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Abstract: High-intensity exercise/training, especially interval exercise/training, has gained popularity
in recent years. Hypoxic training was introduced to elite athletes half a century ago and has
recently been adopted by the general public. In the current review, we have summarised the
molecular adaptive responses of skeletal muscle to high-intensity exercise/training, focusing on
mitochondrial biogenesis, angiogenesis, and muscle fibre composition. The literature suggests that
(peroxisome proliferator-activated receptor gamma coactivator 1-alpha) PGC-1«, vascular endothelial
growth factor (VEGF), and hypoxia-inducible factor 1-alpha (HIF1-o) might be the main mediators
of skeletal muscle adaptations to high-intensity exercises in hypoxia. Exercise is known to be
anti-inflammatory, while the effects of hypoxia on inflammatory signalling are more complex.
The anti-inflammatory effects of a single session of exercise might result from the release of
anti-inflammatory myokines and other cytokines, as well as the downregulation of Toll-like
receptor signalling, while training-induced anti-inflammatory effects may be due to reductions
in abdominal and visceral fat (which are main sources of pro-inflammatory cytokines). Hypoxia can
lead to inflammation, and inflammation can result in tissue hypoxia. However, the hypoxic factor
HIF1-« is essential for preventing excessive inflammation. Disease-induced hypoxia is related to an
upregulation of inflammatory signalling, but the effects of exercise-induced hypoxia on inflammation
are less conclusive. The effects of high-intensity exercise under hypoxia on skeletal muscle molecular
adaptations and inflammatory signalling have not been fully explored and are worth investigating
in future studies. Understanding these effects will lead to a more comprehensive scientific basis for
maximising the benefits of high-intensity exercise.
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1. Introduction

Both high-intensity exercise/training and hypoxic training have gained popularity in recent years
due to their ability to induce cardiorespiratory and metabolic benefits [1,2], and both have been
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widely used to improve the performance of athletes [3,4]. Some excellent reviews have summarised
the molecular responses to the stress imposed by either high-intensity exercise [5,6] or exposure
to hypoxia [7-9]. However, little is known about potential synergistic and/or antagonistic effects
when these methods are combined. In this review, we explore the underlying mechanisms by which
hypoxia, high-intensity exercise, and the combination of the two result in skeletal muscle adaptations
(e.g., mitochondria biogenesis, angiogenesis, and inflammatory signalling)

2. High-Intensity Exercise and Physiological Adaptations

2.1. Exercise and Training

Exercise is often prescribed to improve both health and performance and to prevent and treat many
detrimental health conditions [10,11]. The terms exercise and training are often used interchangeably.
To better differentiate these terms in this review, the term “exercise” refers to a single session of
physical activity, while the term “training” refers to repeated exercise sessions performed periodically
(e.g., for weeks or months).

2.2. High-Intensity Exercise and High-Intensity Training

High-intensity exercise is an increasingly popular type of exercise, which is more intense than
both moderate- and low-intensity exercise; however, a consensus on its definition has not yet been
reached [5]. Different terms have been used previously, including “high-intensity”, “vigorous” [6],
“all out” [12,13], “near exhaustion” [1], or “supramaximal efforts” [4,13]. In the current review, we have
adopted the definition of high-intensity from our previous work, in which it was defined as an exercise
intensity above 75% of the peak power output (PPO) achieved in a graded exercise test (GXT) [5].
Similar to our previous review, high-intensity exercise includes both high-intensity interval exercise
(HIIE) and sprint interval exercise (SIE) [5]. High-intensity interval exercise has been defined as short
bursts of vigorous exercise, with periodic intervals of rest or low-intensity exercise [14]. A meta-analysis
from 2016, which included articles containing “high-intensity exercise”, reported exercise intensities
varying from 80% to 250% of maximal oxygen uptake (VOomax), and durations of 20-240 s [15].
We specify HIIE as “near maximal” efforts (~75-95% PPO) lasting 1-5 min, separated by resting periods,
while SIE has a duration of no more than 60 s and exercise intensities exceeding the PPO recorded from
a GXT (i.e., “supramaximal”). The terms high-intensity interval training (HIIT) and sprint interval
training (SIT) refer to the repetition of HIIE and SIE exercise sessions, respectively.

Compared to continuous endurance exercise, short exercise durations are suggested to be
more convenient for individuals who lack time and motivation [16]. Furthermore, when energy
expenditure is matched, HIIT has been shown to benefit individuals with cardiovascular conditions
more than moderate-intensity continuous training (MICT) [17]. Although the exercise intensity is
very high, the low intensity during rest intervals will make the body prone to adapt HIIT more than
continuous training [18].

2.3. Commonly Used High-Intensity Exercise/Training Prescriptions

Growing evidence from a range of different protocols available suggests that high-intensity
exercise is a time-efficient exercise strategy to improve cardiorespiratory and metabolic health [19,20].
Of the SIE protocols utilised, the most common is the Wingate protocol, consisting of 30 s “all-out”
cycling efforts against a supra-maximal workload and which lasts ~20 min, with a total of 2 to 3 min
of intense exercise in total. However, the Wingate protocol is extremely demanding and may not
be safe to be prescribed to all populations [14]. Therefore, new SIT protocols were designed with
a wider application to individuals who are overweight/obese, older, sedentary, or at higher risk
for cardiometabolic disorders, and patients with coronary artery disease and type 2 diabetes (T2D).
Recent research has focused on the potential for other models of SIT, which may be more feasible whilst
remaining time-efficient [21]. For example, performing 10 x 60 s at VOomaxs interspersed by 75 s of rest,
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has been shown to increase the activity of mitochondrial enzymes and also exercise capacity [21,22],
improve substrate metabolism [23], and reduce hyperglycemia [21] as well as the feelings of nausea
and discomfort usually reported after the Wingate protocol. Another high-intensity exercise protocol
commonly used in the literature involves 4 x 4 min at 85-90% of VOpmax, separated by 2 min of rest;
this was shown to provide a sufficient stimulus to improve exercise capacity, as well as the whole-body
and skeletal muscle capacity for fatty acid oxidation [24].

3. Skeletal Muscle Molecular Responses to High-Intensity Exercise/Training

3.1. High-Intensity Exercise/Training and Skeletal Muscle Mitochondrial Biogenesis

Mitochondria are considered the powerhouse of the cells. Mitochondrial biogenesis has been
defined as “the making of new components of the mitochondrial reticulum” [5,25]. Mitochondria can
increase the content of their components or fuse with other mitochondria [26], depending on the needs
of the cell. There is a decrease in the number and function of muscle mitochondria during aging,
while exercise has been shown to alleviate this reduction [27].

From the onset of exercise, several signalling molecules are induced, including proliferator-
activated receptor gamma coactivator 1 alpha (PGC-1«). PGC-1« is considered to be a master regulator
of mitochondrial biogenesis and is able to effectively coordinate mitochondrial biogenesis through
binding to and activating transcription factors, such as mitochondrial transcription factor A (TFAM) [28]
and nuclear respiratory factors (NRFs) [29].

Previous studies have shown that PGC-1x protein increased in human muscle during a
prolonged exercise session [30] and remained upregulated 24 h after the exercise session [31].
Comparatively, when matched for workload and intensity, intermittent exercise (30 X 1-min intervals
at 70% VOzpeak, separated by 1-min of recovery) induced a greater activation of PGC-1« signalling
pathways compared to a single bout of continuous exercise [30]. Our previous data in human skeletal
muscle also demonstrated that a single session of HIIE (8 X 2-min intervals at ~85% of PPO) increased
the PGC-1oc mRNA expression [32] and the content of proteins related to mitochondrial biogenesis [33].
This has also been demonstrated elsewhere with a different exercise protocol; in human skeletal muscle,
the mRNA and nuclear content of PGC-1« increased 3 h after a single session of HIIE (5 X 4-min
intervals at ~80% of PPO), while HIIT twice-daily for 20 consecutive days blunted this response to
HIIE [34]. Others have reported an increase in the nuclear content of PGC-1 protein immediately after
a single session of SIE (4 x 30 s), but not after a session of continuous exercise at 63% of the PPO [35].
However, another study reported that a session of SIE (4 x 30 s Wingate intervals, interspersed with
4 min of rest) resulted in similar elevations in PGC-1o«c mRNA when compared to a session of continuous
all-out exercise [36].

During long-term training, AMP activated protein kinase (AMPK, a heterotrimeric protein
complex and a mediator of mitochondrial biogenesis) and other signals facilitate skeletal muscle
adaptations, including an upregulation of PGC-1« [37], to accomplish a metabolic transition to oxidative
metabolism. An increase in PGC-1a is able to induce a variety of target genes, one of them being
citrate synthase (CS) [38]. Eight weeks of continuous (30 min of continuous running at 60% of the
maximal work rate) or intermittent endurance exercise (3 X 10-min intervals at 60% of the maximal
work rate with 2 h between intervals) performed five times per week resulted in similar increases in
CS protein in rodents [39]. Previous results from our group support that training intensity is critical for
improving mitochondrial function with training, while training duration is essential for improving
the mitochondrial content [40]. While four weeks of HIIT at 80-95% of the PPO did not increase the
skeletal muscle mitochondrial respiratory function, four weeks of SIT led to a higher mitochondrial
function (i.e., maximal mitochondrial respiration) [41]. A separate study also showed similar findings
in mitochondrial respiratory function; however, a modest but significant increase in CS activity was
observed after four weeks of HIIT, suggesting an increase in mitochondrial content [42]. The failure
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to detect significant changes in mitochondprial function could be due to technical variations [43] or
genetic factors [32,33,44—47].

