 20 min. We
selected the restriction enzymes DdeI and RsaI for the frag-
mentation of high-molecular genomic DNA to mimic frag-
mented cfDNA. The coordinates of the restriction sites in the
human genome were taken from an online database:
http://tools.neb.com/~posfai/TheoFrag/grch38_site_counts.tools.html.
The enzymes digest DNA into fragments of 200-600 bp (also
confirmed by agarose gel electrophoresis) which corresponds
to the typical cfDNA size profile of 180-200 bp and multiples
of this (17, 22, 32). Furthermore, DdeI and RsaI were selected
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since both enzymes can be combined in one reaction without
activity loss.

DNA concentrations were converted into copy numbers by
using the online program Finnzymes - DNA copy number cal-
culation. Standards were prepared in defined copy numbers,
ranging from 2 x 105 to 50 copies/µl for the LTR assay, and
from 32 to 0.0125 copies/µl for the DYZ1 assay. The differ-
ences in the absolute copy numbers between both assays arise
from the type of the PCR standards (specific sequence versus
total genomic DNA) and, consequently, a different calculation
basis for copy numbers. One copy of specific sequence is
equivalent to one molecule of double-stranded DNA. One
copy of genomic DNA corresponds to one human genome
copy with a molecular weight of 3.3 pg. In subsequent qPCR

analysis, these calibrators were used to construct standard
curves by plotting the quantification cycle (Cq) value against
the logarithm of calibrator copy number in each dilution. We
also assessed the lower limit of quantification (LOQ), defined
as the minimal concentration that could be quantified with
80% accuracy. The LOQ was determined with each reference
standard measured in seven replicates. The LOQ of the LTR
assay was set to 50 copies/µl, corresponding to a DNA con-
centration of 0.78 pg/µltemplate. The LOQ of the DYZ1 assay
was set to 0.0125 copies/µl of genomic DNA which is equiva-
lent to a DNA concentration of 0.09 pg/µl template.

Statistical analysis 
The qPCR data were captured with the MyIQ5 Optical Sys-
tem Software, Version 2.4 (Bio-Rad, München, Germany).
Microsoft® Excel 2007 was used for data analyses. We consid-
ered p values of p values less than 0.05 to be statistically sig-
nificant (p<0.001***, p<0.01**, p<0.05*) and performed sta-
tistical analysis with JMP 11 (SAS Institute Inc., Cary, NC,
USA). All data are presented as mean (±SD). Changes in
cfDNA concentrations at the various points in time were com-
pared by a nonparametric Wilcoxon-Test. Since the overall
data were not normally distributed, a Spearman‘s rho test was
calculated for nonparametric correlations.

ResUlts

Demographic data and exercise parameters
Seven HSCT patients (mean (±SD) age 44 (14) y, BMI 24.6
(2.8) kg/m2) and five LT patients (mean (±SD) age 55 (7) y,
BMI 22.9 (1.9) kg/m2) performed an incremental treadmill

test until volitional exhaustion. To evaluate the specificity of
the Y-chromosomal qPCR assay, we monitored six healthy
subjects (mean (±SD) age 28 (2) y, BMI (21.3 (1.6) kg/m2,
serving as positive (men) and negative (women) controls. To
get an idea about the individual level of exhaustion, the values
of peak oxygen consumption (VO2peak), Borg scale rating of
perceived exertion (RPE) and blood lactate concentration
were assessed at maximal intensity (Table 2). The patients had
RPE values of mean (±SD) 16.8 (1.7), VO2peak of 22.4 (6.4)
ml/kg/min) and lactate levels of 5.1 (2.7) mmol/l and the
healthy controls had RPE values of 19.3 (0.5), VO2peak of 44.4
(8.4) ml/kg/min) and lactate levels of 9.3 (1.5) mmol/l. Exer-
cise parameters and physiological measures at the endpoint of
the incremental treadmill test are shown in Table 2.

Quantification of total nuclear cfDNA and Y-chromosomal
cfDNA 
To evaluate qPCR performance in terms of sex specificity of
the Y-chromosomal assay and for the agreement of DNA
quantification by both methods we measured total nuclear
(LTR sequences, amplified by the LTR 5 assay) and Y-chro-
mosomal cfDNA (Y chromosomal DYZ sequences, amplified
by the DYZ1 assay) concentrations in healthy males and
females. The proportion of Y-chromosomal cfDNA amongst
total nuclear cfDNA in male healthy controls was mean
(±SD) 95.1 (25.2) % (Figure 1A). The amount of Y-chromo-
somal DNA at every point in time in female plasma was
below the LOQ of the qPCR assay and therefore not quantifi-
able (Figure 1 B). One exception, however, was a post-exer-
cise sample which gave weak, but positive signals when
amplified with the Y-qPCR assay. In this case the relative
proportion of Y-chromosomal cfDNA to total nuclear cfDNA
was <0.1%. This discrepancy could be due to sequence
homologies between the sex chromosomes, which can drive
low level of unspecific amplification (19). Deviations from
the theoretically expected proportion of 100% in healthy
males could be explained by using two qPCR assays to quan-
tify cfDNA which differ in terms of their target amplicons,
PCR protocols, PCR calibrators and reaction efficiency.
However, the fold-increase of cfDNA post-exercise com-
pared to baseline levels is comparable between both assays
(mean (±SD) 7.2 (0.3) for LTR 5 and 6.0 (1.56) for DYZ1,
respectively) in the healthy male controls. There was a signif-
icant correlation between total nuclear cfDNA and Y-chromo-
somal cfDNA in healthy male controls (r= 0.95, p= 0.001)
and no correlation between both variables in the healthy
female controls (r= 0.29, p= 0.81).

�
�

Table 2. Exercise parameters and physiological measures at the endpoint of the incremental treadmill test. 

Subjects Sex Velocity (km/h) Lactate (mmol/l) VO2peak 
ml/kg/min) 

Borg RPE value Heart rate 
(beats/min) 

HSCT male 8.0 (1.6) 6.0 (2.3) 30.6 (6.4) 18.5 (1.5) 156.5 (31.5) 
HSCT female 6.3 (1.2) 6.4 (2.4) 21.3 (5.1) 16.4 (1.6) 164.6 (13.1) 
LT female 6.6 (0.6) 3.4 (1.9) 20.6 (4.1) 16.6 (1.5) 138.4 (21.7) 
HC male 16 (0.6) 10.3 (1.4) 51.3 (2.0) 19.7 (0.5) 194.7 (2.5) 
HC female 13.4 (2.5) 7.7 (0.7) 37.3 (6.6) 18.7 (0.5) 199 (6.5) 

 
Values are given as mean (±SD); VO2peak, peak oxygen consumption; RPE, rating of perceived exertion 
HSCT: Haematopoietic stem cell transplantation; LT: Liver transplantation; HC: Healthy controls. 
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To determine whether exercise-induced cfDNA levels origi-
nate from cells of the haematopoietic lineage, we measured
the total nuclear cfDNA and the Y-chromosomal cfDNA con-
centrations in HSCT patients before and after exercise (Fig-
ures 2 and 3).

The percentage of donor DNA in female blood plasma was
mean (±SD) 46.6 (12.2) % across all time points (Figure 2 A).
Accordingly, the concentrations of total nuclear cfDNA (mean
(±SD) before: 77.6 (97.9) ng/ml, after: 140.0 (136.4) ng/ml,
90 min after exercise: 75.7 (101.8) ng/ml) and Y-chromoso-
mal cfDNA (before: 30.8 (39.8) ng/ml, after: 70.8 (81.5)
ng/ml, 90 min after exercise: 33.5 (50.7) ng/ml) in plasma
showed similar kinetics during and after the exercise test (Fig-
ure 2 B). Total nuclear cfDNA increased mean (±SD) 2.97
(1.99)-fold (p = 0.17) and Y-chromosomal cfDNA increased
3.23 (1.98)-fold (p = 0.12) compared to baseline (Figure 2 C).

We observed a significant correlation between total nuclear
cfDNA and Y-chromosomal cfDNA (r= 0.98, p < 0.0001)
across all points in time. One female HSCT patient, who suf-
fered from c-B-ALL, had a relapse (HSCT3) and showed
increased total nuclear cfDNA levels at baseline with a lower
proportion of Y-chromosomal cfDNA (32.2%) in comparison
to the other relapse-free HSCT patients. This phenomenon
could be expected since the host tumour cells are devoid of Y-
chromosomal DNA.

The results obtained from the female patients were coun-
terchecked with two male HSCT patients with a female donor.
The percentage of Y-chromosomal cfDNA, representing host-
derived DNA in this transplantation setting, in blood plasma
across all time points was mean (±SD) 9.0 (2.8) % (Figure 3
A). Total nuclear cfDNA concentrations (mean (±SD) before:
76.0 (62.7) ng/ml, after: 179.7 (24.4) ng/ml, 90 min after exer-

Figure 1: Mean total cfDNA and Y-chromosomal cfDNA concentrations in healthy male (A) and healthy female controls (B) (solid lines: total
nuclear cfDNA, dashed lines: Y-chromosomal cfDNA). The LOQ indicates the lower limit for the quantification of Y-chromosomal DNA concen-
trations.

