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Abstract: Exhaustive exercise induces systemic inflammatory responses, which are associated
with exercise-induced tissue/organ damage, but the sources and triggers are not fully understood.
Herein, the basics of inflammatory mediator cytokines and research findings on the effects of exercise on
systemic inflammation are introduced. Subsequently, the association between inflammatory responses
and tissue damage is examined in exercised and overloaded skeletal muscle and other internal
organs. Furthermore, an overview of the interactions between oxidative stress and inflammatory
mediator cytokines is provided. Particularly, the transcriptional regulation of redox signaling
and pro-inflammatory cytokines is described, as the activation of the master regulatory factor
nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is involved directly or indirectly in controlling
pro-inflammatory genes and antioxidant enzymes expression, whilst nuclear factor-kappa B (NF-«B)
regulates the pro-inflammatory gene expression. Additionally, preventive countermeasures against
the pathogenesis along with the possibility of interventions such as direct and indirect antioxidants
and anti-inflammatory agents are described. The aim of this review is to give an overview of studies
on the systematic inflammatory responses to exercise, including our own group as well as others.
Moreover, the challenges and future directions in understanding the role of exercise and functional
foods in relation to inflammation and oxidative stress are discussed.

Keywords: cytokine; neutrophil; macrophage; lipopolysaccharides (LPS); free fatty acids (FFA);
Toll-like receptor (TLR); reactive oxygen species (ROS); anti-inflammatory effect of exercise; muscle and
internal organ injury; immune suppression

1. Introduction

Inflammation is usually accompanied by redness, fever, swelling, pain and loss of function, in which
leukocyte infiltration and production of pro-inflammatory cytokines occur [1-5]. These inflammatory
responses are considered as guards within our body to protect from external harmful stimuli such as
microbial infection. However, prolonged exposure to inflammatory cytokines may induce chronic
metabolic diseases like diabetes, cardiovascular diseases, chronic kidney diseases and cancer [3,5-8].
According to WHO, regular exercise is a planned, structured and purposeful movement of the body to
maintain physical fitness and overall wellness [9]. Exercise has been treated as an anti-inflammatory
therapy in recent times [6-8]. Therefore, regular exercise is considered as a kind of natural protector
against chronic inflammatory diseases by releasing anti-inflammatory cytokines into the circulation [4-6].
Acute exercise may initiate a series of inflammatory cascades that depend on exercise intensity and
duration. Intense exercise requires more energy than regular exercise. However, intense exercise
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causes a significant release of pro-inflammatory cytokines and free radicals from activated leukocytes,
and leads to muscle damage and tissue injury [2,4,6-8,10]. Besides, during prolonged exercise,
oxygen consumption increases and produces reactive oxygen species (ROS) via the electron transport
chain (ETC) [7]. Numerous investigations have been carried out on the complex but intimate interactions
among increased ROS and/or oxidative stress and inflammation. We have previously described the
basic interaction and kinetics of cytokine production in response to exercise [4,11-14]. In this review,
we will discuss the association between exercise-induced inflammatory response and tissue damage in
different organs of the body.

Key questions remain to be explored, such as what are the interactions of inflammatory
mediator cytokines and oxidative stress? How are cytokines associated with the pathology of
exercise-induced tissue damage? Which are useful biomarkers for assessing the effects of exercise?
Here, besides introducing the basic background information on cytokines, we will discuss some
research findings and the underlying mechanisms of cytokine release following exercise. Furthermore,
overloaded skeletal muscle and other internal organs are examined to evaluate the association among
cytokine responses, oxidative stress and tissue damage. Finally, we will discuss some prospective
preventive countermeasures against the pathogenesis, and the possibility of anti-inflammatory
interventions without harmful side-effects. The aim of this review is to give an overview of studies on
the systematic inflammatory responses to exercise, including our own group as well as others.

2. Background Information of Cytokines

Designed to regulate inflammation and immune responses, cytokines are a diverse family
of intercellular signaling molecules [4,11,13]. Cytokines are produced by numerous cells in tissues,
where they function at very low concentration either in an autocrine or paracrine manner. Inflammation
is a physiological protective response to initial tissue injury and occurs in damaged tissue which is
also termed as localized inflammation. On the other hand, excessive localized inflammation releases
cytokine into the circulation, which may become self-destructive, pathogenic, and sometimes fatal to
the host [1,4,11,13]. The systemic inflammatory response syndrome (SIRS) is a clinical state, described
by the systemic cytokine release (hypercytokinemia, known as cytokine storm). SIRS may introduce
multiple organ damage in the pathology of severe invasion such as systemic infections, trauma, septic
shock, ischemia-reperfusion injury, acute (adult) respiratory distress syndrome (ARDS), disseminated
intravascular coagulation (DIC), and thermal injury [1,4,11,13]. The elevation of interleukin (IL)-6, IL-1f3,
IL-12, IL-17 and tumor necrosis factor (TNF)-«, have been observed in patients with sepsis; therefore,
these pro-inflammatory mediators are considered to be the prime cytokines in the pathogenesis of
systemic inflammation [1,5,13].