3.2. High-Intensity Exercise/Training and Muscle Fibre Type Composition

The muscle fibre type composition affects oxygen consumption during exercise. Type I (slow-twitch
fibres) and type Ila muscle fibres (fast-twitch oxidative fibres) have a high density of mitochondria and
a high oxidising power, while type IIx and IIb (fast-twitch glycolytic) fibres have a lower mitochondrial
density [48]. Limited research has specifically focused on the effects of HIIT on different muscle types.
We have previously suggested that high-intensity exercise induces mitochondrial biogenesis in type
II fibres, while the mitochondrial content of type I fibres is more related to low-intensity continuous
exercise [40]. However, a study involving sedentary young women who performed six weeks of HIIT
(~90% HRpax) revealed that short term HIIT was able to increase the mitochondrial content of both
type I and type 1II fibres in the vastus lateralis muscle [49].

PGC-1a is known to contribute to skeletal muscle fibre type transformation in rodents by reducing
the ratio of glycolytic (type IIb) to oxidative fibres (type I and type Ila). It has been shown that
over-expressing PGC-1o in mouse plantaris muscle increases the mitochondrial content and respiratory
function, with a transition rate of 20% for type Ila and 10% for type I fibres from the fast-twitch type
IIb muscle fibres, respectively [50,51]. It was further reported that mice lacking PGC-1« had fewer
mitochondria, which was associated with a decreased endurance exercise capacity and fatigue-resistant
type I muscle fibres [51]. Since PGC-1a can be induced by both HIIE and HIIT [29], the above study
provided indirect evidence that high-intensity exercise could affect muscle fibre types.

3.3. High-Intensity Exercise/Training and Skeletal Muscle Angiogenesis

Angiogenesis refers to the growth of new blood vessels from original vessels during
natural development, reproduction, or tissue repair [52]. Angiogenesis is linked to exercise, aging,
and cancer [53,54]. Angiogenic factors are regulated by vascular endothelial growth factor (VEGE),
fibroblast growth factor (FGF), and hypoxia-inducible factors (HIFs). When these angiogenic
factors bind to their receptors on endothelial cells, signals within these cells are initiated to
promote the growth and survival of new blood vessels [55]. Two common downstream targets
are angiopoietin-1 (ANGPT-1) and angiopoietin-2 (ANGPT-2). ANGPT-1 is known as a pro-angiogenic
factor [56]. While ANGPT-2 has been reported as an antagonist of ANGPT-1, it is still important for
angiogenesis [57]. Excessive angiogenesis has been linked with some malignant diseases, such as
cancer, diabetic retinopathy, and preeclampsia. Interestingly, VEGF-induced angiogenesis has been
linked with an increase in mitochondrial respiratory function [58]. Moreover, PGC-1x has been shown
to regulate the expression of myoglobin, an oxygen storage hemoprotein and facilitator of intracellular
oxygen transport [59].

Exercise induces a range of adaptations, including an upregulation of angiogenesis that, in turn
contributes to exercise adaptations [54]. Several studies have evaluated changes associated with
angiogenesis after exercise. After eight weeks of moderate-intensity incremental treadmill exercise,
the VEGF mRNA expression increased in rat skeletal muscle [60]. Others have shown blood VEGF
and ANGP-1 to be significantly increased after eight weeks of resistance training, and suggested that
moderate-intensity resistance training might lead to higher angiogenesis compared to high-intensity
resistance training [61]. The interstitial content of VEGF protein has been shown to increase after a session
of moderate-intensity exercise (60 min of exercise at ~64% of VOppnax) and a session of SIE (24 X 1 min,
at 117% of VOypmay, separated by 1.5 min of passive rest); however, the increase with moderate-intensity
exercise was greater than that of SIE [62]. In human skeletal muscle, endurance exercise has been shown
to decrease the protein content of anti-angiogenic regulators, together with an increased capillarity in
the muscle [39].

High-intensity exercise has been shown to induce angiogenesis [63]. A previous study compared
the effects of four weeks of HIIT (one-legged extensor exercise three times per week, with 1 min at
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90% of VOsmax and 30 s rest for a total of 1 h) and SIT (one-legged extensor exercise, with 1 min at
150% of VOomax and 3 min of rest for a total of 1 h, three to four times per week) on angiogenesis,
and reported similar increases in the density of capillaries and the presence of proliferating endothelial
cells [63]. An acute session of one-legged knee-extensor exercise at ~70% of the maximal load has
also been shown to induce VEGF mRNA expression in human skeletal muscle [64], while four weeks
of training (performed five times per week) attenuated the acute exercise-induced upregulation of
VEGF mRNA [64].

3.4. Summary

High-intensity exercise leads to a number of skeletal muscle adaptations, such as an upregulation
of mitochondrial biogenesis and angiogenesis, as well as muscle fibre type transformation. PGC-1x and
VEGEF are two of the key mediators of these adaptations.

4. Physiological Adaptations to Acute and Long-Term Hypoxia

4.1. Acute Hypoxia and Physiological Adaptations

“Physiological hypoxia” is defined as a condition in which the oxygen concentration in the
human body is significantly lower than that in the atmosphere [65]. It can be caused by some
physiological responses, such as vasodilation and increasing blood flow [66]. Hypoxia has long been
known to affect exercise performance. Both the PPO and VOzpeak obtained from GXTs were lower
when the inspired oxygen fraction (F;O,) was reduced to 14% (equivalent to a 3200 m altitude) [67].
Furthermore, the peak heart rate and VOsmax achieved from GXTs were also lower with acute hypoxia
(FiO; of 10.4%, equivalent to a 5500 m altitude) [68]. The lactate threshold (LT), as well as the PPO and
VOsmax, Were also reduced during an incremental exercise test with an F;O, of 12% (equivalent to a
4450 m altitude) [69].

4.2. Long-Term Hypoxia and Physiological Adaptations

In the 100-m race at the 1968 Olympics in Mexico City (elevation 2250 m), male and female athletes
who were living in a high altitude were reported to have a time advantage of about 0.19 s and 0.21 s,
respectively, compared to athletes who were living at sea level [70]. Consequently, these observations
triggered attention towards research into the long-term effects of hypoxia on exercise performance.
Interestingly, it has been shown that high-altitude natives (also known as “highlanders”) and sea-level
natives have a similar VO, in normoxic conditions (where the FiO, is 20.9%), but that highlanders
can attain a greater VO, when the oxygen availability is reduced at altitude exposures of 3600 m
(FiO; of 13.3%) [71]. High-altitude natives usually have an enhanced performance and/or increased
physical work capacity [72,73]. Highlanders from Tibet (3700-4000 m) seem to possess a better economy
of walking, cycling, and treadmill running compared to acclimatised lowlanders (sea level) [74].
These advantages of the high-altitude natives may have occurred as a result of both a genetic and a
developmental basis [72].

Sea-level natives who become acclimatised to high altitudes have been shown to improve their
physical work capacity and exercise performance, although not to the extent of highlanders [71].
Altitude training is now mostly used with endurance training to increase the exercise capacity at
sea level and to improve adaptations during competitions in high-altitude areas [75]. Training at a
high altitude has been shown to improve the endurance performance of sea-level natives in hypoxic
conditions; however, the improvements in their endurance performance was less conclusive once back
at sea-level [76].

5. Skeletal Muscle Molecular Response to Hypoxia

Under conditions of insufficient oxygen supply in the human body, oxygen-sensing mechanisms
are activated to restore oxygenation and adapt quickly to the hypoxic conditions by initiating survival
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responses such as increased respiration and blood flow [77]. The major oxygen sensing mechanism is the
Hypoxia Inducible Factor (HIF), which is dependent on prolyl hydroxylases (PHDs). HIF-1, which was
first reported in 1997, is a transcription factor of the human gene encoding erythropoietin (EPO) and is
the main regulator of genes responsive to hypoxia [78]. For the first time, Semenza et al., predicted
the existence of a hypoxia-dependent transcription factor [79] and identified HIF-1 as a transcription
factor for the cellular hypoxia response [80]. HIF-1 is composed of two subunits: an oxygen-regulated
subunit (HIF-1«) and a constitutively expressed subunit (HIF-13).

5.1. Hypoxia with and without Exercise/Training, and Mitochondrial Biogenesis

The reduction in oxygen availability under hypoxia requires cells to change their metabolism to
adapt to the catabolic and anabolic reactions that rely on the availability of ATP normally supplied by
mitochondrial Oxidative Phosphorylation (OXPHOS) [81]. HIF-1« signalling reduces cell dependence
on oxygenated energy products by downregulating OXPHOS [82]. Activated HIF-1& has an important
function in metabolic transition under hypoxia [83]. HIF-1c target genes are involved in oxygen
transport, glycolysis, glucose transport, and satiety [84]. A study reported that after a 43-day Himalayan
Expedition (with 23 days above 5000 m), the slow isoform I of both heavy and light myosin subunits
increased and the fast isoform Ila decreased, suggesting chronic hypoxia results in a fast-to-slow muscle
fibre transition, which could lead to a faster activation of mitochondrial oxidative metabolism [85].

Both hypoxia and exercise are able to increase HIF-1a accumulation [78]. A recent study showed
that the skeletal muscle HIF-1x protein content was 120% higher after hypoxia exposure, and was
further induced by exercise [86]. Compared to resting in normoxia, exercise in hypoxia raised the
HIF-1a protein expression approximately 2.5-fold [86]. When the oxygen supply is insufficient,
HIF-1« target genes improve oxygen transport by EPO-mediated erythropoiesis and VEGF-induced
angiogenesis mechanisms, and mediate skeletal muscle adaptions to endurance training through
optimised glucose transport and glycolytic enzyme activity. Finally, training in hypoxia increases
PGC-1a mRNA expression [87], which induces mitochondrial biogenesis. In addition, it has been
suggested that the combination of hypoxia and exercise may have a synergistic effect on body
composition and metabolism [2].