Figure 2: Percentage of Y-chromosomal cfDNA (A), absolute values (B), and fold-changes (C) of Y-chromosomal and total nuclear cfDNA in blood
plasma of female HSCT patients with male donors (solid lines: total nuclear cfDNA, dashed lines: Y-chromosomal cfDNA).
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cise: 73.0 (53.7) ng/ml) increased 3.78 (3.44)-fold (p = 0.12)
in response to acute exercise (Figure 3B/C). Y-chromosomal
cfDNA concentrations (mean (±SD) before: 7.9 (7.1) ng/ml,
after: 9.4 (1.5) ng/ml, 90 min after exercise: 7.2 (4.6) ng/ml)
was 1.85 (1.47)–fold (p =1.0) elevated compared to baseline
levels (Figure 3B/C). 

In order to investigate whether there is a contribution of non-
bone marrow-derived cells to exercise-induced cfDNA levels,
we analysed total nuclear cfDNA and the Y-chromosomal
cfDNA concentrations in five female sex-mismatched LT

patients. The percentage of liver-derived cfDNA in blood
plasma across all time points was mean (±SD) 2.1 (1.4) %
(Figure 4 A). Total nuclear cfDNA concentrations (mean
(±SD) before: 59.3 (69.2) ng/ml, after: 160.6 (193.8) ng/ml,
90 min after exercise: 55.8 (87.4) ng/ml) increased 2.57
(0.42)-fold (p = 0.17) in response to acute exercise. In con-
trast, Y-chromosomal DNA concentrations (mean (±SD)
before: 0.73 (0.50) ng/ml, after: 0.74 (0.57) ng/ml, 90 min
after exercise: 0.53 (0.40) ng/ml) remained unchanged (0.99
(0.15)-fold) during and after the test (p = 0.60) (Figure 4 B/C).
In one case (LT1) concentrations of Y-chromosomal cfDNA

Figure 3: Percentage of Y-chromosomal cfDNA (A), absolute values (B), and fold-changes (C) of Y-chromosomal and total nuclear cfDNA in
blood plasma of male HSCT patients with female donors (solid lines: total nuclear cfDNA, dashed lines: Y-chromosomal cfDNA).

Figure 4: Percentage of Y-chromosomal cfDNA (A), absolute values (B), and fold-changes (C) of Y-chromosomal and total nuclear cfDNA in
blood plasma of female HSCT patients with male donors (solid lines: total nuclear cfDNA, dashed lines: Y-chromosomal cfDNA).The LOQ indi-
cates the lower limit for the quantification of Y-chromosomal DNA concentrations.
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were below the LOQ of the qPCR assay. There was no signif-
icant correlation between total nuclear cfDNA and Y-chromo-
somal cfDNA (r=0.29, p = 0.31).

In summary, our results indicated that in response to exercise
the majority of cfDNA is released by cells of the haematopoi-
etic system. Liver cells only contribute to a low extent to the
baseline cfDNA pool and this cell type would not release sig-
nificant amounts of DNA in response to exercise. Table 3
summarises the individual results of the patients. 

DiscUssiOn

In this pilot study we studied the cellular origin of cfDNA in
human plasma released during exercise. In line with the find-
ings of other studies (6, 7, 9), we showed that exhaustive
short-term treadmill exercise led to increases of cfDNA con-
centrations. Increases of cfDNA in response to exercise have
already been described for various exercise settings, e.g.
endurance treadmill exercise (13), half- and ultra-marathon
(2, 4), high-intensity cycling exercise (7), rowing (44) and
weightlifting (3). However, the physiological or pathophysio-
logical relevance of cfDNA increases in sports remains elu-
sive (9), since essential questions regarding the cellular source
and release mechanisms of cfDNA have not been answered
yet. Here, we addressed the question of the cellular origin of
cfDNA by exercising sex-mismatched HSCT and LT patients.
This enabled us to study the relative contribution of bone mar-
row-and non-bone marrow-derived cells to the cfDNA pool in
blood plasma. We distinguished donor-specific from recipi-
ent-specific DNA by targeting Y-chromosomal sequences in a

simple qPCR application, as previously described by others
(15, 27, 28). The benefits offered by this qPCR-based
approach compared to other methods like SNP-based
sequence analysis (5, 38, 47) are time and cost efficiency. Fur-
thermore, there is no need to analyse genomic DNA from the
donor, which should also not be underestimated in terms of
donor-anonymity. Finally, our approach allows a higher level
of inter-individual comparability of the outcome, since we
were able to measure all individuals with the same PCR
assays.

Our results indicate that cells of the haematopoietic lineage are
the main source of DNA released by a short incremental exer-
cise until volitional exhaustion. The most intriguing evidence
comes from the data revealed from the two male sex-mis-
matched HSCT patients. Both showed considerable increases
in total nuclear cfDNA of 42 ng/ml and 166 ng/ml post-exer-
cise compared to pre-exercise.The respective increases of the
Y-chromosomal cfDNA that reflects the DNA released from
all other cells of the body except the HSCT cells from the
female donor were 5.5 ng/ml increase and 2.6 ng/ml decrease,
respectively. Accordingly, there does not seem to be any sig-
nificant release of cfDNA due to exercise from other sources
than the cells of the haematopoietic lineage. In line with this,
sex-mismatched female HSCT patients showed a high (around
50%) and constant proportion of Y-chromosomal cfDNA rela-
tive to total nuclear cfDNA over the course of the experiment
and the correlation of the respective absolute values was very
high (r = 0.98; Table 3). In contrast to this, female sex-mis-
matched LT patients had very low proportions of Y-chromoso-
mal cfDNA throughout all points in time with no correlation
between Y-chromosomal and total nuclear cfDNA (r = 0.29;
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Table 3. Diagnosis and chimerism results of transplantation patients, increase of total and
 Y-chromosomal cfDNA levels after exercise and the percentage of Y-chromosomal cfDNA. 

Patient Sex 
of donor 

Sex 
of recipient 

Chimerism 
% (PB) 

Chimerism % 
(BM) 

Increase total 
nuclear 

cfDNA (pre-
post) (fold 
change) 

Increase Y-
chromosomal 
cfDNA (pre-
post) (fold-

change) 

% Y of total 
nuclear cfDNA 

(mean 
pre/post/90+) 

Correlation total 
nuclear and Y-

chromosomalcfDNA 

HSCT1 M F 87  --- 6.22 6.41 43.5 0.98*** 

HSCT2 M F --- 100  2.59 3.68 61.7 

HSCT3 M F --- 73  1.22 1.26 32.4 

HSCT4 M F 100 --- 1.56 2.15 51.4 

HSCT5 M F --- 100 3.26 2.65 44.0 

HSCT6 F M 100 100  6.21 2.89 8.6 n.a 

HSCT7 F M 100 --- 1.35 0.81 9.3 

LT1 M F --- --- 3.02 1.05 0.19 0.29 

LT2 M F --- --- 2.81 1.03 3.6 

LT3 M F --- --- 2.13 0.73 3.93 

LT4 M F --- --- 2.12 1.02 2.21 

LT5 M F --- --- 2.76 1.13 0.7 

p<0.001***, p<0.01**, p<0.05* 
HSCT: Hematopoietic stem cell transplantation; LT: Liver transplantation; BM: Bone marrow; PB: peripheral blood. n.a: no 
analysis, no statistical analysis possible with 2 patients. 
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Table 3) indicating that neither liver cells in general nor trans-
planted cells in particular contribute to cfDNA concentrations
before exercise. Physical exercise exerts numerous effects on
haematopoietic cells, as reflected by transient lymphocytosis,
neutrophilia, monocytosis and activation of leukocytes and
platelets (12, 45). Acute exercise and mitogen- and antigen-
stimulation could activate T-cells (45). It has been reported
that lymphocytes secrete DNA in vitro in response to mitogen-
stimulation or in the presence of antigens (14). Interestingly, T-
cell derived but no endothelial-cell specific DNA could be
detected in the plasma of cancer patients (22). However, enu-
cleation of erythroblasts during erythropoiesis could also con-
tribute to the cfDNA pool in blood plasma (31). Concerning
the release mechanisms, Breitbach et al. discussed that com-
posite effects of different physiological stress parameters
under exercise conditions could be responsible for increasing
cfDNA levels (10). The authors suggest that, due to acute
stress, cfDNA concentrations increase rapidly by a sponta-
neous unknown active or passive release mechanism (10). A
further explanation could be the active release of cfDNA via
neutrophil extracellular traps (NETs) (11). A current study has
shown that post-exercise blood contains NET-like structures
(7). They observed morphologic signs of NETosis in blood
smear samples and found a striking correlation of cfDNA lev-
els with the granule-derived enzyme myeloperoxidase in
human plasma (7). Our results indicate that cells from the
haematopoietic lineage respond to physical exercise by rapidly
releasing DNA in the circulation, although the contribution of
different cell subsets is currently unknown. 