The three most influential cytokines operating in acute inflammation and/or SIRS are TNF-c, IL-13
and IL-6. In a typical inflammatory response model, TNF-« is the first cytokine, released systemically,
and peaks within several hours after the beginning of inflammation, followed shortly thereafter IL-13
peaks, and then IL-6 appears [4,13,14]. These pro-inflammatory cytokines causes subsequent acute
inflammatory responses, i.e., leukocytosis (neutrophilia) by inducing granulocyte colony-stimulating
factor (G-CSF) and chemokines (abbreviated from chemotactic cytokines) such as IL-8 and monocyte
chemotactic protein (MCP)-1 [1,4,5,11,13].

In the inflammatory conditions, anti-inflammatory responses are also induced to re-establish
basal conditions. For example, to neutralize the pro-inflammatory cytokine cascade anti-inflammatory
cytokines such as IL-10, IL-4 and IL-1 receptor antagonist (IL-1ra) are released into the circulation,
which suppresses the pro-inflammatory cytokine production [5,6,14-17]. Cellular immunity is activated
by IL-12, another major immunomodulatory cytokine [1,13-15]. IL-12 p70 is a bioactive heterodimer,
consisting of two subunits: p35 and p40. In the absence of p35 expression, the IL-12 p40 homodimer
and free p40 monomer acts as an IL-12 antagonist and does not mediate IL-12 activity but shares the
activity with the other neutrophil activating cytokines such as IL-6 and IL-23 [1,17].
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As seen above, there are some complexities in the cytokine network for regulating inflammation.
However, it is worth mentioning that although blood samples have been used for measuring
exercise-induced systemic cytokine secretion and other inflammatory mediators, analyses of urine
samples may also be a feasible, reliable and a non-invasive way to observe cytokine dynamics [4,13,16-20].

3. Dynamics and Sources of Cytokines in Response to Exercise

Intensive endurance exercise perturbs the homeostasis of the immune system, which results in
leukocytosis due to neutrophilia in the systemic circulation and immune suppression [2,12,18-28].
To identify the underlying mechanisms of these phenomena, considerable efforts have been
focused on cytokine responses after exercise. Many studies have reported that IL-6, IL-10,
IL-1ra and IL-8 increase after endurance exercise lasting longer than several hours, such as a
marathon and triathlon [4,5,11,13-19,22-25,29-31]. However, during and after short-duration intensive
exercise [4,13,26-28,32—-41] and eccentric-contraction exercise [4,42—47], the response of these cytokines
is negligible. These results suggest that these cytokine responses are related to exercise intensity and
duration (physiological load/stress), rather than exercise-induced muscle damage [4,11,13-19,48].

IL-6 is a major cytokine which increases dramatically following endurance exercise.
The representative regulators of IL-6 response to endurance exercise are low energy availability
and heat stress which promote IL-6 response, and IL-6 response is subsequently correlated with stress
hormone responses; however, they are suppressed by increased energy supply [4,5,15,29,30,49-52]
and prior body-cooling interventions [4,35]. Furthermore, IL-6 enhances lipid availability such as
free fatty acids (FFAs), which leads to endurance performance [4,5,15,27,53], whilst also promotes
neutrophil migration and activation together with the release of anti-inflammatory cytokines such
as IL-1ra and IL-10 [4,5,13-19]. Here, IL-10 is the most immunosuppressive cytokine, whilst IL-1ra
(natural antagonistic cytokine) competes with IL-1 for receptor binding without inducing signal
transduction. Endurance exercise also blocks cellular immune response, and causes susceptibility to
infections by increasing plasma levels of IL-12 p40 and 1L-4 [11,13,22,23].

Tissue infiltration of leukocytes is regulated by chemokines. IL-8 is an important neutrophil
chemotactic and activation protein, and is released into the circulation under prolonged, intense exercise
(e.g., marathon race) conditions [4,5,17,22,23,26,29,30,54], whereas short-duration intensive exercise
(e.g., eccentric exercise or 10-min duration exhaustive exercise) also enhances plasma IL-8
concentration [4,13,26,47]. These findings suggest that both duration and intensity of exercise might be
important for IL-8 release. IL-6 and G-CSF are also the regulator of neutrophil migration from the bone
marrow to the circulation after exercise [13,26,31,37]. MCP-1 is one of the representative chemokine that
facilitates the infiltration and activation of monocytes and macrophages. Many studies have reported
upregulated MCP-1 concentration in both plasma and urine after a marathon race, and immediately
after short-duration intensive exercise [13,17,18,20,31,54,55]. Although neutrophils are involved in
exercise-induced muscle damage and inflammation, it has been recently notified that neutrophils
recruited into skeletal muscle leads to exacerbating muscle injury, by up-regulating pro-inflammatory
cytokines via the induction of macrophage infiltration with MCP-1 [56,57]. Whilst the specific organ
origin of the circulatory release of MCP-1 is unknown, in the muscle tissue, neutrophils are one of the
sources of MCP-1 following exercise [57]. Furthermore, in the muscle tissue, infiltrating neutrophils
also produce IL-1f3, and neutrophil-derived IL-1(3 has crucial roles in glucose uptake and endurance
performance [58]. These findings suggest that infiltrating leukocytes may be one of the sources of
cytokines and chemokines. Although endurance exercise induces various cytokines and chemokines,
almost all of the original sources of increasing cytokines and chemokines are unknown. IL-6 is one of
the cytokines released from skeletal muscle into circulation [5,59]. In the muscle tissue, myocytes are
one of the sources of releasing IL-6 [60]. On the other hand, it has been demonstrated that infiltrating
macrophages are another source of IL-6 following exercise (Figure 1) [56,61]. IL-6 secretion patterns are
reported to be muscle fiber type-specific [60,62]; for example, the transcriptional level of IL-6 is much
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higher in the soleus (dominant slow-twitch fiber) than that in the gastrocnemius (dominant fast-twitch
fiber) [61,63].