5.2. Hypoxia and Angiogenesis

Angiogenesis is a hallmark adaptation to hypoxia in cells and tissues [88]. Most transcriptional
responses to hypoxia are mediated by hypoxia-inducible transcription factors [88], including HIF-1x
and HIF-2«. HIFs have been shown to upregulate the pro-angiogenic factor ANGPT-1 and to
downregulate ANGPT-2 [89]. A previous study reported that HIF-1o regulated VEGF in response to
hypoxia more than HIF-2cc [90]. The current literature suggests that hypoxia and HIF-1 expression in
adult organisms may promote angiogenesis in the following ways: (1) activating angiogenic genes and
their receptors such as VEGF [91], (2) regulating proangiogenic chemokines and receptors [92], and (3)
enhancing endothelial cells and regulating genes in the cell cycle and DNA replication [93]. All of these
findings offer evidence for the effects of HIF-1 on angiogenesis [88].

VEGE, which promotes the proliferation of endothelial cells, is also a hypoxia-adaptive gene.
The translocation of proliferated endothelial cells into the extracellular matrix has an important effect
on angiogenesis. VEGF and EPO respond to acute changes in oxygen demand in human skeletal
muscle, suggesting that oxygen-sensitive pathways could be relevant for adaptation to physical
activity by increasing capillary growth [94]. In fact, besides regulating mitochondrial biogenesis,
PGC-1« protein also increases the VEGF mRNA expression and subsequent angiogenesis [95]. On the
other hand, the transcription factors HIF-1a and HIF-2« also regulate the expression of VEGF in
response to hypoxia [96]. Most of the evidence on hypoxia and angiogenesis is from studies in
cancer and angiogenesis. These studies found that acute hypoxia may result in a dysregulation of
tumour vascular systems. In chronic hypoxia, HIF-1« regulates the proangiogenic activities of VEGE,
which control the expression of a multitude of genes, inducing angiogenesis [97]. This can ultimately
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trigger the adaptive mechanisms of angiogenesis to optimise oxygen delivery [98]. VEGF has been
reported in many studies to be the most remarkable factor that stimulates angiogenesis [99]. Of note,
hypoxia is known to induce the expression of myoglobin in skeletal muscle [100], an alternate way to
increase oxygen availability.

5.3. High-Intensity Exercise/Training in Hypoxia and Angiogenesis

It has been shown that the combination of hypoxia and exercise training are capable of improving
muscle oxygen delivery and metabolism [101]. Data from an animal study have suggested that
exercise-induced angiogenesis can alleviate obesity-induced tissue hypoxia [102]. In human skeletal
muscle, 45 min of one-legged knee-extension exercise (~26% of one-legged peak load) increased
the VEGF mRNA, which was further increased in hypoxia (induced via restricted blood flow by
~15-20%) [103]. Six weeks of high-intensity training twice per week (involving two bouts of 12-20 min
of running at ~92% of the maximal running speed, separated by 5 min of recovery) in normobaric
hypoxia (F;O; of 14.5%, equivalent to 3000 m) increased the mRNA of HIF-1«, PGC-1«, and CS
in endurance athletes [87]. Similar findings were also shown after six weeks of moderate-intensity
(65.6% of the PPO) and low-intensity (52.4% of the PPO) endurance training, performed five times per
week in normobaric hypoxia (F;O; of 12.9%, 3500 m); both training programs increased the HIF-1«
mRNA expression and mitochondrial density [2]. The capillary density also increased after six weeks
of moderate-intensity exercise [2].

In horse skeletal muscle, four weeks of high-intensity training (2 min of running at 100% VOomax,s
three times per week) in hypoxia (F;O; of 15%, ~2620 m) resulted in a greater increase in HIF-1a
and VEGF mRNA expression compared to training in normoxia, and was associated with a higher
capillary density [104]. In a human study, eight weeks of resistance training (twice per week, five sets of
10 repetitions at 70% of pretraining one-repetition maximum, separated by 90 s of rest between sets) was
performed in normoxic and hypoxic conditions (F;O; of 14.4%, equivalent to 3000 m) [105], the plasma
VEGEF protein and capillary-to-fibre-ratio increased only after hypoxic resistance training [105]. A recent
study investigated the effect of HIIT on the serum concentrations of pro-angiogenic factors in hypoxia,
and found that HIIT alone resulted in a significant increase in exercise-induced elevations in serum
VEGEF, but exercise in hypoxia did not further influence the VEGF levels [106].

5.4. Summary

Hypoxia leads to several skeletal muscle adaptations, including the modification of mitochondrial
biogenesis and angiogenesis; PGC-1a, HIF-1x, and VEGF are involved in these adaptations.
Furthermore, high-intensity exercise in hypoxia can further induce HIF-1« and PGC-1«, while its
effects on VEGF need to be further explored.

6. Inflammatory Response to Exercise/Training and Hypoxia

Inflammation is a complicated physiological process associated with the activation of several
signalling pathways, usually in response to stress [107]. Chronic low-grade inflammation is associated
with metabolic disorders, such as obesity, insulin resistance, and T2D [108-111]. This inflammatory state
is characterised by increased levels of circulating inflammatory markers, such as tumour necrosis factor
(TNF), interleukin-6 (IL-6), and C-reactive protein (CRP) [112]. Of note, the inflammatory response
consists of both anti- and pro-inflammatory mediators [107]. TNF-« and interleukin-1 (IL-13) are
examples of pro-inflammatory cytokines, while IL-10 and interleukin-1 receptor antagonist (IL-1ra) are
anti-inflammatory cytokines [113]. Despite high levels of IL-6 having been associated with obesity and
T2D, IL-6 also exhibits anti-inflammatory effects during exercise [113,114]. Toll-like receptors (TLRs) are
highly conserved transmembrane proteins with important functions in detecting exogenous microbial
pathogens and endogenous molecules, which are released after tissue damage [115]. TLR signalling has
a critical role in mediating systemic inflammation, and its activation leads to the elevated expression
and release of pro-inflammatory cytokines [116].
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Mitochondria have long been linked with inflammation [117-123]. The endosymbiotic theory
of mitochondrial origin supports the role of mitochondria in the activation of the immune system,
and therefore inflammation and the pathogenesis of inflammatory diseases [117]. The immune
signalling receptor TLR has been associated with mitochondrial functions, suggesting the role of
mitochondria in the initiation and development of inflammation [117]. Mitochondria-associated
membranes are linked with inflammation-mediated diseases [118]. The mitochondrial outer membrane
permeabilisation has recently been shown to have pro-inflammatory effects via pro-inflammatory NF-«B
signalling [121]. Through regulating the energetic state of immunological synapses between dendritic
cells and lymphocytes, mitochondria can direct the inflammatory response toward immunotolerance
or immunogenicity [119]. Mitophagy, the selective degradation of dysfunctional mitochondria by
autophagy, can dampen inflammation and prevent unnecessary cell loss [120].

Inflammation seems to be linked with muscle fibre composition. The pro-inflammatory cytokine
profile is different between the soleus (oxidative) and extensor digitorum longus (EDL) (glycolytic)
muscles of mice [124]. Soleus muscle regeneration is associated with elevated and prolonged
inflammation as compared to EDL [124]. In mouse skeletal muscle, an inhibition of the slow-to-fast
muscle fibre type transition by pyrroloquinoline quinone was reported to be due to a decrease in
the expression of cytokine genes [125]. After treadmill running, mice with muscle-specific PGC-1«
knock-out showed a shift from oxidative type I and Ila toward type IIx and IIb muscle fibres,
and this was associated with elevated markers of inflammation [51]. TLR4 signalling is essential for
lauric acid-induced glycolytic muscle fiber formation [126]. A downhill running-based overtraining
protocol resulted in changes in the inflammatory markers and muscle fibre composition in mice [127].
Chronic inflammation is able to increase the abundance of type II muscle fibres in the diaphragm
of mice [128].

Angiogenesis has also been linked with inflammation, which can lead to further angiogenesis [129],
and vice versa [130]. Abnormal ischaemia-induced angiogenesis is associated with a transiently
increased angiogenesis in the ischaemic skeletal muscle of mice [131]. The angiopoietin-like protein
(ANGPTL) protein family is involved in both angiogenesis and inflammation [132]. Obesity-associated
inflammation has been reported to promote angiogenesis (and breast cancer) via ANGPTL-4 [133].
Inflammatory reactions are able to regulate angiogenesis through the interplay between HIF1, HIF2,
NF-«B, and nitric oxide [129].

6.1. High-Intensity Exercise and Inflammation

Exercise has long been recognised to have anti-inflammatory effects [112-114]. There are at
least three possible mechanisms proposed, including a lower expression of TLRs on macrophages
and monocytes, a higher production and release of anti-inflammatory cytokines from contracting
muscle, and a reduction in the visceral fat mass [112]. Secretory peptides from skeletal muscle have
been termed myokines [134], many of which are induced by exercise, such as interleukin 6 (IL-6),
IL-15, and brain-derived neurotrophic factor (BDNF) [135]. Interestingly, some myokines show
anti-inflammatory effects after a single session of exercise [113].

6.1.1. High-Intensity Exercise and Inflammation

In healthy humans, cycling at 75% of the VOymayx for 1.5 h reduced the monocyte TLR4 by 32%
immediately after exercise and by 45% 1 h after exercise [136]. In both healthy and diabetic individuals,
a single session of HIIE (7 X 1 min at 85% PPO, interspaced with 1 min of recovery) reduced TLR2 in
monocytes immediately after and 1 h after exercise [137].