The results also permit some conclusions concerning the clin-
ical use of cfDNA. Total baseline cfDNA concentrations are
higher in the transplantation patients compared to healthy
individuals. Increased levels of cfDNA concentrations in
other pathological conditions were already shown in several
studies (1, 20, 36, 37). Higher levels of cfDNA in the trans-
plant could be due to infections or unspecific activation of the
innate immune system, but may also occur due to acute trans-
plant rejection or graft damage. Three of our patients
(HSCT4, HSCT5 and HSCT7) suffered from graft-versus-
host disease (GVHD), three from infections (HSCT2, HSCT4
and HSCT7), one from a relapse (HSCT3) and one HSCT
patient (HSCT1) who had neither an infection, nor a GVHD,
had very high plasma hsCRP values (> 40ng/ml). Unfortu-
nately, given this situation it was not surprising that neither
high total nuclear nor high Y-chromosomal cfDNA values
could be clearly attributed to one of the three factors. HSCT3,
who suffered a relapse, showed higher total cfDNA levels and
lower proportions of donor-derived DNA than the relapse-free
patients. This could be due to the fact that more host-derived
blood cells were released from the bone marrow in the circu-
lation with a concomitant reduction of donor-specific cells.
The question whether elevated host- or donor-derived cfDNA
concentrations in HSCT patients could serve as a biomarker
was beyond the scope of this pilot study and should be
analysed in larger patient populations. Higher levels of donor-
specific DNA in three LT patients (LT2-4) could be a result of
tissue damage in the transplanted organ and, possibly, of
emerging graft rejection at a low level. However, none of the
LT patients had clinical signs of acute or chronic rejection at
the time of examination. Long-term monitoring would be nec-

essary to elucidate if the concentration of liver-specific DNA
in blood plasma rises prior to the first clinical signs of trans-
plant rejection. However, given the high sensitivity and rapid
dynamics, graft-derived cfDNA could indicate graft injury
earlier compared to conventional markers (24). In a kinetic
study using a renal allograft model in the rat, donor-derived
DNA concentrations peaked shortly before acute rejection
(29). The measurement of donor-specific cfDNA could there-
fore be used as a clinical marker for the detection and moni-
toring of rejection and the evaluation of relapse after trans-
plantation (5, 26, 27, 38, 46). 

Our study has several limitations. We only detected a mean of
46.6% of donor DNA in the female HSCT plasma instead of
values close to 90% (assuming that 10% of cfDNA in plasma is
derived from other tissues or organs). This could be due to tech-
nical reasons, such as the underestimation of DNA concentra-
tions determined with the Y-qPCR assay. However, the percent-
age of donor-derived cfDNA could reflect the success of graft-
ing. Therefore, the percentage of donor-derived cfDNA in blood
plasma should be compared to the chimerism found in different
compartments (e.g. bone marrow, full blood, different blood cell
types). Unfortunately, the chimerism results presented here (see
Table 3) are incomplete and retrospective. Since the percentage
of donor-derived cells changes continuously, chimerism has to
be assessed at the day of the exercise test, ideally at every point
in time. Furthermore, the analysis of chimerism in specific sub-
sets of blood cells, such as granulocytes, lymphocytes, mono-
cytes or reticulocytes could decipher the cellular origin of
cfDNA more precisely. A further limitation of our study is the
fact that only sex-mismatched transplantation patients can be
analysed with our qPCR system. When studying non sex-mis-
matched patients different methods, based on distinct individual
sequence differences, must be implemented.

Taken together, our results suggest that cfDNA released dur-
ing acute bouts of exercise mainly originated from cells of the
haematopoietic linage. In future, questions like the use of
host- or donor-derived cfDNA concentrations as a biomarker
in transplant patients should be analysed in larger patient pop-
ulations. In addition, various transplant patients could be
analysed to determine a possible involvement of other organs
to the cfDNA pool after physical exercise. Elucidating these
mechanisms is important in terms of the physiological role
and, consequently, evaluating the validity of cfDNA as a bio-
marker for exercise and clinical diagnostics.
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aBstRact

Objectives: The aim of this study was to evaluate changes in
the cytokines INF-γ, IL-10, IL-6, TNF-α and soluble TNF
receptors (sTNFR1 and sTNFR2) in response to single bouts
of acute moderate and intense exercise in systemic lupus ery-
thematosus women with active (SLEACTIVE) and inactive
(SLEINACTIVE) disease. Methods: Twelve SLEINACTIVE women
(age: 35.3 ± 5.7 yrs; BMI: 25.6±3.4 kg/m2), eleven SLEACTIVE
women (age: 30.4 ± 4.5 yrs; BMI: 26.1±4.8 kg/m2), and 10
age- and BMI-matched healthy control women (HC) per-
formed 30 minutes of acute moderate (~50% of VO2peak) and
intense (~70% of VO2peak) exercise bout. Cytokines and solu-
ble TNF receptors were assessed at baseline, immediately
after, every 30 minutes up to three hours, and 24 hours after
both acute exercise bouts. Results: In response to acute mod-
erate exercise, cytokines and soluble TNF receptors levels
remained unchanged in all groups (P>0.05), except for a
reduction in IL-6 levels in the SLEACTIVE group at the 60th and
180th minutes of recovery (P<0.05), and a reduction in
sTNFR1 levels in the HC group at the 90th, 120th, 150th, 180th

minutes of recovery (P<0.05). The SLEINACTIVE group showed
higher levels of TNF-α, sTNFR1, and sTNFR2 at all time
points when compared with the HC group (P<0.05). Also, the
SLEACTIVE group showed higher levels of IL-6 at the 60th

minute of recovery (P<0.05) when compared with the HC
group. After intense exercise, sTNFR1 levels were reduced at
the 150th (P=0.041) and 180th (P=0.034) minutes of recov-
ery in the SLEINACTIVE group, whereas the other cytokines and
sTNFR2 levels remained unchanged (P>0.05). In the HC
group, IL-10, TNF-α, sTNFR1, and sTNFR2 levels did not
change, whilst INF-γ levels decreased (P=0.05) and IL-6 lev-
els increased immediately after the exercise (P=0.028),
returning to baseline levels 24 hours later (P > 0.05). When

compared with the HC group, the SLEINACTIVE group showed
higher levels of TNF-α and sTNFR2 in all time points, and
higher levels of sTNFR1 at the end of exercise and at the 30th

minute of recovery (P<0.05). The SLEACTIVE group also
showed higher levels of TNF-α at all time points when com-
pared with the HC group (P<0.05), (except after 90 min, 120
min and 24 hours of recovery) (P>0.05). Importantly, the lev-
els of all cytokine and soluble TNF receptors returned to
baseline 24 hours after the end of acute exercise, irrespective
of its intensity, in all three groups (P>0.05). Conclusion: This
study demonstrated that both the single bouts of acute moder-
ate and intense exercise induced mild and transient changes
in cytokine levels in both SLEINACTIVE and SLEACTIVE women,
providing novel evidence that acute aerobic exercise does not
trigger inflammation in patients with this disease. 

Key-words: exercise training, immune system, inflammation,
rheumatic diseases, physical activity, non-active disease,
active disease.

intRODUctiOn

Systemic lupus erythematosus (SLE) is a rheumatic autoim-
mune disease characterized by chronic inflammation as evi-
denced by higher levels of interferon gamma (IFN-γ), inter-
leukin 6 (IL-6), tumor necrosis factor alpha (TNF-α), inter-
leukin 10 (IL-10), and soluble TNF receptors (sTNFR1 and
sTNFR2) (1, 13, 24, 31, 52, 56). This chronic inflammation
has been associated with disease-related co-morbidities, such
as accelerated atherosclerosis (28), fatigue (66), and impaired
cardiac autonomic control (17). As a result, SLE patients
show a low aerobic capacity level (28, 33) and poor health-
related quality of life (4). In this scenario, physical exercise
has been considered as a promising therapeutic tool to partial-
ly offset these adverse outcomes.

There is, however, a concern that acute physical exercise in
SLE patients could further increase the cytokine levels and,
consequently, the inflammatory process, thereby aggravating
the disease symptoms. Based on this premise, SLE patients
(particularly those with disease flare-ups) have often been rec-
ommended to avoid physical activity, but the evidence to sup-
port this practice is scarce (16, 43, 60). In fact, physical low-
to moderate-intensity exercise programs have been shown not
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to aggravate inflammation in rheumatoid arthritis (6, 19), or
idiopathic inflammatory myopathies (30, 35). To date, howev-
er, the body of evidence on the safety of exercise in SLE is
still lacking and, to our knowledge, restricted to non-active
patients undergoing lower-intensity activities (11, 14, 33, 59).  

The cytokine kinetics response to a single bout of acute
exercise has emerged as an experimental model that provides
relevant clues on the impact of exercise upon inflammatory
status in patients and healthy populations (46, 57). In SLE
patients, da Silva et al. (15) showed preliminary evidence that
IL-6, IL-10, and TNF-α levels remained unchanged at the end
of a graded exercise session. However, this study did not
allow a definitive conclusion, as cytokine levels were meas-
ured only at baseline and immediately after the test, in spite of
the well-known time-dependent pattern of cytokine response
to an acute exercise session (46, 57). Moreover, exercise
intensity, which is known to influence cytokine responses to
exercise (21, 38, 53), was not explored in this study. There-
fore, the time-course responses of cytokines and soluble TNF
receptors (sTNFR1 and sTNFR2) to different intensities of
aerobic exercise require further investigation in SLE in order
to provide further evidence regarding the effects of acute
exercise on cytokine kinetics in this disease. 