F4/80 (Green) and IL-6 (Red)

4

Control Exercise

Figure 1. Localization of F4/80 (macrophages) (green) and IL-6 (red) of skeletal muscle after exercise
detected by immunofluorescence staining [61]. Arrows (yellow) indicate F4/80 and IL-6 double positive
cells. The signals of IL-6 were mainly observed in the interstitial space. Exercise increased F4/80 and
IL-6 double positive cells but not IL-6 positive myocytes. This result suggests macrophages are one of
the sources of IL-6.

Similar to the above mechanisms, we have reported the adaptation phenomenon in which
mobilization and activation of neutrophils were rare to occur alongside repeated exercise [21].
Moreover, muscle damage markers were inversely correlated with catecholamine secretion [26,64].
Indeed, stress further affects neutrophil ROS productivity [14,65]. In recent experiments using mice,
neutrophil depletion using anti-neutrophil antibodies prevents infiltration of neutrophil in muscle
tissue and muscle damage [57]. Moreover, macrophage depletion suppressed the infiltration of
macrophages and production of pro-inflammatory cytokines in muscle tissue [56]. Our group has
therefore been studying the anti-inflammatory effects of exercise and foods that suppress mobilization
and activation of neutrophils and monocytes/macrophages as the sources of pro-inflammatory mediators
and ROS [2,6,9,29,66-80].

On another front, it has been reported that the multifunctional IL-6 is a prime mediator of the
anti-inflammatory effects of exercise [5]. In this manner, based on energy demand, contracting skeletal
muscle produces IL-6 and releases it into the circulation, besides enhancing lipid availability in a
similar manner to stress hormones [81]. Therefore, IL-6 was termed as a myokine and considered to
support both energy supply and endurance performance [5]. However, although it was reported that
high-intensity and/or endurance exercise induce IL-6, it was unclear whether IL-6 is released into the
circulation in response to moderate exercise [25,82-84]. We have included a summary table of previous
studies on exercise-induced cytokine dynamics including reports from our groups and others (Table 1).
Then, we consider the mechanisms/triggers of exercise-induced inflammation. In fact, exercise-induced
endotoxemia and organ damage are the main mechanisms/triggers of exercise-induced inflammation.
We will discuss the mechanisms/triggers of exercise-induced inflammation in Sections 4 and 5.
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Table 1. The specific reports on the change of circulating cytokines, chemokines and immune cell activation markers following exercise in different research groups

including ours.

References

Subjects

Exercise Protocols

Exercise Duration

Time Points

Measured Substances

The Changes of Substances

TNF-«, IL-13, IL-2, IL-12,

IFN-¥, IM: G-CSF, GM-CSF, M-CSF,
. . . . IL-1ra, MCP-17
suz‘ﬁlg']et al. 10 Tﬂi?ﬁﬁem I;Aai‘rlzzlrﬁﬁfrriiift 102 + 1.7 min M, Poszt }11 h, Post 1L-4, IL-10, Post 1 h: IL-1ra, IL-6, G-CSF,
- y & IL-6, G-CSF, GM-CSF{
GM-CSF, M-CSF, Post 2 h: IL-1p, IL-4, G-CSF1
IL-8, MCP-1
TIIE}:{:; IIII:_-12B, IM: IL-1ra, IL-6, IL-8, IL-10,
Duathlon race (5-km L4 IL-, 6 IL-,8 IL-12p40, MCP-1, MPOT
Sugama, et al. 14 male triathlet running, 40-km mean time; approx. 2 IM, Post 1.5 h, IL-/l 0 II:—12 ! IL-17,1L-23]
[14,17] ale trathietes cycling, 5-km h Post 3h Mep Post 1.5 h: IL-1B, IL-1ra, IL-6,
running) ! IL-8, MCP-1, MPO?T
At Post 3 h: IL-1ra,T
MPO, IL-12p40 oSt T
Suzuki, et al. mean time; 2.62 h TNF-a, IL-1B, IL-6, IM: IL-6, IL-8, IL-10, G-CSF,
[18] 10 male runners Full marathon race (rang, 2.55-68 h) M IL-8, IL-10, G-CSF, M-CSE, MCP-1, MPO?
ang, < M-CSE, GM-CSF, MCP-1 ‘ ’
Duathlon race (5-km
Suzuki, et al. . running, 40-km mean time; approx. 2 IL-6, IL-8, IL-10, .
[19] 7 male triathletes cycling, 5-km h M IL-1ra, MCP-1 IM: IL-6, IL-8, IL-10, MCP-11
running)
IL-1B, IL-1ra,
IL-2,1L-4,
Suzuki. et al mean time; 2 h 34 min IL-6, IL-8, IM: IL-1ra, IL-6, IL-8, IL-10,
[22’] ’ 16 male runners Full marathon race (rang, 2 h 25 min-2 h M IL-10, IL-12, G-CSFT
40 min) TNF-«, IFN-«, 1L-4]