Of all the myokines, IL-6 was identified as the first responder to acute exercise and was five-fold
higher after only 30 min of running at 75% of the VOomax [138]. Moreover, IL-6 can increase 100-fold
after a marathon [139]. IL-6 levels typically peak at the end of or shortly after exercise, followed by a
rapid decrease toward the baseline [114]. The response of IL-6 to exercise depends on the intensity [140]
and duration of exercise [114,141]. As previously mentioned, IL-6 was regarded as a pro-inflammatory
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cytokine, and was thought to be an indicator of muscle damage after exercise [114]. However, it was
soon realised that IL-6 is involved in a different inflammatory cascade in response to exercise
than sepsis (a life-threatening condition caused by a dysregulated host response to infection [142]).
During sepsis, there is a marked increase in typical pro-inflammatory cytokines, such as TNF-o and
IL-1, which subsequently induce the production of IL-6 [113]. However, during exercise there is a
lack of increase in TNF-« and IL-1, and instead IL-6 stimulates the production of IL-1ra and IL-10,
two common anti-inflammatory cytokines, from blood mononuclear cells [143]. IL-1ra inhibits the
pro-inflammatory effects of IL-1(3 [144], and IL-10 acts to downregulate adaptive immune responses,
aiming to limit and ultimately terminate inflammatory responses [145]. Direct evidence also arises
from a study in humans, in which IL-6 infusion suppressed endotoxin-induced TNF-«x elevation,
with similar effects observed after 3 h of ergometer cycling [146].

In addition to IL-6, epinephrine may also mediate the anti-inflammatory effect of exercise [114].
A single session of exercise increased the levels of epinephrine [114], and epinephrine infusion has been
shown to suppress endotoxin-induced TNF-« elevations in humans [147]. Exercise induces an increase
in cortisol, which has commonly been used in the treatment of inflammatory disorders, providing further
support for the anti-inflammatory effects of exercise [114]. Interestingly, exercise-induced elevations in
the cortisol level are IL-6 dependent, but independent of epinephrine [143]. Anti-inflammatory cytokines
IL-1ra, IL6, and IL-10 increased significantly 30 min after an ironman triathlon race, without changes
in the pro-inflammatory cytokine IL-1(3 [148].

Early studies suggested that exercise might lead to inflammation in skeletal muscle. Animal studies
reported that the TNF-«, IL-1f3, and IL6 mRNA levels were elevated in mouse skeletal muscle 24 h
after an exhaustive exercise, while the depletion of microphages [149] and neutrophil [150] blunted the
elevation. One study reported that a session of eccentric exercise resulted in microphage infiltration into
human skeletal muscle, similar to what occurs in inflammatory muscle disease [151]. Inflammatory cell
infiltration was also observed 10 days after 45 min of eccentric cycling at a high intensity (15 min
at 90%, 80%, and 70% of the PPO, with 5 min of rest in between) [152]. Others have shown that
45 min of downhill running (16% incline, 70% of the maximum heart rate) led to an increase in
the muscle IL-13 immediately after exercise, which remained elevated five days after exercise [153].
However, these findings have since been challenged [154,155]. When compared with the non-exercise
control group, the expression of IL-1§3 in skeletal muscle increased similarly after 30 min of eccentric
cycling at or near a maximal work rate (250 to 300 W) [155]. The eccentric cycling performed by the
exercise group, and the process of muscle biopsies, did not result in T cell infiltration into the human
skeletal muscle [155]. It has been argued that the discrepancies are due to the lack of non-exercising
control groups in the previous studies, while the observed muscle inflammation could be due to
intramuscular injections or the muscle biopsy procedures [154].

6.1.2. High-Intensity Training and Inflammation

Training has been shown to decrease TLRs. In both young and old inactive participants, the TLR4
expression in monocytes was reduced after twelve weeks of combined endurance and resistance training,
performed three days/week [156]. Six weeks of eccentric training resulted in a lower TLR4 protein
level in response to an acute eccentric bout [157]. In diet-induced obese mice, 16 weeks of endurance
training (60 min/day, 5 days/week) led to lower TNF-«, IL-6, and TLR4 mRNA expressions in adipose
tissue [158], as well as less microphage [159,160] and neutrophil infiltration [161] into the adipose tissue,
indicating less adipose tissue inflammation. Additionally, in elderly women, 12 weeks of resistance
training were associated with lower circulating levels of TNF-« [162]. Notably, endurance training and
resistance training exert different effects on genes related to inflammation, based on a transcriptional
profile analysis in human skeletal muscle [163].

The anti-inflammatory effects of training could be related to the decreased accumulation of
abdominal and visceral fat, which are the main sources of pro-inflammatory cytokines [112]. A reduction
in daily physical activity from 10,000 to 1500 steps for as little as 14 days has been shown to significantly
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increase the intra-abdominal and visceral fat mass. The accumulation of both abdominal and visceral
fat is accompanied with low-grade chronic inflammation [114]. Training-induced reductions in fat
mass can be seen in both males and females, regardless of age, even without changes in body mass [14],
and have been associated with lower pro-inflammatory cytokines in the blood [114].

The anti-inflammatory effects of training might also be mediated, at least partially, by IL-15 [114].
In human muscle, the IL-15 expression was higher after training [164], while in mice the overexpression
of IL-15 prevented the accumulation of visceral fat [165]. Additionally, in mice IL-15 administration led
to a 36% decrease in circulating leptin [166], a hormone that is secreted from adipocytes and closely
linked to inflammation [167]. Furthermore, the skeletal muscle-specific overexpression of IL-15 has
been shown to reduce circulating leptin in mice [168]. It has been suggested that IL-15 induction
(for example, by training) may decrease or even inhibit the negative effects of TNF-« in obesity or T2D,
which are both associated with low-grade chronic inflammation [169]. It seems that training intensity
might affect the inflammatory response; six weeks of MICT (40% of PPO, 3 days/week) was shown to
decrease the pro-inflammatory cytokine, TNF-o, whereas this reduction was not observed after six
weeks of HIIT (10 x 1-min at 80% of the PPO, 3 days/week) [170]. Interestingly, the anti-inflammatory
cytokine IL-6 was higher after six weeks of HIIT but not MCT [170].

In mouse muscle, two months of continuous running (80% of the VOsmax, 30 min/day, 5 days/week)
was shown to rescue the upregulations of TNF and IL-1 mRNA induced by cigarette smoke
exposure [171]. Twelve weeks of resistance training decreased the transcription of genes involved in
monocyte recruitment, but upregulated the transcription of genes involved in the switch from a pro- to
an anti-inflammatory macrophage phenotype, following a single session of resistance exercise [172].
Notably, although once thought to be detrimental to muscle regeneration, the initial pro-inflammatory
signalling response to muscle injury is a critical part of the recovery process involving satellite cell
activation and muscle regeneration [173].

6.2. Hypoxia and Inflammation

Hypoxia and inflammation are tightly interconnected [77,174]. On the one hand, hypoxia
can induce inflammation as evidenced by the increased levels of circulating pro-inflammatory
cytokines with mountain sickness [175]. A three-night stay at 3400 m above sea level (F;O, of
13.6%) has been shown to increase the levels of circulating pro-inflammatory cytokines, such as
C-reactive protein and IL-6 [176]. Mice exposed to short-term, extreme hypoxic conditions ((F;O, of
8% for 8 h) exhibit mucosal inflammation and elevated circulating pro-inflammatory cytokines [177].
Obesity is usually accompanied by adipose tissue hypoxia, which is associated with chronic low-grade
systemic inflammation [178]. On the other hand, tissues with inflammation often become hypoxic [77].
A good example is inflammatory bowel disease, in which the mucosa becomes more hypoxic than
in normal conditions [179], which is accompanied by a higher protein content of HIF-1« [180].
Besides the well-accepted concept that hypoxia causes inflammation, hypoxia might also possess some
anti-inflammatory effects [174]. A short stay at 3400 m above sea level (F;O, of 13.6%) also resulted in
an increase in anti-inflammatory cytokine IL-1ra [176]. The stabilisation of HIF-1¢, the main mediator
of hypoxia signalling, has been demonstrated to control excessive inflammation [181]. Notably, a study
found a subtle but non-significant decrease in TNF-« and IL-6 after two hours at simulated hypoxia at
4500 m (F;O; of 11.8%) [182].

6.3. High-Intensity Exercise/Training in Hypoxia and Inflammation

Only a handful of studies have examined the effects of exercise in hypoxia on inflammation.
One study compared the effects of exercise at different intensities in normoxia and hypoxia (2800 m, F;0,
of 14.65%) on pro-inflammatory cytokines, and found no significant differences in the TNF-« or IL-1
after exercise at 40% or 60% of the VOsmax [183]. Another study investigated the level of cytokines after
an exercise bout at 70% of the VOpmax performed until exhaustion, and detected no changes in TNF-«
immediately after or 2 h after the exercise session, while the IL-6 was higher at both time points [182].
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One study compared the effects of a 60 min exercise session at 70% of the VOpax in normoxia and
hypoxia (4200 m, F;O, of 12%) on cytokines and muscle damage markers [184]. The TNF-« increased
to a similar level immediately after exercise in both normoxia and hypoxia, but remained higher one
hour after exercise only in the hypoxic condition [184]. The anti-inflammatory cytokines IL-10 and
IR-1ra were both higher in normoxia and hypoxia one hour after exercise, while the IL-6 was higher
immediately after and one hour after exercise in the hypoxic condition [184]. Another study reported
no differences in IL-6 immediately, 60 min, and 120 min after a combination of HIIE (10 X 3 min
running at 95% of the VOsmax With 60 s of active rest at 60% of the VOypmax) and 30 min of continuous
running (at 85% of the VOsmax) under either hypoxic (F;O, of 14.5%) or normoxic conditions [185].
Interestingly, the level of myoglobin in the blood, an indicator of muscle damage, was even lower in
the hypoxic condition [185].