The purpose of this study was to assess the time-course
response of cytokines (i.e., INF-у, IL-6, IL-10, TNF-α) and
soluble TNF receptors (i.e., sTNFR1 and sTNFR2) to differ-
ent intensities (i.e., moderate and intense) of acute aerobic
exercise bouts in SLE women with active and inactive disease
(SLEACTIVE and SLEINACTIVE, respectively). Our hypothesis was
that the acute exercise bouts would equally affect cytokine
kinetics in the SLE women and healthy controls in an intensi-
ty-dependent manner. Furthermore, we speculated that in both
SLEACTIVE and SLEINACTIVE women, cytokine levels would nor-
malize after a 24-hour recovery period following both an
acute moderate and intense exercise bout, suggesting no acute
exacerbation of disease.  

MateRials anD MethODs

Patients and healthy controls 
From 287 SLE patients followed at our outpatient clinic (Clin-
ical Hospital, School of Medicine, University of Sao Paulo,
Brazil), twelve SLEINACTIVE women and eleven SLEACTIVE
women were selected to participate in this study. Ten age- and
body mass index (BMI)-matched women also took part in this
study as a healthy control (HC) group. 

The inclusion criteria for both SLE groups were the follow-
ing: aged between 20 and 40 years and physically inactive for
at least six months before selection. The exclusion criteria for
the SLE women included: secondary rheumatic disease (e.g.,
Sjögren syndrome, Antiphospholipid syndrome), BMI ≥ 30
kg/m2, acute renal failure, cardiac and pulmonary involve-
ment, fibromyalgia, and musculoskeletal and joint disorders
which could preclude exercise testing. The particular inclu-
sion criteria for SLEINACTIVE group were the following: Sys-
temic Lupus Erythematosus Disease Activity Index
(SLEDAI) score < 4 and not receiving glucocorticoid therapy
for at least six months prior to the beginning of the study. The
SLEACTIVE group had SLEDAI scores between 4 and 8 and
received daily glucocorticoid treatment of ≤ 20 mg. 

This study and was approved by the Local Ethical Commit-
tee and registered at clinicaltrials.gov as NCT01515163. All
of the subjects signed an informed consent before entering in
this trial. 

Procedures

sle diagnosis
All the women in both SLE groups fulfilled the American
College of Rheumatology criteria for SLE diagnosis (25) and
were regularly followed at the outpatient Lupus clinic of the
Rheumatology Division of the School of Medicine at the Uni-
versity of Sao Paulo, Brazil. Disease activity was determined
by SLEDAI scores (8). SLE manifestations were defined as
follows: cutaneous disease, articular involvement, neuropsy-
chiatry disease, renal disease, cardiopulmonary disease, and
hematologic complications.

study design 
The three groups (i.e., SLEINACTIVE, SLEACTIVE, and HC) com-
pleted a maximal graded treadmill cardiopulmonary exercise
test to determine the anaerobic ventilatory threshold (VAT),
the respiratory compensation point (RCP), and the peak of
oxygen uptake (VO2peak). Thereafter, SLEINACTIVE, SLEACTIVE,
and HC performed two single bouts of acute aerobic exercise
(i.e., moderate and intense) for time-response assessments of
cytokines and soluble TNF receptors. 

Preliminary Testing

cardiopulmonary exercise test
A maximal graded exercise test was performed on a treadmill
(Centurion 200, Micromed, Brazil), with increments in veloc-
ity and grade at every minute until volitional exhaustion, as
previously described elsewhere (49). Oxygen consumption
(VO2) and carbon dioxide output were obtained through
breath-by-breath sampling and expressed as a 30-s average
using an indirect calorimetric system (Cortex - model Met-
alyzer IIIB, Leipzig, Germany). Heart Rate (HR) was continu-
ously recorded at rest, during exercise and at recovery, using a
12-lead electrocardiogram (Ergo PC Elite, InC. Micromed,
Brazil). The cardiopulmonary exercise test was considered to
be maximal when one of the following criteria was met: VO2
plateau (i.e., < 150 ml/min increase between two consecutive
stages), HR no less than 10 beats below age-predicted maxi-
mal HR (58) and respiratory exchange ratio value above 1.10
(48). VO2peak was considered as the average of the final 30 s
of the test. Ventilatory threshold (VAT) was identified follow-
ing previously described procedures (64). In brief, VAT was
determined when ventilatory equivalent for VO2 (VE/VO2)
increased without a concomitant increase in ventilatory equiv-
alent for carbon dioxide (VE/VCO2). Respiratory compensa-
tion point was determined when VE/VO2 and VE/VCO2
increased simultaneously. 

Interventions 

At least 72 hours after the cardiopulmonary exercise test, two
single bouts of acute aerobic exercise were performed in a
treadmill to assess the cytokines and soluble TNF receptors
kinetics. 
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The exercise order was randomized for each group and the
sessions were interspaced by at least 72 hours. The first acute
exercise bout was performed after at least 72 hour of the car-
diopulmonary exercise test. The room temperature was kept at
22°C during all of the experimental conditions. Each acute
exercise bout (i.e., moderate and intense) was comprised of 5
minutes of warm-up and 30 minutes of exercise at the pre-
determined exercise intensity.

acute moderate exercise bout
The acute moderate exercise bout was performed at an inten-
sity correspondent to 10% below the VAT (SLEINACTIVE: 48.5 ±
7.7% of VO2peak; SLEACTIVE: 51.5 ± 8.4% of VO2peak HC:
47.5 ± 8.6% of VO2peak). 

acute intense exercise bout
The acute intense exercise bout was set at an intensity corre-
spondent to 50% of the delta difference (∆) between the VAT
and the RCP (SLEINACTIVE: 67.2 ± 7.0% of VO2peak; SLEAC-

TIVE: 68.7 ± 6.4% of VO2peak; HC: 66.8 ± 6.7% of VO2peak).

Blood sampling
Before performing each of the acute aerobic exercise bouts,
an antecubital vein was cannulated for blood sampling. Blood
(5 mL) was sampled and drawn into a dry tube at baseline, at
the end of exercise (End-ex), every 30 minutes during a 3-
hour recovery period (Rec30, Rec60, Rec90, Rec120, Rec150
and Rec180), and 24 hours after the end of exercise (Rec24h)
(36). Blood samples were centrifuged at 3000 rpm for 15 min-
utes at 4°C, and the serum aliquot was stored at −80°C for
subsequent analyses. Baseline values were considered as the
average between the baseline assessments obtained before
both the acute moderate and intense exercise bouts.

cytokines assessments
Cytokines (i.e., IFN-γ, IL-10, IL-6 and TNF-α) and soluble
TNF receptors (i.e., sTNFR1 and sTNFR2) were measured
using a multiplex human panel. The immunoassays were per-
formed according to the manufacturer’s procedures (Milli-
plex®). The reliability of cytokines and soluble TNF receptors
measurements were tested using the baseline serum samples
from the moderate and intense exercise sessions. The intra-
class correlation coefficients [ICC (95% of confidence inter-
val)] for each cytokine [IFN-γ: 0.93 (0.86-0.97); IL-10: 0.97
(0.95-0.98); IL-6: 0.98 (0.98-0.99); TNF-α: 0.84 (0.78-0.94)]
and soluble TNF receptors [sTNFR1: 0.89 (0.78-0.94);
sTNFR2: 0.93 (0.85-0.96)] suggest a high reliability of the
assays. 

statistical analysis
Data are presented as mean ± standard error. The Gaussian
distribution of the data was tested by Kolmogorov-Smirnov’s
test (with Lilliefor’s correction). Demographic data of the
three groups (SLEINACTIVE, SLEACTIVE, and HC) were compared
using one way ANOVA followed by Bonferroni post hoc test.
Drugs proportions of both SLE groups were compared with χ2

test. Within-group serum cytokine levels were analyzed by
using Friedman's ANOVA (repeated-measures) followed by
Wilcoxon test, while between-group cytokine levels were
compared with Kruskall-Wallis test followed by Mann-Whit-
ney U-test. All data analysis was performed using the Statisti-

cal Package for Social Sciences (SPSS), version 17.0 for Win-
dows. The level of significance was set at P ≤ 0.05. 

ResUlts

Patients and healthy controls 
The main characteristics of the patients and healthy controls
are presented in Table 1. Age, weight, height, and BMI were
comparable between the SLEINACTIVE, SLEACTIVE, and HC
groups (P > 0.05). The SLEDAI score was higher in the SLE-
ACTIVE group when compared with the SLEINACTIVE group (5.8 ±
2.0 vs. 1.4 ± 1.0, P = 0.037), whereas the disease duration was
higher in the SLEINACTIVE group when compared with the SLE-
ACTIVE group (11.1 ± 6.0 vs. 6.1 ± 3.5 years, P = 0.037). Car-
diopulmonary exercise test data are presented in Table 2. All
the aerobic indexes were lower in the SLEINATIVE and SLEAC-

TIVE groups when compared with their healthy counterparts (P
< 0.05), while there were no significant differences between
the SLEINACTIVE and SLEACTIVE groups (P > 0.05).