IFN-¥, G-CSE,
GM-CSF, TGF-f31
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The Changes of Substances

Exercise Protocols

Exercise Duration

IM: IL-1ra, IL-6, IL-10,

References Subjects
Suzuki, et al. .
[24] 9 male triathletes

Ironman triathlon
race (3.8-km swim,
180-km cycling,
42.2-km running)

mean time; 9 h 59 min M

Ex 30 min, 60 min,

IL-1ra, IL-6, IL-10,
G-CSF, IL-12p40,

IL-12p40,
G-CSFT
Post 1 d: IL-1ra, IL-6, G-CSF?

IM: IL-67

IL-13, IL-6, IL-8,

Post 3 h: IL-6

Suzuki, et al. 8 male athletic Cycling with 90W .
[26] tudent r output 90 mim M, TNF-c, [FN-¥
students power outptl Post1h,3h,12h % Post 12 h: IL-67
14 males with no
Kim, et al. [27] regular exercise 60% VO,max walking 60 min IM, Post2 h IL-6, TNF-«, IL-13 IM: IL-67
training
. 12 male and 4
Nlen{;gj etal. female marathon Treadmill running 3h M IL-6, IL-8, IL-10, IM: IL-6, IL-8, IL-10, IL-1raT
runners
Nieman, etal. - 15trained male 750, vy, oy cycling 25h IM, Post 12 h -6, 118, 1L-10, IM: IL-6, IL-8, IL-10, IL-1ral
[30] cyclists
18 male and 3
Nieman, et al female 160-km Western Hf]fig_éé—%ééo’ IM: IL-6, IL-8, IL-10, IL-1ra,
4 ’ ultramarathon 275+ 0.6h M ’ ! G-CSF, MCP-1, MIP-1p3,
[31] States Endurance Run MCP-1, MIP-1p3,
runners as the TNF-o, MIF-17
TNF-o, MIF-1
placebo group
10 well-trained Running at 60% . IM: IL-67
Peake, et al. [33] male runners VO,max. 45 min IM, Post1h,24 h Post 1 hIL-67
Cycling at 75% of IM: IL-67
60 min IM, Post 30 min IL-6, Calprotectin, MPO Post 30 min: Calprotectin,
MPO?T

Hayashida, et al. 10 healthy
[34] sedentary females

their individual
anaerobic threshold
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References

Subjects

Exercise Protocols

Exercise Duration

Time Points

Measured Substances

The Changes of Substances

Peake, et al. [35]

10 well-trained male
cyclists

Cycling at 60% VO,max +
16.1-km time trial

90 min

™,
R1: Post 35-40
min;
R2: Post 80-85 min

Calprotectin,

G-CSE, MPO,
TNF-«, IL-1ra,
IL-6, IL-8, IL-10

IM, R1 and R2: G-CSF, IL-8,
Calprotectin, MPO, IL-10T

Peake, et al. [36]

10 male cyclists

OD 18.1 +/- 0.4 degrees
C, 58% +/— 8% relative
humidity, 90 min at
approximately 60%
VO,max and then
completed a 16.1-km time
trial@32.2 +/- 0.7
degrees C, 55% +/— 2%
relative humidity, 90 min
at approximately 60%
VO,max and then
completed a 16.1-km time
trial

Cycling for 90 min
and a time trial

M

1L-6, IL-8, IL-10,
G-CSF, Calprotectin,
MPO

O and @: IL-6, IL-8, IL-10,
G-CSF, Calprotectin, MPOT

Yamada, et al.
[37]

12 male winter-sports
athletes

A maximal exercise test
on a treadmill (started at
220 m/min for the first 2
min and 220 m/min at a
4% grade for the next 2
min)

Mean running time:
10.3 + 2.3 min

IM, Post1h,2h

G-CSF, IL-6

IM: G-CSFTPost 1 h: IL-67

Mezil, et al. [39]

23 males

High intensity interval
exercise

Total 6 min

Post 5min, 1 h, 24
h

IL-1a, IL-133, IL-6, TNF-oc

Post 5 min: IL-1¢, IL-13,
IL-6, TNF-&T

Lira, et al. [40]