7. Conclusions

High-intensity exercise, especially interval exercises, has gained popularity recently. Even though
no consensus on the definition of “high-intensity” has been reached, exercise intensities higher than
75% of the VOy,x or PPO are commonly used. High-intensity exercise leads to similar, if not greater,
improvements in skeletal muscle metabolic adaptations, cardiorespiratory fitness, vascular function,
and body composition than moderate-intensity exercises, and is more time efficient. Within skeletal
muscle, high-intensity exercise is associated with similar or great adaptations in mitochondrial
biogenesis and angiogenesis in a muscle fibre type-specific manner. The main molecular mediators
involved in these adaptations include PGC-1«, HIF1-o, and VEGEF, which are also linked to the hypoxic
response [96]. A speculative model has been proposed for the role of PGC-1¢, HIF1-«, and VEGF in
the adaptive responses of skeletal muscle to both high-intensity exercise and hypoxia (Figure 1).

I
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Figure 1. A speculative model for the molecular adaptive responses of skeletal muscle to both
high-intensity exercise/training and hypoxia. Both exercise/training and hypoxia induce a range of
adaptations, including an upregulation in angiogenesis and mitochondrial biogenesis and a shift in
the skeletal muscle fibre type. Peroxisome proliferator activated receptor gamma coactivator 1 alpha
(PGC-1a), hypoxia-inducible factor 1-alpha (HIF-1«), and vascular endothelial growth factor (VEGF)
play important roles in the regulation of the adaptive response to both high-intensity exercise/training
and hypoxia within skeletal muscle.
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Exercise is also known to exhibit anti-inflammatory effects. A single exercise session leads to an
immediate increase in IL-6 (an anti-inflammatory myokine), without an increase in the pro-inflammatory
cytokines TNF-« and IL-1§3. Training has been associated with the reduced activation of TLR signalling
and reductions in the abdominal and visceral fat, which can both lead to lower inflammation. Both a
single exercise session of exercise and training mediate reductions in inflammatory signalling in skeletal
muscle, which may be related to the expression of anti-inflammatory myokines, as well as reductions in
TLR signalling. Hypoxia is associated with an upregulation of inflammatory signalling, such as a higher
pro-inflammatory cytokines. On the other hand, HIF1-« is critical to control excessive inflammation.
A speculative model has been proposed for the inflammatory responses to high-intensity exercise and
hypoxia (Figure 2). Few studies have explored the effects of exercise on inflammatory signalling in
hypoxia, but this limited research reported no differences in pro-inflammatory cytokines, and increases
in anti-inflammatory cytokines. Future studies are required to explore the effects of high-intensity
exercise under hypoxia on inflammatory signalling, especially in a tissue-specific manner. This will
lead to a more comprehensive scientific basis for maximising the benefits of high-intensity exercise.

£

High-intensity Exercise/Training  Hypoxia

Anti-Inflammatory
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Figure 2. A speculative model for the inflammatory responses to high-intensity exercise/training and
hypoxia. Exercise/Training exhibits anti-inflammatory effects via the induction of anti-inflammatory
cytokines and downregulating toll-like receptor (TLR) signalling. Hypoxia is pro-inflammatory and
mediates the upregulation of TLR signalling. HIF-1« is important in regulating the inflammatory
response to high-intensity exercise/training and hypoxia.

Author Contributions: Conceptualization, X.Y.; writing—original draft preparation, J.L. and X.Y.; writing—reviewing
and editing, Y.L., MM.A,, ] K, YH., and D.J.B. All authors have read and agreed to the published version of
the manuscript.

Funding: Yanchun Li was supported by China Central Special Funds of university for basic scientific research
(20175Y005). Muhammed M Atakan was supported by the Scientific and Technological Research Council
of Turkey. Yanchun Li, Yang Hu, David ] Bishop, and Xu Yan were supported by Beijing Sport University
International Collaboration Grant (2018GJ005). Xu Yan was supported by a seed grant from the Australia Institute
for Musculoskeletal Science.

Acknowledgments: We would like to thank Zhihong Henry Ye from the School of Biomedical Sciences at Monash
University and Matthew J.-C. Lee from the Institute for Health and Sport at Victoria University for helping to edit
the English of the manuscript.

Conflicts of Interest: The authors declare no conflict of interest.



Antioxidants 2020, 9, 656 13 of 21

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Ross, L.M.; Porter, R.R.; Durstine, ]J.L. High-intensity interval training (HIIT) for patients with chronic
diseases. J. Sport Health Sci. 2016, 5, 139-144. [CrossRef] [PubMed]

Vogt, M.; Puntschart, A.; Geiser, J.; Zuleger, C.; Billeter, R.; Hoppeler, H. Molecular adaptations in human
skeletal muscle to endurance training under simulated hypoxic conditions. J. Appl. Physiol. 2001, 91, 173-182.
[CrossRef]

Czuba, M.; Bril, G.; Ploszczyca, K.; Piotrowicz, Z.; Chalimoniuk, M.; Roczniok, R.; Zembron-Lacny, A.;
Gerasimuk, D.; Langfort, J. Intermittent Hypoxic Training at Lactate Threshold Intensity Improves Aiming
Performance in Well-Trained Biathletes with Little Change of Cardiovascular Variables. BioMed. Res. Int.
2019, 2019, 1287506. [CrossRef] [PubMed]

Maclnnis, M.J.; Gibala, M.]. Physiological adaptations to interval training and the role of exercise intensity.
J. Physiol. 2017, 595, 2915-2930. [CrossRef] [PubMed]

Bishop, D.J.; Botella, ].; Genders, A .J.; Lee, M.].; Saner,N.J.; Kuang, J.; Yan, X.; Granata, C. High-Intensity Exercise
and Mitochondrial Biogenesis: Current Controversies and Future Research Directions. Physiology (Bethesda)
2019, 34, 56-70. [CrossRef] [PubMed]

Torma, F; Gombos, Z.; Jokai, M.; Takeda, M.; Mimura, T.; Radak, Z. High intensity interval training and
molecular adaptive response of skeletal muscle. Sports Med. Health Sci. 2019, 1, 24-32. [CrossRef]
Hoppeler, H.; Vogt, M.; Weibel, E.R.; Fluck, M. Response of skeletal muscle mitochondria to hypoxia.
Exp. Physiol. 2003, 88, 109-119. [CrossRef]

Mazzeo, R.S. Physiological responses to exercise at altitude: An update. Sports Med. 2008, 38, 1-8. [CrossRef]
Bonetti, D.L.; Hopkins, W.G. Sea-level exercise performance following adaptation to hypoxia: A meta-analysis.
Sports Med. 2009, 39, 107-127. [CrossRef]

Vina, J.; Sanchis-Gomar, F.; Martinez-Bello, V.; Gomez-Cabrera, M.C. Exercise acts as a drug; the pharmacological
benefits of exercise. Br. J. Pharmacol. 2012, 167, 1-12. [CrossRef]

Hawley, ].A.; Hargreaves, M.; Joyner, M.].; Zierath, ].R. Integrative biology of exercise. Cell 2014, 159, 738-749.
[CrossRef] [PubMed]

Little, ]J.P,; Safdar, A.; Bishop, D.; Tarnopolsky, M.A.; Gibala, M.]. An acute bout of high-intensity interval
training increases the nuclear abundance of PGC-1alpha and activates mitochondrial biogenesis in human
skeletal muscle. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R1303-R1310. [CrossRef] [PubMed]
Gibala, M.].; Gillen, ].B.; Percival, M.E. Physiological and health-related adaptations to low-volume interval
training: Influences of nutrition and sex. Sports Med. 2014, 44 (Suppl. 2), S127-5137. [CrossRef] [PubMed]
Gibala, M.J; Little, ].P.; Macdonald, M.].; Hawley, ].A. Physiological adaptations to low-volume, high-intensity
interval training in health and disease. |. Physiol. 2012, 590, 1077-1084. [CrossRef] [PubMed]

Scribbans, T.D.; Vecsey, S.; Hankinson, P.B.; Foster, W.S.; Gurd, B.J. The Effect of Training Intensity on VOpp,x
in Young Healthy Adults: A Meta-Regression and Meta-Analysis. Int. J. Exerc. Sci. 2016, 9, 230-247.
Weston, K.S.; Wisloff, U.; Coombes, J.S. High-intensity interval training in patients with lifestyle-induced
cardiometabolic disease: A systematic review and meta-analysis. Br. J. Sports Med. 2014, 48, 1227-1234. [CrossRef]
Rognmo, O.; Moholdt, T.; Bakken, H.; Hole, T.; Molstad, P.; Myhr, N.E.; Grimsmo, J.; Wisloff, U. Cardiovascular
risk of high- versus moderate-intensity aerobic exercise in coronary heart disease patients. Circulation 2012,
126, 1436-1440. [CrossRef]

Beauchamp, M.K,; Nonoyama, M.; Goldstein, R.S.; Hill, K.; Dolmage, T.E.; Mathur, S.; Brooks, D.
Interval versus continuous training in individuals with chronic obstructive pulmonary disease—A systematic
review. Thorax 2010, 65, 157-164. [CrossRef]

Williams, C.J.; Gurd, B.J.; Bonafiglia, ].T.; Voisin, S.; Li, Z.; Harvey, N.; Croci, I.; Taylor, ].L.; Gajanand, T.;
Ramos, J.S.; et al. A Multi-Center Comparison of O2peak Trainability Between Interval Training and
Moderate Intensity Continuous Training. Front. Physiol. 2019, 10, 19. [CrossRef]

Levinger, L; Yan, X.; Bishop, D.; Houweling, P.J.; Papadimitriou, I.; Munson, E; Byrnes, E.; Vicari, D.;
Brennan-Speranza, T.C.; Eynon, N. The influence of alpha-actinin-3 deficiency on bone remodelling markers
in young men. Bone 2017, 98, 26-30. [CrossRef]