Baseline cytokine levels
sleinactive vs. hc 
Baseline levels of TNF-α (16.4 ± 1.8 vs. 7.4 ± 1.0 pg/mL, P <
0.001), IL-10 (1.5 ± 0.4 vs. 0.4 ± 0.1 pg/mL, P = 0.021) and
sTNFR2 (6864.3 ± 619.3 vs. 3311.6 ± 352.6 pg/mL, P <
0.001) were higher in the SLEINACTIVE than in the HC group,
whereas IFN-γ, IL-6 and sTNFR1 baseline levels were not
significantly different between these groups (IFN-γ: 17.6 ±
5.9 vs. 6.9 ± 1.1 pg/mL , P = 0.307; IL-6: 0.88 ± 0.21 vs. 0.5 ±
0.24 pg/mL, P = 0.065; sTNFR1: 1053.8 ± 72.9 vs. 749.5 ±
108.8 pg/mL, P = 0.070). 

sleactive vs. hc 
The SLEACTIVE group showed higher baseline levels of IL-6
and TNF-α than the HC group (7.4 ± 5.5 vs. 0.5 ± 0.2 pg/mL,
P = 0.043 and 13.5 ± 2.0 vs. 7.4 ± 0.9 pg/mL; P = 0.020,
respectively), whereas IFN-γ (18.8 ± 9.6 vs. 6.9 ± 1.1 pg/mL,
P = 0.944), IL-10 (3.3 ± 2.0 vs. 0.4 ± 0.1 pg/mL, P = 0.139),
sTNFR1 (864.2 ± 104.8 vs. 749.5 ± 108.8 pg/mL, P = 0.379),
and sTNFR2 (4814.6 ± 770.5 vs. 3311.6 ± 352.6 pg/mL, P =
0.139) were similar between these groups. 

sleinactive vs. sleactive
sTNFR2 levels were significantly higher in the SLEINACTIVE
when compared with the SLEACTIVE group (6864.2 ± 604.9 vs.
4814.6 ± 703.4 pg/mL, P = 0.016). The remaining cytokines and
sTNFR1 levels did not differ between these groups (P > 0.05). 

Effects of acute moderate aerobic exercise on cytokines and
soluble TNF receptors kinetics 
Cytokines and soluble TNF receptors responses to a single
bout of moderate exercise bout in the SLEINACTIVE, SLEACTIVE,
and HC groups are showed in Figure 1.

iFn-γ
Serum IFN-γ levels did not change in response to acute mod-
erate aerobic exercise bout in any of the three groups (P >
0.05). Additionally, no between-group differences were
noticed (P > 0.05).
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il-6
Serum IL-6 levels remained unchanged in response to a single
bout of moderate exercise in the HC and SLEINACTIVE groups
(P > 0.05), whereas it was reduced at the 60th (P = 0.035) and
the 180th (P = 0.022) minutes of recovery in the SLEACTIVE
group as compared to baseline levels. Between-group analy-
ses revealed no significant differences between the SLEINAC-

TIVE and HC groups. The SLEACTIVE group had higher levels of
IL-6 at the 60th minute of recovery when compared with the
HC group (P = 0.036). 

tnF-α
TNF-α levels in response to the acute moderate exercise bout
did not change in the SLEINACTIVE, SLEACTIVE, and HC groups
(P > 0.05). However, the between-group analysis showed
higher levels of TNF-α in the SLEINACTIVE when compared
with the HC and SLEACTIVE group throughout all the recovery
period (except at the end of the exercise and at the 90th minute
for recovery in comparison to the SLEACTIVE group). Despite

the differences at baseline, the SLEACTIVE and HC group had
similar TNF-α levels at the end of exercise and throughout the
recovery period (P > 0.05).   

il-10
Serum IL-10 levels remained unchanged in response to a sin-
gle bout of moderate aerobic exercise in the SLEINACTIVE, SLE-
ACTIVE, and HC groups (P > 0.05). Although the SLEINACTIVE
group had higher levels of IL-10 than the HC group at base-
line, there were no between-group differences between the
SLEINACTIVE and HC groups in response to the acute moderate
exercise bout (P > 0.05). Between-group analyses also
revealed no significant changes between the SLEACTIVE and
HC groups, nor were there any differences between the SLEIN-

ACTIVE and SLEACTIVE groups (P > 0.05).

stnFR1
sTNFR1 levels did not change in response to the acute moder-
ate exercise bout in the SLEINACTIVE and SLEACTIVE groups (P >

Table 1. Demographic, clinical and therapy data of SLE and health subjects. 

 SLEACTIVE  
(n = 11) 

SLEINACTIVE 
(n = 12) 

HC 
(n = 10) 

P 
SLEACTIVE 

 vs.  
HC 

P 
SLEINACTIVE 

 vs. 
HC 

P 
 SLEACTIVE 

vs.  
SLEINACTIVE 

Age (years) 30.4 ± 4.5 35.3 ± 5.7 30.6 ± 5.2 1.000 0.117 0.080 

Weight (kg) 66.8 ± 10.2 65.9 ± 8.8 63.9 ± 8.9 1.000 1.000 1.000 

Height (cm) 160.4 ± 7.2 160.7 ± 5.2 162.6 ± 5.7 1.000 1.000 1.000 

BMI (kg/m2) 26.1 ± 4.8 25.6 ± 3.4 24.1 ± 2.3 0.66 1.000 1.000 

SLEDAI  5.8 ± 2.0 1.4 ± 1.0 - - - 0.037 

Disease duration 

(years) 
6.1 ± 3.5 11.1 ± 6.0 - - - 0.037 

Drugs [nº(%)]       

Glucocorticoid 11 (100%) 0 (0%) - - - 0.001 

Antimalarial 10 (91%) 10 (83%) - - - 0.596 

Azathioprine 5 (45%) 1 (8%) - - - 0.048 

Methotrexate 2 (18%) 2 (16%) - - - 1.000 

Mycophenolate 

mofetil 
4 (36%) 2 (16%) - - - 0.357 

Data are presented as mean ± standard deviation or n (%). BMI = body mass index; SLEDAI = 
systemic lupus erythematosus disease activity index; SLE: systemic lupus erythematosus; 
SLEINACTIVE: women with inactive SLE; SLEACTIVE: women with active SLE. 
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0.05), whereas sTNFR1 decreased in the HC group from the
90th to the 180th minute of recovery when compared with base-
line (P = 0.038, P = 0.028, P = 0.005, P = 0.037, respective-
ly). The between-group analyses revealed that sTNFR1 levels
were not different between the SLEINACTIVE and HC group at
baseline, at the end of exercise, and at the 60th and 150th min-
utes of recovery (P > 0.05). In contrast, the SLEINACTIVE group
had higher levels of sTNFR1 than the HC group at the 30th,
90th, 120th, 180th minute of recovery, and 24 hours after the
end of exercise (P < 0.05). The sTNFR1 levels were compara-
ble between the SLEACTIVE and HC groups at all time points (P
> 0.05). However, the sTNFR1 levels were higher in the
SLEINACTIVE group when compared with the SLEACTIVE group
only at the 30th and 60th minutes of recovery (P = 0.027, P =
0.036, respectively). 

sTNFR2
Serum sTNFR2 levels did not change in response to acute
moderate aerobic exercise bout in any of the three groups (P >
0.05). The SLEINACTIVE group showed higher levels of
sTNFR2 when compared with both the SLEACTIVE and HC

groups at all of the time points (P < 0.05), whereas sTNFR2
levels remained comparable between the SLEACTIVE and HC
groups (P > 0.05) in response to acute exercise throughout the
analysis period.

Effects of acute intense aerobic exercise on cytokine and
soluble TNF receptor kinetics 
Cytokine and soluble TNF receptor responses to a single bout
of intense aerobic exercise in SLEINACTIVE, SLEACTIVE, and HC
groups are presented in Figure 2.

iFn-γ
Serum IFN-γ in the SLEINACTIVE and SLEACTIVE groups did not
change in response to the acute intense aerobic exercise bout
(P > 0.05), whilst the HC group showed decreased IFN-γ lev-
els at the end of exercise (P = 0.05) returning to baseline lev-
els at the 30th minute of recovery and remaining at comparable
levels to those observed at baseline throughout the recovery
period (P > 0.05). The between-group analyses did not show
any significant differences in any of the comparisons (P >
0.05).

Table 2. Cardiopulmonary data from active and inactive SLE women and HC subjects. 