10 active males

O High intensity
intermittent training
@ Running at 70%
maximal aerobic speed

Not described (total 5
km running)

IM, Post1 h

IL-6, IL-10, TNF-«

Not changed

Brenner, et al.
[41]

8 males

O All out cycling
(equivalent to 90% VO,
max)

@ Standard
circuit-training routine
@ Cycling at 60-65% VO,
max

@ 5 min
@ Not described
®2h

IM, Post 3 h, 24 h,
72h

IL-6, TNF-«, IL-10

@ Post 3 h: IL-10] Post 24 h:
IL-10] Post 72 h: IL-10]
@ Not changed
@ IM: IL-6T, Post 3 h: IL-6,
TNF-«1 Post 24 h: TNF-«T
Post 72 h: TNF-«T
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Measured Substances

The Changes of Substances

References Subjects Exercise Protocols Exercise Duration Time Points
TNF-«, IL-18,
10 sets of 40 IL-1ra, IL-2, IL-4,
repetitions of exercise IL-6, IL-8,IL-10,
Kafgaé;]t al. 9 healthy males at 0.5 Hz by the load Not described Pzzch }71’24}1}1’924}1}1’ 1L-12, MCP-1, IL-17, Not changed
T corresponding to the ’ ’ IL-23, MPO, IL-12p40,
half of body weight IL-12 p70, IFN-y, MCP-1,
G-CSF, Calprotectin, C5a
@ R‘g‘é‘mg at55% Ex 20 min, @ Ex 40 min~Post 3 h: IL-67
OR 2 ma’; 65 Ex 40 min, @ Ex 40 min~Post 3 h: IL-67
Scott, et al. [48] 10 active males Vo, 8 o 60 min IM, Post05h,1h,  TNF-a, IL-6,IL-Ira Ex 40 min~Post: 1 h IL-1ral
OR 2 ma’; 750, 2h,Post3h,1d,2 @ Ex 40 min~Post 3 h: IL-67
Lrning at /2% d,3d Ex 20 min~Post: 3 h IL-1ral
VO, max
Nle“;gz]' etal 20 male cyclists 75 km d iC:lng time 168 + 26.0 min M IL-6, IL-8, MCP-1 IM: IL-6, IL-8, MCP-17
van Wijek, et al. 20 males C}{chng at 70% 60 min M MPO, Calprotectin IM: MPO, Calprotectin®
[85] maximal workload
. . . o IL-1ra, MCP-1, _ ) .
S“Z“[gg]et a6 We“;trillir:f male Cyi}lé‘grﬁ;fo o 90 min IM, Post30 min  IL-6, Calprotectin, MPO, ~ F Iéa?Tr:tZiiior oin:
Y 2 IL-8, IL-10, IL-12p40 P
IM: IL-6, IL-8, MPO,
IL-6, G-CSF, Calprote.ctm, ElastaseT
. . . Post 30 min: IL-6, G-CSF,
Tanisawa, et al. Cycling at 70% . IM, Post 30 min, 1 MCP-1, IL-8, K
[87] 9 healthy males VOumax 60 min h2h C5a. MPO, Calprotectin MCP-1, IL-8, Calprotectin?
2 ’ " Bl tasz ’ Post 1 h: IL-6, G-CSF,

CalprotecinT
Post 2 h: IL-6, Calprotectin?

VO,max, maximal oxygen uptake; IM, Immediately after exercise; Post X h, X indicates the lasting hour(s) from the completion of exercise; Ex, Time point during exercise; IL, Interleukin;
TNE, Tumor necrosis factor; IFN, Interferon; IL-1ra, IL-1 receptor antagonist; G-CSF, Granulocyte colony-stimulating factor; GM-CSF, Granulocyte macrophage colony-stimulating factor;
M-CSF, Macrophage colony-stimulating factor; MCP, Monocyte chemotactic protein; TGE, Transforming growth factor; MIP, Macrophage inflammatory protein; MIF, Macrophage migration
inhibitory factor; MPO, Myeloperoxidase; C5a, Complement 5a; T, Increased after exercise; |, Decreased after exercise; O, @, @), The result of each exercise protocol.
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4. The Exercise-Induced Endotoxemia and Systemic Inflammation

Endotoxins, i.e., lipopolysaccharides (LPS), are constituents of enterobacteria and may cause
endotoxemia or sepsis due to the nature of its translocation to the blood from gut [5,25,88]. It is also
known as a systemic inflammation, and recently it was observed that a leaky gut is the onset of the
pathogenic mechanisms of heat stroke [89,90]. Moreover, among the obese people, excessive adipose
tissue releases FFAs with the breakdown of triglycerides [3,75]. Therefore, a cascade of inflammatory
mediators is produced when LPS and FFAs bind to TLR4 of monocytes/macrophages. It can be
presumed that infiltration of inflammatory cells into fat accumulated as a result of obesity becomes a
site of prolonged production of inflammatory cytokines [6,91-97].