Little, ].P; Gillen, ].B.; Percival, M.E.; Safdar, A.; Tarnopolsky, M.A.; Punthakee, Z.; Jung, M.E.; Gibala, M.].
Low-volume high-intensity interval training reduces hyperglycemia and increases muscle mitochondrial
capacity in patients with type 2 diabetes. J. Appl. Physiol. 2011, 111, 1554-1560. [CrossRef] [PubMed]


http://dx.doi.org/10.1016/j.jshs.2016.04.005
http://www.ncbi.nlm.nih.gov/pubmed/30356536
http://dx.doi.org/10.1152/jappl.2001.91.1.173
http://dx.doi.org/10.1155/2019/1287506
http://www.ncbi.nlm.nih.gov/pubmed/31662969
http://dx.doi.org/10.1113/JP273196
http://www.ncbi.nlm.nih.gov/pubmed/27748956
http://dx.doi.org/10.1152/physiol.00038.2018
http://www.ncbi.nlm.nih.gov/pubmed/30540234
http://dx.doi.org/10.1016/j.smhs.2019.08.003
http://dx.doi.org/10.1113/eph8802513
http://dx.doi.org/10.2165/00007256-200838010-00001
http://dx.doi.org/10.2165/00007256-200939020-00002
http://dx.doi.org/10.1111/j.1476-5381.2012.01970.x
http://dx.doi.org/10.1016/j.cell.2014.10.029
http://www.ncbi.nlm.nih.gov/pubmed/25417152
http://dx.doi.org/10.1152/ajpregu.00538.2010
http://www.ncbi.nlm.nih.gov/pubmed/21451146
http://dx.doi.org/10.1007/s40279-014-0259-6
http://www.ncbi.nlm.nih.gov/pubmed/25355187
http://dx.doi.org/10.1113/jphysiol.2011.224725
http://www.ncbi.nlm.nih.gov/pubmed/22289907
http://dx.doi.org/10.1136/bjsports-2013-092576
http://dx.doi.org/10.1161/CIRCULATIONAHA.112.123117
http://dx.doi.org/10.1136/thx.2009.123000
http://dx.doi.org/10.3389/fphys.2019.00019
http://dx.doi.org/10.1016/j.bone.2017.02.010
http://dx.doi.org/10.1152/japplphysiol.00921.2011
http://www.ncbi.nlm.nih.gov/pubmed/21868679

Antioxidants 2020, 9, 656 14 of 21

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Little, J.P; Safdar, A.; Wilkin, G.P; Tarnopolsky, M.A.; Gibala, M.J. A practical model of low-volume
high-intensity interval training induces mitochondrial biogenesis in human skeletal muscle: Potential
mechanisms. J. Physiol. 2010, 588, 1011-1022. [CrossRef]

Atakan, M.M.; Guzel, Y.; Bulut, S.; Kosar, N.S.; McConell, G.K.; Turnagol, H.H. Six high-intensity interval
training sessions over 5 days increases maximal oxygen uptake, endurance capacity and sub-maximal exercise
fat oxidation as much as 6 high-intensity interval training sessions over 2 weeks. J. Sport Health Sci. 2020.
[CrossRef]

Talanian, J.L.; Galloway, S.D.; Heigenhauser, G.J.; Bonen, A.; Spriet, L.L. Two weeks of high-intensity aerobic
interval training increases the capacity for fat oxidation during exercise in women. J. Appl. Physiol. 2007, 102,
1439-1447. [CrossRef] [PubMed]

Miller, B.E; Hamilton, K.L. A perspective on the determination of mitochondrial biogenesis. Am. . Physiol.
Endocrinol. Metab. 2012, 302, E496-E499. [CrossRef] [PubMed]

Menshikova, E.V.; Ritov, V.B,; Fairfull, L.; Ferrell, R.E.; Kelley, D.E.; Goodpaster, B.H. Effects of exercise on
mitochondrial content and function in aging human skeletal muscle. J. Gerontol. A Biol. Sci. Med. Sci. 2006,
61, 534-540.

Di Filippo, E.S.; Bondi, D.; Pietrangelo, T.; Fano-Illic, G.; Fulle, S. Molecular and Cellular Aspects of Sarcopenia,
Muscle Healthy Aging and Physical Conditioning in the Elderly. J. Sci. Sport Exerc. 2020. [CrossRef]
Safdar, A,; Little, ].P; Stokl, A.J.; Hettinga, B.P.; Akhtar, M.; Tarnopolsky, M. A. Exercise increases mitochondrial
PGC-1 alpha content and promotes nuclear-mitochondrial cross-talk to coordinate mitochondrial biogenesis.
J. Biol. Chem. 2018, 293, 4953. [CrossRef]

Baar, K.; Wende, A.R; Jones, T.E.; Marison, M.; Nolte, L.A.; Chen, M.; Kelly, D.P.; Holloszy, ].O. Adaptations
of skeletal muscle to exercise: Rapid increase in the transcriptional coactivator PGC-1. FASEB ]. 2002, 16,
1879-1886. [CrossRef]

Combes, A.; Dekerle, J.; Webborn, N.; Watt, P.; Bougault, V.; Daussin, EN. Exercise-induced metabolic
fluctuations influence AMPK, p38-MAPK and CaMKII phosphorylation in human skeletal muscle.
Physiol. Rep. 2015, 3, e12462. [CrossRef]

Mathai, A.S.; Bonen, A.; Benton, C.R.; Robinson, D.L.; Graham, T.E. Rapid exercise-induced changes in
PGC-lalpha mRNA and protein in human skeletal muscle. J. Appl. Physiol. 2008, 105, 1098-1105. [CrossRef]
[PubMed]

Papadimitriou, I.D.; Eynon, N.; Yan, X.; Munson, E; Jacques, M.; Kuang, J.; Voisin, S.; North, K.N.; Bishop, D.J.
A “human knockout” model to investigate the influence of the alpha-actinin-3 protein on exercise-induced
mitochondrial adaptations. Sci. Rep. 2019, 9, 12688. [CrossRef] [PubMed]

Yan, X.; Dvir, N.; Jacques, M.; Cavalcante, L.; Papadimitriou, I.D.; Munson, F; Kuang, J.; Garnham, A.;
Landen, S.; Lj, J.; et al. ACE I/D gene variant predicts ACE enzyme content in blood but not the ACE, UCP2,
and UCP3 protein content in human skeletal muscle in the Gene SMART study. J. Appl. Physiol. 2018, 125,
923-930. [CrossRef]

Granata, C.; Oliveira, R.S.F; Little, ].P; Bishop, D.J. Forty high-intensity interval training sessions blunt
exercise-induced changes in the nuclear protein content of PGC-1alpha and p53 in human skeletal muscle.
Am. J. Physiol. Endocrinol. Metab. 2020, 318, E224-E236. [CrossRef] [PubMed]

Granata, C.; Oliveira, R.S.; Little, J.P.; Renner, K.; Bishop, D.J. Sprint-interval but not continuous exercise
increases PGC-1alpha protein content and p53 phosphorylation in nuclear fractions of human skeletal muscle.
Sci. Rep. 2017, 7, 44227. [CrossRef] [PubMed]

Cochran, A J.; Percival, M.E.; Tricarico, S.; Little, ].P.; Cermak, N.; Gillen, ]J.B.; Tarnopolsky, M.A.; Gibala, M.].
Intermittent and continuous high-intensity exercise training induce similar acute but different chronic muscle
adaptations. Exp. Physiol. 2014, 99, 782-791. [CrossRef]

Holmes, B.F; Kurth-Kraczek, E.J.; Winder, W.W. Chronic activation of 5-AMP-activated protein kinase
increases GLUT-4, hexokinase, and glycogen in muscle. . Appl. Physiol. 1999, 87, 1990-1995. [CrossRef]
Lehman, J.J.; Barger, PM.; Kovacs, A ; Saffitz, ] .E.; Medeiros, D.M.; Kelly, D.P. Peroxisome proliferator-activated
receptor gamma coactivator-1 promotes cardiac mitochondrial biogenesis. J. Clin. Investig. 2000, 106, 847-856.
[CrossRef]

Malek, M.H.; Huttemann, M.; Lee, I.; Coburn, J.W. Similar skeletal muscle angiogenic and mitochondrial
signalling following 8 weeks of endurance exercise in mice: Discontinuous versus continuous training.
Exp. Physiol. 2013, 98, 807-818. [CrossRef]


http://dx.doi.org/10.1113/jphysiol.2009.181743
http://dx.doi.org/10.1016/j.jshs.2020.06.008
http://dx.doi.org/10.1152/japplphysiol.01098.2006
http://www.ncbi.nlm.nih.gov/pubmed/17170203
http://dx.doi.org/10.1152/ajpendo.00578.2011
http://www.ncbi.nlm.nih.gov/pubmed/22205627
http://dx.doi.org/10.1007/s42978-020-00065-2
http://dx.doi.org/10.1074/jbc.EC118.002682
http://dx.doi.org/10.1096/fj.02-0367com
http://dx.doi.org/10.14814/phy2.12462
http://dx.doi.org/10.1152/japplphysiol.00847.2007
http://www.ncbi.nlm.nih.gov/pubmed/18653753
http://dx.doi.org/10.1038/s41598-019-49042-y
http://www.ncbi.nlm.nih.gov/pubmed/31481717
http://dx.doi.org/10.1152/japplphysiol.00344.2018
http://dx.doi.org/10.1152/ajpendo.00233.2019
http://www.ncbi.nlm.nih.gov/pubmed/31794264
http://dx.doi.org/10.1038/srep44227
http://www.ncbi.nlm.nih.gov/pubmed/28281651
http://dx.doi.org/10.1113/expphysiol.2013.077453
http://dx.doi.org/10.1152/jappl.1999.87.5.1990
http://dx.doi.org/10.1172/JCI10268
http://dx.doi.org/10.1113/expphysiol.2012.070169