 SLEACTIVE  
(n = 11) 

SLEINACTIVE 
(n = 12) 

HC 
(n = 10) 

P 
SLEACTIVE 

 vs.  
HC 

P 
SLEINACTIVE 

 vs. 
HC 

P 
SLEACTIVE 

vs.  
SLEINACTIVE 

VO2peak 
(L/min) 1.70 ± 0.27 1.56 ± 0.16 1.95 ± 0.22 0.049 0.001 0.355 

VO2peak 
(mL/kg/min) 25.7 ± 3.7 23.9 ± 3.6 31.0 ± 5.1 0.021 0.001 0.874 

HRpeak (bpm) 173 ± 23 178 ± 8 191 ± 9 0.024 0.131 1.000 

RERpeak 1.08 ± 0.07 1.07 ± 0.07 1.10 ± 0.09 1.000 0.800 1.000 

Time at VAT 
(min) 5.8 ± 0.9 4.8 ± 1.3 7.1 ± 1.1 0.043 0.001 0.111 

Time at RCP 
(min) 9.5 ± 1.5 9.2 ± 1.8 11.3 ± 1.5 0.010 0.036 1.000 

Time to 
exhaustion 
(min) 

11.8 ± 1.4 11.5 ± 1.5 13.8 ± 1.6 0.013 0.003 1.000 

Data are presented as mean ± standard deviation. VAT = ventilatory anaerobic threshold; RCP = 
respiratory compensation point; VO  = oxygen uptake, HR = heart rate; RER = respiratory 
exchange ratio; SLE: systemic lupus erythematosus; SLEINACTIVE: women with inactive SLE; 
SLEACTIVE: women with active SLE. 
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il-6
Serum IL-6 remained unchanged in response to the acute
intense exercise bout (P > 0.05) in the SLEINACTIVE group.
When compared with baseline, the SLEACTIVE group showed

increased IL-6 levels at the end of exercise (P = 0.028), and
decreased levels at the 60th, 120th, 180th minutes of recovery
(P = 0.047, P = 0.022, P = 0.028, respectively). In the HC
group, IL-6 levels increased at the end of exercise (P = 0.008)

 
Figure 1. Cytokines and soluble TNF receptors responses to acute moderate aerobic exercise (30 minutes) in the SLEINACTIVE, SLEACTIVE, and HC
groups. * within-group differences in SLEINACTIVE when compared with baseline. ‡ within-group differences in SLEACTIVE when compared with
baseline. ‡ within-group differences in HC when compared with baseline. a - between-group differences when comparing SLEINACTIVE vs. HC at
the same time-point. b - between-group differences when comparing SLEACTIVE vs. HC at the same time-point. c - between-group differences
when comparing SLEINACTIVE vs. SLEACTIVE at the same time-point. Panel A – Interferon-gamma; Panel B – Interleukin-10; Panel C – Interleukin-6;
Panel D – Tumor necrosis factor-alpha; Panel E – soluble TNF receptor 1; Panel F – soluble TNF receptor 2.
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and at the 30th minute of recovery (P = 0.005), returning to
baseline levels from the 60th minute to the 24th hour of recov-
ery (P > 0.05). Between-group comparisons revealed no sig-
nificant differences in IL-6 levels either between the SLEINAC-

TIVE and HC groups, or between the SLEINACTIVE and SLEACTIVE
groups at any of the time points (P > 0.05). IL-6 levels in the
SLEACTIVE group were higher at baseline (P = 0.043), but sim-
ilar during recovery when compared with the HC group (P >

 
Figure 2. Cytokines and soluble TNF receptors responses to acute intense aerobic exercise (30 minutes) in the SLEINACTIVE, SLEACTIVE, and HC
groups. * within-group differences in SLEINACTIVE when compared with baseline. ‡ within-group differences in SLEACTIVE when compared with
baseline. ‡ within-group differences in HC when compared with baseline. a – between-group differences when comparing SLEINACTIVE vs. HC at
the same time-point. b - between-group differences when comparing SLEACTIVE vs. HC at the same time-point. c - between-group differences
when comparing SLEINACTIVE vs. SLEACTIVE at the same time-point. Panel A – Interferon-gamma; Panel B – Interleukin-10; Panel C – Interleukin-6;
Panel D – Tumor necrosis factor-alpha; Panel E – soluble TNF receptor 1; Panel F – soluble TNF receptor 2.
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0.05), except for higher IL-6 levels seen in the SLEACTIVE
group at the 90th minute of recovery (P = 0.024).

tnF-α
Serum TNF-α levels did not change in response to the acute
intense aerobic exercise bout in the SLEINACTIVE and HC
groups (P > 0.05), whereas in the SLEACTIVE group, TNF-α
levels increased at the 30th minute of recovery (P = 0.038),
decreased at 120th minute of recovery (P = 0.037), and
returned to baseline levels from the 150th minute to the 24th

hour of recovery (P > 0.05). Between-group analyses showed
that TNF-α levels were higher in the SLEINACTIVE and SLEAC-

TIVE groups when compared with the HC group at all time
points (P < 0.05), except for comparable TNF-α levels seen
between the SLEACTIVE and HC groups at the 90th, 120th minute
and 24th hour of recovery (P > 0.05). There were no signifi-
cant differences between the SLEINACTIVE and SLEACTIVE
groups at any time point (P > 0.05).

il-10
IL-10 levels did not change in the SLEINACTIVE and HC groups
in response to the acute intense aerobic exercise bout (P >
0.05), whereas the SLEACTIVE group showed increased levels
at the end of exercise (P = 0.034) and at the 30th minute of
recovery (P = 0.039), returning to baseline levels from the 60th

minute of recovery to the end of the recovery period (P >
0.05). The between-group analyses revealed that despite dif-
ferences in the IL-10 levels at baseline, there were no signifi-
cant differences between the SLEINACTIVE and the HC groups
from the end of exercise to the 24th hour of recovery (P >
0.05). Also, no significant differences were observed between
the SLEACTIVE and HC groups and between the SLEACTIVE and
SLEINACTIVE groups at any of the time points (P > 0.05).

stnFR1
Serum sTNFR1 levels were reduced at the 150th and 180th

minutes of recovery (P = 0.041, P = 0.034, respectively) in
the SLEINACTIVE group, and at the 180th minute of recovery (P
= 0.05) in the SLEACTIVE group when compared with baseline
levels. The HC group did not show significant changes in the
sTNFR1 levels after the acute intense exercise bout (P >
0.05). In the between-group analyses, the sTNFR1 levels were
higher in the SLEINACTIVE when compared with the HC group
only at the end of exercise (P = 0.009) and at the 30th minute
of recovery (P = 0.011), while no significant differences were
observed either between the SLEACTIVE and HC groups or the
SLEACTIVE and the SLEINACTIVE groups throughout the protocol
(P > 0.05).

sTNFR2
Serum sTNFR2 levels did not change significantly in
response to the acute intense aerobic exercise bout in any of
the three groups (P > 0.05). Between-group analyses showed
higher levels of sTNFR2 in the SLEINACTIVE group when com-
pared with both the SLEACTIVE and the HC groups (P < 0.05) at
all of the time points. No significant differences were
observed between the SLEACTIVE and HC groups (P > 0.05)
throughout the protocol.

Effect of exercise intensity on cytokines and soluble TNF
receptors kinetics
There were no effects of exercise intensity (moderate vs.
intense) on cytokines and soluble TNF receptors kinetics in
the SLEINACTIVE, SLEACTIVE and HC groups at any time point
(P > 0.05). 

DiscUssiOn

To our knowledge, this is the first study to assess cytokine and
soluble TNF receptor kinetics in response to both acute mod-
erate and intense aerobic exercise bouts in SLEINACTIVE and
SLEACTIVE women. Our main results indicated that 30 minutes
of an acute aerobic exercise bout, irrespective of its intensity
(i.e., roughly 50% or 70% of VO2peak), caused only minor
disturbances in cytokines and soluble TNF receptors, which
were normalized after a 24 hour of recovery, suggesting that
the acute exercise modes tested in the current study did not
exacerbate the disease. In addition, there was no exercise-
intensity effect on the responses of cytokines and soluble TNF
receptors in both groups.

The effects of a single bout of acute moderate aerobic exer-
cise on cytokines and soluble TNF receptors have been previ-
ously assessed in other chronic diseases, with contradictory
results. For example, Gomes et al. (23) showed higher levels
of sTNFR1 and lower levels of sTNFR2, but did not observe
any changes in IL-6 and TNF-α levels in response to a single
bout of acute moderate exercise (i.e., 20 minutes of walking at
2 mph) in patients with knee osteoarthritis. Conversely, Rabi-
novich (50) showed increased levels of TNF-α and unchanged
levels of soluble TNF receptors and IL-6 levels after a single
bout of acute moderate exercise (i.e., 40% of peak power on a
cycle ergometer) in patients with chronic obstructive pul-
monary disease. These findings reveal a disease-specific
response in relation to exercise-induced changes in cytokines
and soluble TNF receptors levels. The current results add to
the literature by showing no alteration in these inflammatory
parameters in response to the single bouts of acute moderate
and intense aerobic exercise in SLEINACTIVE and SLEACTIVE
women. Considering that SLE patients with active and inac-
tive diseases often show very discrepant features as regard to
clinical symptoms and drug therapy (61), the results of this
study will be discussed separately according to the disease
activity.  

Effects of acute moderate and intense aerobic exercise on
cytokines and soluble TNF receptors kinetics in SLEINACTIVE
A single bout of acute moderate aerobic exercise elicited sim-
ilar cytokine responses in inactive SLE patients and HC sub-
jects, except for the reduction in sTNFR1, which was only
observed in the HC subjects. In contrast to the present find-
ings, Drenth et al. (18) and Ostrowski et al. (36) found
increased levels of sTNFR1 and sTNFR2 in physically active
subjects after more exhaustive/prolonged exercise protocols
(i.e., a 5-km time trial or a marathon). A longer exercise dura-
tion in these previous studies (18, 36) has been related to
increased TNF-α levels, and consequently, increase sTNFRs
levels (7). In fact, the short duration of the exercise protocol in
the current study may also explain the lack of changes in IL-6
levels in HC. Supporting this hypothesis, Scott et al. (53)
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found an increase in IL-6 only after longer periods of moder-
ate-intensity exercise (i.e., > 40 minutes). The INF-γ, TNF-α
and IL-10 responses to a single bout of acute moderate aero-
bic exercise in the HC subjects observed herein were in line
with previous reports (9, 21, 32, 37, 38, 53).