The endotoxemia can be triggered either by pathogenic bacterial infection or by intestinal
Gram-negative bacterial translocation. The hyperpermeability of the intestine can be increased
with prolonged and strenuous exercises, which further increases the translocation of intestinal
Gram-negative bacteria (Figure 2). It has been observed that the blood supply of muscle and
cardiopulmonary system increases during prolonged exercise, while there is a reduction in the
blood supply of the gastrointestinal system. Such a change in two systems due to the prolonged
and strenuous exercise-induced redistribution of blood flow may cause gastrointestinal ischemia
during exercise, whilst the reperfusion results in inflammation after exercise ceases [1,89,90,98-100].
The hyperpermeability of the intestines and gastrointestinal ischemia started due to exercise-induced
redistribution of blood flow [89,90,100]. Besides that, the core body temperature may increase due
to the prolonged and strenuous exercise that further leads to hyperthermia, as well as intestinal
hyperpermeability [89,100]. In addition to that, during prolonged and strenuous exercise endotoxemia
can happen due to the translocation of the intestinal Gram-negative bacteria into blood and increase
circulatory bacterial LPS [1,89,90,100].

Intestinal Bacteria Intestinal Bacteria

I
I
|
I
I
|
|

Intestinal Epithelial Cells
Blood Vessel Blood Vessel Bacterial Translocation

*Heat stress - *Intestinal damage - -Bacterialtranslocation— Systemic
*Splanchnic ischemia *Damage of tight junction *Endotoxemia inflammation

Figure 2. The concept of exercise-induced endotoxemia and systemic inflammation. Exercise induces

intestinal barrier dysfunction and hyperpermeability. Subsequently, gut-derived bacteria translocate to
the circulation and induce systemic inflammation.

Under other conditions, exercise-induced endotoxemia produces a surge of pro-inflammatory mediators
(prostaglandin (PG)E;, TNF-&, IL-13 and IL-6) by activated macrophages. These pro-inflammatory
mediators/cytokines may cause fever that even result in exertional heat stroke. However, the pathogenic
mechanism of heat stroke is associated with both hyperthermia and endotoxemia [1]. It is suggested
that the pathogenic mechanism of heat stroke is covered by dual-pathway model of hyperthermia and
endotoxemia [89].

Gut-derived endotoxin contributes to exercise-induced inflammatory response whereas it is unclear
whether endotoxemia is a dominant cause of exercise-induced inflammatory response. In a review of
Costa, et al., it is reviewed that moderate exercise durations (within 2 h duration) induces negligible
rises in circulating endotoxin [98], whereas a large number of studies reported middle-duration exercise
(within one hour of duration) induces systemic inflammation [2,4,13,29,100]. Furthermore, van Wijck,
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et al. have reported exercise-induced inflammatory responses (e.g., the increase of myeloperoxidase
and calprotectin, which are neutrophil and macrophage activation markers), but not endotoxemia after
one hour of cycling exercise [85]. Therefore, other factors may also contribute to the exercise-induced
inflammatory response. Organ damage is a potential factor of systemic inflammatory response.
In short-duration exercise (within one hour of duration), the induction of organ damage coincides
with systemic inflammatory response [2,4,13,29,85]. Therefore, damaged organ-derived cytokines may
accelerate systemic inflammatory responses. Further studies are necessary to elucidate the relationship
between endotoxin and systemic inflammatory responses.

5. The Exercise-Induced Inflammation and Organ Damage

Intense exercise induces internal organ damage such as renal, hepatic and intestinal
damage [16-20,24,85]. Exercise duration and intensity are important factors for the degree of organ
damage. For example, long-duration exercise (e.g., marathon race) induces severe organ damage
compared to middle-duration exercise (e.g., 1-h cycling) [16-20,24,85]. As described in Section 2,
the degree of inflammatory response is dependent on exercise intensity and duration. These results
suggest that the degree of organ damage is involved in the degree of inflammatory responses.

Because intense exercise increases blood supply of muscle, hypoperfusion of internal organs is
induced, which results in exercise-induced organ damage. Organ damage induced by ischemia and
trauma leads to systemic inflammatory responses, which result in multiple organ damage [4,11,13].
In damaged tissues, the expression of inflammatory cytokines such as IL-1f3, IL-6 and TNF-« and
leukocyte infiltration are observed [101-103]. Similarly, exercise increases the expression of cytokines
such as IL-13, IL-6 and TNF-« in kidney [104], liver [80] and intestine [105,106]. When organ damage
is induced, damaged cells produce cytokines, chemokines and damage-associated molecular patterns
(DAMPs), which promote leukocyte migration in damaged tissues. Then, infiltrating leukocytes
accelerate further tissue damage [1,101-103]. Our previous studies show that depletion of neutrophils
or macrophages inhibits exercise-induced muscle damage and the expression of IL-13, IL-6 and
TNEF-« [56,57]. These studies suggest that infiltrating leukocytes may play an important role as a key
regulator of organ damage.