Antioxidants 2020, 9, 656 15 of 21

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

Bishop, D.J.; Granata, C.; Eynon, N. Can we optimise the exercise training prescription to maximise
improvements in mitochondria function and content? Biochim. Biophys. Acta 2014, 1840, 1266-1275. [CrossRef]
Granata, C.; Oliveira, R.S.; Little, ].P.; Renner, K.; Bishop, D.J. Training intensity modulates changes in
PGC-lalpha and p53 protein content and mitochondrial respiration, but not markers of mitochondrial
content in human skeletal muscle. FASEB |. 2016, 30, 959-970. [CrossRef] [PubMed]

Yan, X.; Eynon, N.; Papadimitriou, I.D.; Kuang, J.; Munson, F; Tirosh, O.; O’Keefe, L.; Griffiths, L.R.; Ashton, KJ;
Byrne, N.; et al. The gene SMART study: Method, study design, and preliminary findings. BMC Genom. 2017,
18 (Suppl. 8), 821. [CrossRef] [PubMed]

Jacques, M.; Kuang;, J.; Bishop, D.J.; Yan, X.; Alvarez-Romero, J.; Munson, F.; Garnham, A.; Papadimitriou, I.;
Voisin, S.; Eynon, N. Mitochondrial respiration variability and simulations in human skeletal muscle:
The Gene SMART study. FASEB . 2020, 34, 2978-2986. [CrossRef] [PubMed]

Voisin, S.; Guilherme, J.P; Yan, X.; Pushkarev, V.P,; Cieszczyk, P.; Massidda, M.; Calo, C.M.; Dyatlov, D.A;
Kolupaev, V.A; Pushkareva, Y.E.; et al. ACVR1B rs2854464 Is Associated with Sprint/Power Athletic Status
in a Large Cohort of Europeans but Not Brazilians. PLoS ONE 2016, 11, €0156316. [CrossRef] [PubMed]
Yan, X.; Papadimitriou, L; Lidor, R.; Eynon, N. Nature versus Nurture in Determining Athletic Ability.
Med. Sport Sci. 2016, 61, 15-28. [PubMed]

Yang, R.; Shen, X.; Wang, Y.; Voisin, S.; Cai, G.; Fu, Y.; Xu, W.; Eynon, N.; Bishop, D.J.; Yan, X. ACTN3
R577X Gene Variant Is Associated With Muscle-Related Phenotypes in Elite Chinese Sprint/Power Athletes.
J. Strength Cond. Res. 2017, 31, 1107-1115. [CrossRef] [PubMed]

Banting, L.K.; Pushkarev, V.P,; Cieszczyk, P.; Zarebska, A.; Maciejewska-Karlowska, A.; Sawczuk, M.A.;
Leonska-Duniec, A.; Dyatlov, D.A.; Orekhov, E.E; Degtyarev, A.V; et al. Elite athletes” genetic predisposition
for altered risk of complex metabolic traits. BMC Genom. 2015, 16, 25. [CrossRef]

Arany, Z. PGC-1 coactivators and skeletal muscle adaptations in health and disease. Curr. Opin. Genet. Dev.
2008, 18, 426-434. [CrossRef]

Tan, R.; Nederveen, ].P; Gillen, ].B.; Joanisse, S.; Parise, G.; Tarnopolsky, M.A.; Gibala, M.]. Skeletal muscle
fiber-type-specific changes in markers of capillary and mitochondrial content after low-volume interval
training in overweight women. Physiol. Rep. 2018, 6, €13597. [CrossRef]

Lin, J.; Wu, H,; Tarr, PT.; Zhang, C.Y.; Wu, Z.; Boss, O.; Michael, L.F.; Puigserver, P; Isotani, E.; Olson, E.N; et al.
Transcriptional co-activator PGC-1 alpha drives the formation of slow-twitch muscle fibres. Nature 2002, 418,
797-801. [CrossRef]

Handschin, C.; Chin, S.; Li, P; Liu, E; Maratos-Flier, E.; Lebrasseur, N.K.; Yan, Z.; Spiegelman, B.M.
Skeletal muscle fiber-type switching, exercise intolerance, and myopathy in PGC-1alpha muscle-specific
knock-out animals. J. Biol. Chem. 2007, 282, 30014-30021. [CrossRef]

Folkman, J. Seminars in Medicine of the Beth Israel Hospital, Boston. Clinical applications of research on
angiogenesis. N. Engl. |. Med. 1995, 333, 1757-1763. [CrossRef] [PubMed]

Lahteenvuo, J.; Rosenzweig, A. Effects of aging on angiogenesis. Circ. Res. 2012, 110, 1252-1264. [CrossRef]
[PubMed]

Kwak, S.E.; Lee, ].H.; Zhang, D.; Song, W. Angiogenesis: Focusing on the effects of exercise in aging and
cancer. J. Exerc. Nutr. Biochem. 2018, 22, 21-26. [CrossRef] [PubMed]

Ucuzian, A.A.; Gassman, A.A.; East, A.T.; Greisler, H.P. Molecular mediators of angiogenesis. . Burn Care Res.
2010, 31, 158-175. [CrossRef] [PubMed]

Thurston, G.; Rudge, J.S.; Ioffe, E.; Zhou, H.; Ross, L.; Croll, S.D.; Glazer, N.; Holash, J.; McDonald, D.M.;
Yancopoulos, G.D. Angiopoietin-1 protects the adult vasculature against plasma leakage. Nat. Med. 2000, 6,
460-463. [CrossRef]

Maisonpierre, P.C.; Suri, C.; Jones, PE; Bartunkova, S.; Wiegand, S.J.; Radziejewski, C.; Compton, D.;
McClain, J.; Aldrich, T.H.; Papadopoulos, N.; et al. Angiopoietin-2, a natural antagonist for Tie2 that disrupts
in vivo angiogenesis. Science 1997, 277, 55-60. [CrossRef]

Guo, D.; Wang, Q.; Li, C.; Wang, Y.; Chen, X. VEGF stimulated the angiogenesis by promoting the
mitochondrial functions. Oncotarget 2017, 8, 77020-77027. [CrossRef]

Kanatous, S.B.; Mammen, P.P. Regulation of myoglobin expression. J. Exp. Biol. 2010, 213, 2741-2747. [CrossRef]
Shin, K.O.; Bae, J.Y.; Woo, ]J.; Jang, K.S.; Kim, K.S; Park, J.S.; Kim, L.K,; Kang, S. The effect of exercise on
expression of myokine and angiogenesis mRNA in skeletal muscle of high fat diet induced obese rat. J. Exerc.
Nutr. Biochem. 2015, 19, 91-98. [CrossRef]


http://dx.doi.org/10.1016/j.bbagen.2013.10.012
http://dx.doi.org/10.1096/fj.15-276907
http://www.ncbi.nlm.nih.gov/pubmed/26572168
http://dx.doi.org/10.1186/s12864-017-4186-4
http://www.ncbi.nlm.nih.gov/pubmed/29143594
http://dx.doi.org/10.1096/fj.201901997RR
http://www.ncbi.nlm.nih.gov/pubmed/31919888
http://dx.doi.org/10.1371/journal.pone.0156316
http://www.ncbi.nlm.nih.gov/pubmed/27253421
http://www.ncbi.nlm.nih.gov/pubmed/27287074
http://dx.doi.org/10.1519/JSC.0000000000001558
http://www.ncbi.nlm.nih.gov/pubmed/27442335
http://dx.doi.org/10.1186/s12864-014-1199-0
http://dx.doi.org/10.1016/j.gde.2008.07.018
http://dx.doi.org/10.14814/phy2.13597
http://dx.doi.org/10.1038/nature00904
http://dx.doi.org/10.1074/jbc.M704817200
http://dx.doi.org/10.1056/NEJM199512283332608
http://www.ncbi.nlm.nih.gov/pubmed/7491141
http://dx.doi.org/10.1161/CIRCRESAHA.111.246116
http://www.ncbi.nlm.nih.gov/pubmed/22539758
http://dx.doi.org/10.20463/jenb.2018.0020
http://www.ncbi.nlm.nih.gov/pubmed/30343555
http://dx.doi.org/10.1097/BCR.0b013e3181c7ed82
http://www.ncbi.nlm.nih.gov/pubmed/20061852
http://dx.doi.org/10.1038/74725
http://dx.doi.org/10.1126/science.277.5322.55
http://dx.doi.org/10.18632/oncotarget.20331
http://dx.doi.org/10.1242/jeb.041442
http://dx.doi.org/10.5717/jenb.2015.15061006

Antioxidants 2020, 9, 656 16 of 21

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.
78.

79.

80.

81.

82.

83.

Yeo, N.H.; Woo, J.; Shin, K.O,; Park, J.Y.; Kang, S. The effects of different exercise intensity on myokine and
angiogenesis factors. . Sports Med. Phys. Fit. 2012, 52, 448-454.