In response to a single bout of acute intense exercise, IL-6
increased in HC and, subsequently, returned to baseline levels
at 60th minute of recovery, in agreement with other findings
(20, 41, 42). Although the chronic increase of IL-6 has been
classically associated with exacerbated inflammation in
chronic diseases, it has been postulated that transitory rises in
IL-6 levels after acute exercise bouts may, in fact, exert anti-
inflammatory effects (22, 41, 42, 62, 63). Supporting this
notion, in vitro and in vivo observations (1, 5, 65) suggest that
the transitory IL-6 elevation is followed by an increase in anti-
inflammatory cytokines, such as IL-10 and soluble TNF
receptors, ultimately blocking TNF-α actions. In the SLEINAC-

TIVE women, however, a single bout of acute intense exercise
did not promote any significant alterations in IL-6 levels. In
addition to the already discussed effect of the exercise dura-
tion, which was shorter in the current study as compared to
others involving healthy subjects (21, 38, 54), the absolute
intensity of the single bout of acute intense aerobic exercise in
SLEINACTIVE women was considerably lower than that of the
healthy subjects. As IL-6 has been thought to act as an energy
sensor, the magnitude of its change in response to exercise is
known to respond to substrate availability, particularly to
muscle glycogen levels (34). Thus, it may be that the lower
absolute intensity achieved by the SLEINACTIVE women led to a
lower glycogen depletion during acute exercise when com-
pared with HC, which may have attenuated the IL-6 response.
Alternatively, one may speculate that this "blunted" response
may be somehow related to the inflammatory profile in SLEIN-

ACTIVE women and/or its pharmacological treatment, although
the clinical relevance of these findings remains to be elucidat-
ed. From a clinical standpoint, the fact that no changes were
observed (except for a slight reduction in sTNFR1) in any of
the inflammatory markers suggest that even more intense
exercise may pose no risk to SLEINACTIVE women, at least
acutely. 

Effects of acute moderate and intense aerobic exercise on
cytokines and soluble TNF receptors kinetics in SLEACTIVE
A single bout of acute moderate aerobic exercise did not lead
to cytokines and soluble TNF receptors changes, except for
minor reductions in IL-6. Similarly as observed in SLEINAC-

TIVE, all cytokines and soluble TNF receptors remained stable
in response to a single bout of acute moderate exercise in
SLEACTIVE. Thus, one may suggest that acute moderate exer-
cise did not exacerbate the disease in either active or inactive
SLE patients. The lack of a transitory increase in IL-6 levels
usually seen after a single bout of acute aerobic exercise in
healthy subjects (32, 53) may be partially attributed to the
characteristics of the acute moderate exercise protocol (i.e.,
low intensity and/or duration), which may have been insuffi-
cient to induce such an effect.

Importantly, the single bout of acute intense exercise did
not induce changes in IFN-γ levels in SLEACTIVE women. This
finding is of particular relevance as this cytokine seems to
play an essential role in human systemic autoimmunity, par-
ticularly in SLE with active disease (47). In support to this

notion, there is evidence showing that IFN-γ is uniformly
required in both spontaneous and induced animal models of
SLE (2). Even though the single bout of acute exercise did not
decrease IFN-γ levels as previously showed in multiple scle-
rosis patients (12), the absence of changes in this cytokine
suggests that an acute exercise bout does not exacerbate
inflammation in SLEACTIVE women. 

In addition, the IL-10 increase in SLEACTIVE women after
the single bout of acute intense exercise is in accordance with
previous observations in Parkinson's patients (10). Consider-
ing that IL-10 has an inhibitory action upon nuclear factor
kappa B (NF-κB) (29), the transient increase in this cytokine
observed after the single bout of acute intense aerobic exer-
cise has been interpreted as an anti-inflammatory response to
exercise (22, 39, 41, 42, 62, 63). In contrast to healthy sub-
jects, who seem to require a more prolonged and intense exer-
cise to elevate IL-10 production (38), a relatively shorter-
duration and lower-intensity exercise protocol (i.e., 30 min at
70% of VO2max) was shown to be sufficient in eliciting an
IL-10 increase in SLEACTIVE women. Whether this response
translates into a chronic anti-inflammatory effect remains to
be elucidated. 

Another interesting result of the present study refers to the
IL-6 response. SLEACTIVE women showed a transient increase -
although smaller than that of the healthy individuals (23% vs.
368%, respectively). This followed by a substantial reduction
in IL-6 levels 60 minutes after the single bout of acute intense
exercise, with a progressive return to baseline. This partially
"blunted" response regarding the exercise-induced increase in
IL-6 is intriguing, and may be explained by some hypotheses.
First, in accordance with previous reports (33, 49), SLEACTIVE
women showed lower physical capacity than HC, implying
that their absolute workload was lower than that of the healthy
subjects. In theory, this may have led to an insufficient stimu-
lus to stimulate IL-6 production, as previously showed in
healthy subjects (32, 53). Alternatively, one may speculate
that the pharmacological treatment may have inhibited this
response. Corroborating this assumption, it has been demon-
strated that 20 mg of prednisolone abrogated the exercise-
induced IL-6 increase in healthy subjects (3). Further studies
should investigate the mechanisms by which the IL-6
response to exercise is dissonant in SLEACTIVE and healthy
subjects, as well as the clinical repercussions of this phenome-
non.

Notably, an increase in TNF-α levels—which was not par-
alleled by a concomitant increase in soluble TNF receptors—
was seen in SLEACTIVE women at the 30th minute of recovery.
A similar increase in TNF-α after the single bout of intense
exercise was also observed in patients with chronic obstruc-
tive pulmonary disease (50). In healthy subjects, an exercise-
induced increase in TNF-α is not usually expected (39, 41, 42,
62, 63), unless large amounts of exercise are performed (e.g.,
marathon running) (36). TNF-α acts as a growth factor for B
cells by stimulating the production of IL-1. Moreover, TNF-α
promotes increased IFN-γ production via NF-κB activation.
Its role in SLE pathogenesis has been debatable. For example,
increased serum levels of TNF-α have been observed in SLE
patients and associated with disease activity and some clinical
manifestations (51). Conversely, the deletion of a fragment of
the TNF-α gene, which reduces TNF-α serum levels, led to a
delayed disease onset in a murine "lupus" model (i.e.,
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NZB/W) (27); in addition, a replacement therapy with recom-
binant TNF-α delayed the development of nephritis (26, 27).
Notwithstanding the controversial involving the role of TNF-
α in SLE, it is important to note that in the current study, TNF-
α levels peaked at the 30th minute of recovery. TNF-α consis-
tently decreased thereafter (below baseline levels), returning
to baseline 24 hours after the single bout of acute intense exer-
cise. This response suggests that a single bout of acute intense
exercise does not disrupt TNF-α response permanently, rein-
forcing the notion that acute exercise bout does not exacerbate
the disease. 

Study limitations and concluding remarks 
It is important to highlight that this study is not without limi-
tations. First, our sample was relatively small and heteroge-
neous, particularly with respect to the disease-related morbidi-
ties and the drug therapy. Whether these are factors affected
the inflammatory response to exercise must be further exam-
ined. Second, despite the fact that SLE is much more preva-
lent in females (i.e., female to male ratio ranging from 4.3 to
13.6) (45), our sample was composed only of women, which
limited our ability to extrapolate our findings males. Third,
our conclusions must be confined to the exercise type (i.e.,
aerobic exercise) and its respective intensities (i.e., ≤ approxi-
mately 70% of VO2peak) tested in the current study. The
effects of other acute exercise types (e.g., resistance training,
high-intensity interval training, circuit training) on inflamma-
tion needs to be carefully evaluated in future studies. Finally,
we have assessed neither the full spectrum of cytokines impli-
cated in the pathogenesis of SLE, nor the impact of a long-
term exercise program on the inflammatory profile in SLE
patients, which should also be assessed in future studies.

Importantly, both single bouts of acute moderate and
intense aerobic exercise led to comparable (minor) changes in
cytokines and soluble TNF receptors in SLEINACTIVE and SLE-
ACTIVE women. This observation is in line with the findings of
Scott et al. (53), who found similar IL-6, TNF-α, and IL-1ra
kinetics in response to 60 minutes of running either at 55 or
65% VO2max. Nonetheless, the same authors found that run-
ning at 75% VO2max led to greater IL-6 and IL-1ra levels fol-
lowing acute exercise in comparison with the lower-intensity
exercise protocols. Likewise, Peake et al. (38) observed high-
er levels of cytokines (i.e., IL-6, IL-10, IL-12, and IL-1ra) in
response to a single bout of acute intense exercise (i.e., 60
minutes at 85% VO2max) when compared with a lower-inten-
sity one (i.e., 60 minutes at 60% VO2max) in healthy subjects.
Altogether, these results suggest that only a single bout of
higher-intensity (≥ 75% VO2max) longer-lasting (>40 min-
utes) acute exercise, which induces a greater amount of glyco-
gen depletion (34, 40), may lead to further increases in IL-6
and, consequently, anti-inflammatory cytokine levels (e.g.,
IL-10). Further chronic studies should be performed to inves-
tigate the safety and efficacy of exercise program with differ-
ent intensities in SLE patients.