During exercise, heat stress and dehydration augment hypoperfusion of internal organs [107].
These processes also augment exercise-induced inflammatory responses (e.g., the increase of IL-1f3,
IL-1ra, IL-6, IL-8, IL-10 and TNF-o) [4,35,36,98] and exercise-induced organ damage [108,109].
These results suggest that hypoperfusion of internal organs leads to organ damage and systemic
inflammatory responses, which promote further organ damage.

6. Interaction of Cytokines and Oxidative Stress

The exercise-induced cytokine response is dramatic; for example, plasma IL-6 may increase over
100-fold after strenuous full-marathon races [4,5,13,15,18,22,23]. However, few indirect and direct
evidence supports the interaction between oxidative stress and pro-inflammatory cytokine production.
To identify the acute post-exercise effect, a time-course study employing incremental cycle exercise
until volitional exhaustion was carried out among healthy sedentary adults, and pro-inflammatory
cytokines and oxidative stress markers (TBARS) from plasma were measured. There it was reported
that exercise-induced oxidative stress does not promote cytokine release over 30 min post-exercise [110].
Similarly, we conducted a repeated cycling exercise over 3 days (90 min/day), to analyze the adaptive
mechanism regulating systemic inflammatory response of stressed body. The inflammatory response
is the highest on day 1, within 30 min of a 90-min exercise where plasma IL-6 concentration increased
significantly, whereas ROS production occurred after 60 min [26].

Nuclear factor (erythroid-derived 2)-like 2 (Nrf2) and nuclear factor-kappa B (NF-«B) are two
pivotal transcription factors in regulating cellular responses to inflammation and oxidative stress.
In physiological conditions, Nrf2 remains suppressed in the cytoplasm by its repressor protein
Keap1 [111,112]. Moreover, NF-kB also remains inactivated in the cytoplasm by the inhibitor of
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kappa B (IkB) kinase (IKK) complex [113]. Both Nrf2 and NF-kB are activated under stressed
conditions and induce downstream stressors (Figure 3). Furthermore, Nrf2 dissociates from Keap1
and translocates to the nucleus followed by dimerizes with the small Maf family and binds to the
ARE (antioxidant responsive element) in the promoter region. Therefore, there is an induction of
Nrf2-related antioxidant genes such as heme oxygenase (HO)-1, and its transcriptional activation is
actively involved in regulating inflammatory cytokines and chemokines [111,112]. Elevated levels of
HO-1 can limit NF-«B activity by inhibiting IkBx degradation [114]. Previously it was reported that
Nrf2 knockout mice showed an elevated activity of NF-«B and enhanced expression of inflammatory
genes compared to wild-type mice [115,116]. In addition, the transcriptional activation of Nrf2 after
a single bout of exhaustive exercise can reduce pro-inflammatory cytokine expression by inducing
antioxidant enzymes [80]. Therefore, there is a crosstalk regarding the suppression of NF-«B signaling
pathway and activation of Nrf2/ARE pathway [117].
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Figure 3. A schematic presentation of interactions between nuclear factor (erythroid-derived 2)-like
2 (Nrf2) and nuclear factor-kappa B (NF-kB) transcription factors. Under stressed conditions,
Nrf2 translocates to the nucleus and activates the Nrf2/antioxidant responsive element (ARE)
signaling pathway, which assists in the downstream regulation of NF-«B activity and expression
of inflammatory genes.

The transcription factor NF-kB plays a central role during the activation of monocytes/macrophages,
which are also responsible for cytokine secretion from contractile muscle [118]. The NF-«B
signaling pathway is activated in a redox-sensitive manner after an acute bout of physical exercise,
during muscular contraction, and decreases the inhibitory IkBx proteins [119]. Moreover, NF-xB
binding was elevated for 2 h in the post-exercise period, before declining within 48 h [119]. Due to muscle
contraction and relaxation we need a huge oxygen supply; therefore, superoxide, peroxide and hydroxyl
radical production increases throughout the mitochondrial complexes. The pro-inflammatory cytokine
production is triggered by mitochondrial ROS production, and they also act as signaling molecules
for inflammation [120]. Though the cytokine response probably depends on the type, pattern and
duration of exercise, increased lipid peroxidation (TBARS) levels have been observed immediately
after a single short bout of maximum swimming [121]. All these data support that contractile activity
is directly or indirectly responsible for NF-kB activation, either way causing inflammation.

7. Potential Strategy/Countermeasures to Reduce Exercise-Induced Inflammation and Oxidative Stress

Numerous preventive or therapeutic countermeasures have been identified against exercise-induced
inflammation or oxidative stress. The systemic inflammatory response to exhaustive exercise can
be attenuated by pre-exercise cooling [4,35,89], while post-exercise cooling may not have significant
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effects [4,45]. As shown in Figure 4, condensed protein from hyperimmunized milk that has shown
promise toward maintaining gastrointestinal integrity showed anti-inflammatory effects after prolonged
exercise [20]. Additionally, fluid intake is another effective strategy to prevent systemic induction of
IL-6 and neutrophil activation markers [86,89], whilst intensive exercise in the menstruation phase of the
menstruation cycle increases systemic inflammation [34]. During the daytime, morning exercise causes
less release of IL-6 than evening exercise [27].

Intestinal integrity[1] exercise-induced inflammation[!]

Figure 4. Protein from hyperimmunized milk showed protective effects towards exercise-induced
inflammation [20].

Moreover, some functional foods such as polyphenols or phytochemicals are attributed to
enhance endurance capacity or attenuate inflammation. For example, supplementation of glucose may
prevent infiltration of IL-6-producing macrophages in muscle tissues [61]. Carbohydrate ingestion
also alters the physiological stress and inflammatory response among athletes [19]. On the other
hand, a very low carbohydrate, high fat, ketogenic diet is reported to play roles in preventing
exercise-induced organ and muscle damage [122,123]. Investigations of functional foods show that
supplementation of polyphenols before uphill exhaustive running exercise may increase endurance
capacity by upregulating blood glucose and muscle glycogen levels [79]. Besides, some functional foods
can attenuate pro-inflammatory cytokine expression (IL-6, IL-1p and TNF-«), and lower the levels of
two main inflammation regulatory enzymes (iNOS and COX2) [75,124]. Sulforaphane (SEN) is another
emerging phytochemical that can significantly reduce exercise-induced oxidative stress [125,126] and
inflammatory cytokines [76]. SFN is a natural antioxidant with many potential health benefits [127].
Dietary intake of SFN-rich food (broccoli sprout) has significant health benefits, and therefore
protects our health from multiple metabolic disorders [128]. In addition to that, SEN treatment can
improve muscle function by upregulating the expression of phase 2 enzymes (heme oxygenase 1) with
Nrf2-dependent manner and reduced expression of inflammatory cytokines (TNF-c, IL-13, and IL-6) by
downregulating the expression of NF-«kB and phosphorylated IkB in skeletal muscle [129]. Besides, SFN
is a potential candidate to prevent inflammatory diseases by targeting monocytes/macrophages [130].
Apart from the supplementation, an 8-week low carbohydrate, high fat ketogenic diet (KD) can
also have significant effects in reducing exercise-induced inflammation [62]. However, KD diet may
have some deleterious consequences as it may cause glucose intolerance, whilst adverse effects of
KD on the liver should be considered. We have also reported that an 8-week KD may increase
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intramuscular oxidative stress [123,124]. From a nutraceutical perspective, some of the probiotic
supplementation may decrease clinical disorders and pro-inflammatory cytokine production [127-130],
although some do not affect exercise-induced intestinal barrier dysfunction [99]. On the other
hand, whilst carbohydrate supplementation enhances exercise-induced inflammation in the case of
resistance/eccentric exercise [47], no adverse effects were observed in the case of endurance exercise [87].
A bunch of polyphenols which are derived from herbs, fruits and vegetables exhibit anti-inflammatory
effects, and attenuate LPS-induced inflammation [1,2]. Particularly, curcumin ingestion after downhill
running has been shown to reduced muscle inflammation in a mouse model of exercise-induced
muscle damage [71]. Intestinal permeability increases following exercise, and endotoxemia occurs
which induce systemic inflammation [88,89,98,99]. Therefore, other countermeasures such as ingesting
some functional foods [1,12,66,131-137] for bioavailability, gut barrier protection and distribution,
and appropriate immune responsiveness should be examined in future studies. Related reviews on
neutrophil (leukocyte) responses to exercise are available elsewhere [2,12,32].

According to the above discussion, certain supplementations may alleviate exercise-induced
oxidative stress such as green tea extract or polyphenols, and those antioxidants may increase exercise
capacity and contribute to improving muscle health [69,72]. In any event, we can consider some
combined and/or restricted applications. Whilst there is not enough current evidence to make specific
recommendations, future studies in this area will contribute to the formation of such recommendations.

8. Conclusions

Neutrophils/macrophages and other pro-inflammatory cytokines/mediators can accumulate
within the organs that are involved in tissue damage/dysfunction of not only skeletal muscle, but also
liver, kidney and intestines. Such damage or organ dysfunction may refer to the pathogenesis of
multiple organ failure in heat stroke and sepsis, and their underlying mechanisms. The harmful
side effects on health can be reversible with proper countermeasures, for example, exercising in cool
environments besides ingesting sufficient energy and fluids together with some functional food(s)
which further help to maintain endurance performance. Moreover, a wide range of phytochemicals
holding anti-inflammatory and antioxidant properties that suppress the NF-«kB signaling pathway
and activate the Nrf2/ARE pathway should be considered as countermeasures to exercise-induced
inflammation. However, a future focus of research should consider how to apply these countermeasures
appropriately. These countermeasures will help to reduce heat illness and also assure the introduction
of new research findings for the prevention of stress and infection. The anti-inflammatory effects of
exercise are well understood. In the near future, it is important to identify the effects of exercise from a
pathological point of view, and to develop early prognostic markers [2,8,82,138-142].
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