Noticeably, cytokine kinetics in response to a single bout of
acute exercise, regardless of its intensity, were very similar in
both SLEACTIVE and SLEINACTIVE women. Perhaps an exception
was the lower level of soluble TNF receptors observed at
some time points (especially in response to moderate exer-
cise) in the SLEACTIVE women, possibly reflected by the lower
levels of TNF-α in this group. The mechanisms by which

acute exercise bout may induce differential responses in TNF-
α and its soluble receptors in SLE patients with active and
inactive disease remain elusive. However, one may speculate
that glucocorticoid treatment might have attenuated TNF-α
levels in response to the single bout of acute exercise in SLE-
ACTIVE women, which is corroborated by in vitro experiments
showing that dexamethasone can inhibit lipopolysaccharide-
induced TNF-α production in a dose-dependent manner (55).
Further investigations regarding the possible interaction
between drugs and exercise upon inflammation are required.    

As evidence against the concern that a single bout of acute
exercise could exacerbate the disease, there was some evi-
dence suggesting that exercise could, in fact, alleviate inflam-
mation (39, 44). In this regard, it is noteworthy that the single
bout of acute exercise was able to restore, at least temporarily,
IL-6 and TNF-α levels in SLEACTIVE women, which reached
comparable levels to those of the HC group. This observation
warrants further investigation for the potential anti-inflamma-
tory effects of chronic exercise in SLE.       

In conclusion, single bouts of acute moderate and intense
exercise led to minor and transient changes in the cytokines
and soluble TNF receptors levels, which were fully restored
after 24 hours of recovery in SLEINACTIVE and SLEACTIVE
women and their healthy counterparts. Collectively, the cur-
rent findings demonstrated that single bouts of acute moderate
and intense exercise did not exacerbate the inflammatory state
of both SLEINACTIVE and SLEACTIVE women.
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Exercise is one of the most common triggers of bronchospasm
in persons with and without chronic asthma. Exercise-induced
bronchoconstriction (EIB) is defined as transient, reversible
bronchoconstriction that develops after strenuous exercise
(23). It is a heterogeneous syndrome occurring in a variety of
settings, ranging from the asymptomatic military recruit
(whose condition is detected by diagnostic exercise challenge)
to the leisure-time athlete with known asthma to the elite ath-
lete for whom EIB may represent an overuse or injury syn-
drome. If exercise is the only identified trigger for bron-
choconstriction, it is called EIB. However, when it is associat-
ed with known asthma, then it is defined as EIB with asthma.
It is unclear if EIB in those with and without chronic asthma
results from the same mechanism. One of the new approaches
for evaluating of the pathogenesis of EIB or exercise-induced
asthma is analysis of the cellular responses and cytokine pro-
duction in the airways. When the natural mucosal warming
and humidification processes are disturbed / overrun by exer-
cise-associated hyperventilation, this results in changes in
osmolarity which will then trigger the release of inflammatory
mediators causing bronchospasm. 

Furthermore, this cascade of events may be exacerbated by
pre-existing airway inflammation and airway remodeling.
Evidence suggests that histamine, leukotrienes and
prostanoids are likely central mediators involved in this
response. Recent studies continue to demonstrate heterogene-
ity in the airway inflammatory response to EIB, reporting cor-
relations of bronchospasm with eosinophils and eosinophil
cationic protein (ECP), lipoxin A4, phospholipase A2, and
endothelin-1 (24).

With this letter, we like to draw the attention to some find-
ings from our recent work which may have relevance for this
question (EIB/EIA) but have not been discussed in an integra-
tive, comprehensive fashion. One hour of high intensity aero-
bic exercise, corresponding to 93% VIAT (21), or a half-
marathon (1) significantly induced the up-regulation of genes

such as Prostaglandin D2 receptor (PTGDR), interleukin-18
receptor-1 (IL-18R1), interleukin-18 receptor accessory pro-
tein (IL-18RAP), β2-adernergic receptor (ADRB2), arachido-
nate 5-lipoxygenase (ALOX-5), Endothelin-1 (EDN1, in
LPS-stimulated cultures), and Cysteinyl leukotriene receptor-
1 in healthy athletes, with females in luteal phase having
either more dramatic or more prolonged regulation than male
athletes. These observations are in good agreement with stud-
ies which have shown that female mice (19, 3) and rats (5,6)
are more susceptible to induction of allergy and asthma, due
to female hormone-induced cytokine release. In addition, clin-
ical studies also have shown an important role of female sexu-
al hormones regulating airway inflammation and allergic
reactions in asthmatic women (18, 27). In summary, these
studies point out that female hormones can induce a switch of
Th1 to Th2 response, increasing allergic airway inflammation,
in addition to an increase in the production of pulmonary
nitric oxide, a classical marker of airway inflammation and
hyperresponsivenes in asthmatic individuals (9,17).While pre-
vious studies have clearly demonstrated the involvement of
Cysteinyl Leukotrienes (CYS-LTs) and their receptors in the
development of airflow obstruction and in the pathophysiolo-
gy of EIB (10,11,15), the functions of PTGDR, IL-18RAP, IL-
18R1, and EDN1 in exercise-induced bronchoconstriction
and/or asthma have not been described elsewhere so far.
Recent studies have clearly pointed to the role of these genes
in the pathophysiology of asthma, especially their roles in air-
way inflammation and bronchial hyperresponsiveness (2,22).
For example, PTGDR (D prostanoid receptor) which is a clas-
sic type of transmembrane receptor specific for PGD2 has
been shown to play an important role in allergic inflammation
of the airways and asthma (22). In addition, IL-18RAP and
IL-18R1 genes, which are specific receptors for IL-18 have
been identified as candidate genes associated with increased
susceptibility to airway hyperresponsiveness, bronchopul-
monary dysplasia, and asthma (4,7,25,29,31). Moreover,
increased serum levels of soluble IL-18 receptor complex in
patients with allergic asthma have also been shown (14). It
has been suggested that the co-expression of IL-18R1 and IL-
18RAP is required for the activation of NF-κB and MAPK8
(JNK) in response to IL-18. The induction of both signaling
pathways results in secretion of cytokines, a number of which
(IL-8, MCP-1/2/3, G-CSF, and IL-6) have been associated
with bronchoconstriction and bronchopulmonary dysplasia
(7). Furthermore, IL-18-driven asthmatic responses via NF-
κB have been associated with increased Th2 differentiation
and activation, leading to release of IL-4, IL-5 and IL-13
(16,20). 
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The strong exercise induced up-regulation of EDN1
which occurred when cultures were co-stimulated with
pathogen (low dose endotoxin/LPS) also deserves our atten-
tion. Endothelin-1 is a potent vasoconstrictor that is pro-
duced by vascular endothelial cells and has been shown to
play an important role in the pathogenesis of atopic asthma,
airway obstruction and exercise-induced bronchoconstric-
tion (26,12). It seems that EDN1 is involved in the patho-
physiology of atopic asthma through the induction of serum
IgE (12). The serum concentration of IgE is a well-stablished
marker for the evaluation of asthma and bronchoconstriction
(28,32). 

Besides these observations, genetic association studies
have also revealed a positive linkage of the genetic polymor-
phisms in PTGDR, IL-18RAP, IL-18R1, ADRB2, END-1
and ALOX-5 with asthma phenotypes (4,7,8,13,22,25,30),
suggesting that the strong up-regulation of these genes may
have some roles in the pathophysiology of EIB or EIA. 

These results can be considered from several perspectives.
First, our synopsis shows that exercise can significantly
induce mRNA expression of a row of asthma-related genes,
for instance, PTGDR, IL-18R1, IL-18RAP, ADRB2, ALOX-
5, EDN1 (1,21). Given the dynamic nature of gene expression
and the given the fact that microarrays can only reflect single
time points, more can be expected to come in the future. Sec-
ond, many of those genes (e.g. PTGDR, IL-18RAP) were only
changed significantly in female athletes who were in the luteal
phase of their menstrual cycle. Such findings suggest that the
women who exercise in their luteal phase might be more sus-
ceptible to exercise-induced bronchoconstriction (EIB). Here
it should be noted that all our female athletes were on a nor-
mal menstrual cycle. Of course hormonal regulation can be
disturbed by excessive exercise/hard training up to the degree
of amenorrhea. Although this was not the case of our set of
female athletes, we cannot exclude that exercise-induced hor-
monal changes below the ”amenorrhoeic threshold” were
involved in the mechanisms underlying our findings.  Hor-
monal values which were assessed before exercise were how-
ever in normal ranges corresponding the second half of men-
struation.

Third, our observation concerning EDN1, underlines that
exercise and effects of concomitant pathogens can cooperate
in the induction of important asthma-related genes. 

These results accentuate a need for careful consideration of
the pulmonary functions of athletes when programming the
exercise training. While the strong association of the men-
tioned genes with asthma and bronchoconstriction has been
demonstrated very well, we have to note that, unfortunately,
there was no parallel evaluation of the pulmonary functions
(i.e. FEV1, VO2, maximal expiratory flow) of athletes in our
studies, which should be addressed in further studies. 

Future studies are needed to measure the symptoms of
exercise-induced bronchoconstriction and correlate these
symptoms with the changes in asthma-related genes following
exercise program. Clinical measurements of exercise-induced
bronchoconstriction will enable a more precise discussion of
the association of prolonged, exhaustive exercise and exer-
cise-induced bronchoconstriction. This letter may help to
draw the attention of the exercise immunology community to
this open question. 
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