Hoier, B.; Passos, M.; Bangsbo, J.; Hellsten, Y. Intense intermittent exercise provides weak stimulus for
vascular endothelial growth factor secretion and capillary growth in skeletal muscle. Exp. Physiol. 2013, 98,
585-597. [CrossRef] [PubMed]

Jensen, L.; Bangsbo, J.; Hellsten, Y. Effect of high intensity training on capillarization and presence of
angiogenic factors in human skeletal muscle. J. Physiol. 2004, 557, 571-582. [CrossRef]

Jensen, L.; Pilegaard, H.; Neufer, P.D.; Hellsten, Y. Effect of acute exercise and exercise training on VEGF
splice variants in human skeletal muscle. Am. |. Physiol. Regul. Integr. Comp. Physiol. 2004, 287, R397-R402.
[CrossRef]

Zhi, X,; Xiong, ].; Wang, M.; Zhang, H.; Huang, G.; Zhao, J.; Zi, X.; Hu, Y.P. Physiological Hypoxia Enhances
Stemness Preservation, Proliferation, and Bidifferentiation of Induced Hepatic Stem Cells. Oxid. Med.
Cell Longev. 2018, 2018, 7618704. [CrossRef] [PubMed]

Hockel, M.; Vaupel, P. Tumor hypoxia: Definitions and current clinical, biologic, and molecular aspects.
J. Natl. Cancer Inst. 2001, 93, 266-276. [CrossRef]

Hughson, R.L.; Green, H.]J.; Sharratt, M.T. Gas exchange, blood lactate, and plasma catecholamines during
incremental exercise in hypoxia and normoxia. J. Appl. Physiol. 1995, 79, 1134-1141. [CrossRef] [PubMed]
Benoit, H.; Busso, T.; Castells, J.; Geyssant, A.; Denis, C. Decrease in peak heart rate with acute hypoxia in
relation to sea level VO(2max). Eur. ]. Appl. Physiol. 2003, 90, 514-519. [CrossRef]

Ozcelik, O.; Kelestimur, H. Effects of acute hypoxia on the estimation of lactate threshold from ventilatory
gas exchange indices during an incremental exercise test. Physiol. Res. 2004, 53, 653—659.

Linthorne, N.P. Improvement in 100-m Sprint Performance at an Altitude of 2250 m. Sports (Basel) 2016, 4, 29.
[CrossRef]

Favier, R.; Spielvogel, H.; Desplanches, D.; Ferretti, G.; Kayser, B.; Hoppeler, H. Maximal exercise performance
in chronic hypoxia and acute normoxia in high-altitude natives. J. Appl. Physiol. 1995, 78, 1868-1874. [CrossRef]
[PubMed]

Brutsaert, T. Why Are High Altitude Natives So Strong at High Altitude? Nature vs. Nurture: Genetic
Factors vs. Growth and Development. Adv. Exp. Med. Biol. 2016, 903, 101-112. [PubMed]

Brutsaert, T.D. Do high-altitude natives have enhanced exercise performance at altitude? Appl. Physiol.
Nutr. Metab. 2008, 33, 582-592. [CrossRef] [PubMed]

Marconi, C.; Marzorati, M.; Cerretelli, P. Work capacity of permanent residents of high altitude. High. Alt.
Med. Biol. 2006, 7, 105-115. [CrossRef]

Wilber, R.L. Application of altitude/hypoxic training by elite athletes. Med. Sci. Sports Exerc. 2007, 39, 1610-1624.
[CrossRef]

Bailey, D.M.; Davies, B. Physiological implications of altitude training for endurance performance at sea
level: A review. Br. . Sports Med. 1997, 31, 183-190. [CrossRef]

Eltzschig, H K.; Carmeliet, P. Hypoxia and inflammation. N. Engl. J. Med. 2011, 364, 656—665. [CrossRef]
Semenza, G.L. Regulation of mammalian O, homeostasis by hypoxia-inducible factor 1. Annu. Rev. Cell
Dev. Biol. 1999, 15, 551-578. [CrossRef]

Semenza, G.L.; Nejfelt, M.K.; Chi, S.M.; Antonarakis, S.E. Hypoxia-inducible nuclear factors bind to an
enhancer element located 3’ to the human erythropoietin gene. Proc. Natl. Acad. Sci. USA 1991, 88, 5680-5684.
[CrossRef]

Wang, G.L.; Semenza, G.L. General involvement of hypoxia-inducible factor 1 in transcriptional response to
hypoxia. Proc. Natl. Acad. Sci. USA 1993, 90, 4304-4308. [CrossRef]

Thomas, L.W.; Ashcroft, M. Exploring the molecular interface between hypoxia-inducible factor signalling
and mitochondria. Cell Mol. Life Sci. 2019, 76, 1759-1777. [CrossRef] [PubMed]

Papandreou, I.; Cairns, R.A.; Fontana, L.; Lim, A.L.; Denko, N.C. HIF-1 mediates adaptation to hypoxia
by actively downregulating mitochondrial oxygen consumption. Cell Metab. 2006, 3, 187-197. [CrossRef]
[PubMed]

Semenza, G.L.; Jiang, B.H.; Leung, S.\W.; Passantino, R.; Concordet, J.P.; Maire, P.; Giallongo, A.
Hypoxia response elements in the aldolase A, enolase 1, and lactate dehydrogenase A gene promoters contain
essential binding sites for hypoxia-inducible factor 1. J. Biol. Chem. 1996, 271, 32529-32537. [CrossRef]
[PubMed]


http://dx.doi.org/10.1113/expphysiol.2012.067967
http://www.ncbi.nlm.nih.gov/pubmed/22962287
http://dx.doi.org/10.1113/jphysiol.2003.057711
http://dx.doi.org/10.1152/ajpregu.00071.2004
http://dx.doi.org/10.1155/2018/7618704
http://www.ncbi.nlm.nih.gov/pubmed/29643975
http://dx.doi.org/10.1093/jnci/93.4.266
http://dx.doi.org/10.1152/jappl.1995.79.4.1134
http://www.ncbi.nlm.nih.gov/pubmed/8567554
http://dx.doi.org/10.1007/s00421-003-0899-y
http://dx.doi.org/10.3390/sports4020029
http://dx.doi.org/10.1152/jappl.1995.78.5.1868
http://www.ncbi.nlm.nih.gov/pubmed/7649924
http://www.ncbi.nlm.nih.gov/pubmed/27343091
http://dx.doi.org/10.1139/H08-009
http://www.ncbi.nlm.nih.gov/pubmed/18461115
http://dx.doi.org/10.1089/ham.2006.7.105
http://dx.doi.org/10.1249/mss.0b013e3180de49e6
http://dx.doi.org/10.1136/bjsm.31.3.183
http://dx.doi.org/10.1056/NEJMra0910283
http://dx.doi.org/10.1146/annurev.cellbio.15.1.551
http://dx.doi.org/10.1073/pnas.88.13.5680
http://dx.doi.org/10.1073/pnas.90.9.4304
http://dx.doi.org/10.1007/s00018-019-03039-y
http://www.ncbi.nlm.nih.gov/pubmed/30767037
http://dx.doi.org/10.1016/j.cmet.2006.01.012
http://www.ncbi.nlm.nih.gov/pubmed/16517406
http://dx.doi.org/10.1074/jbc.271.51.32529
http://www.ncbi.nlm.nih.gov/pubmed/8955077

Antioxidants 2020, 9, 656 17 of 21

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Wenger, RH. Cellular adaptation to hypoxia: O,-sensing protein hydroxylases, hypoxia-inducible
transcription factors, and O,-regulated gene expression. FASEB J. 2002, 16, 1151-1162. [CrossRef] [PubMed]
Doria, C.; Toniolo, L.; Verratti, V.; Cancellara, P; Pietrangelo, T.; Marconi, V.; Paoli, A.; Pogliaghi, S.; Fano, G.;
Reggiani, C.; et al. Improved VO, uptake kinetics and shift in muscle fiber type in high-altitude trekkers.
J. Appl. Physiol. 2011, 111, 1597-1605. [CrossRef] [PubMed]

Van Thienen, R.; Masschelein, E.; D'"Hulst, G.; Thomis, M.; Hespel, P. Twin Resemblance in Muscle HIF-1alpha
Responses to Hypoxia and Exercise. Front. Physiol. 2016, 7, 676. [PubMed]

Zoll, J.; Ponsot, E.; Dufour, S.; Doutreleau, S.; Ventura-Clapier, R.; Vogt, M.; Hoppeler, H.; Richard, R.;
Fluck, M. Exercise training in normobaric hypoxia in endurance runners. III. Muscular adjustments of
selected gene transcripts. J. Appl. Physiol. 2006, 100, 1258-1266.

Zimna, A.; Kurpisz, M. Hypoxia-Inducible Factor-1 in Physiological and Pathophysiological Angiogenesis:
Applications and Therapies. BioMed. Res. Int. 2015, 2015, 549412. [CrossRef]

Kelly, B.D.; Hackett, S.F; Hirota, K.; Oshima, Y.; Cai, Z.; Berg-Dixon, S.; Rowan, A.; Yan, Z.; Campochiaro, PA.;
Semenza, G.L. Cell type-specific regulation of angiogenic growth factor gene expression and induction of
angiogenesis in nonischemic tissue by a constitutively active form of hypoxia-inducible factor 1. Circ. Res.
2003, 93, 1074-1081. [CrossRef]

Carroll, V.A.; Ashcroft, M. Role of hypoxia-inducible factor (HIF)-1alpha versus HIF-2alpha in the regulation
of HIF target genes in response to hypoxia, insulin-like growth factor-1, or loss of von Hippel-Lindau function:
Implications for targeting the HIF pathway. Cancer Res. 2006, 66, 6264—-6270. [CrossRef]

Greijer, A.E.; van der Groep, P.; Kemming, D.; Shvarts, A.; Semenza, G.L.; Meijer, G.A.; van de Wiel, M. A ;
Belien, J.A.; van Diest, PJ.; van der Wall, E. Up-regulation of gene expression by hypoxia is mediated
predominantly by hypoxia-inducible factor 1 (HIF-1). J. Pathol. 2005, 206, 291-304. [CrossRef] [PubMed]
Ceradini, D.J.; Kulkarni, A.R.; Callaghan, M.].; Tepper, O.M.; Bastidas, N.; Kleinman, M.E.; Capla, ] M.;
Galiano, R.D.; Levine, ].P.; Gurtner, G.C. Progenitor cell trafficking is regulated by hypoxic gradients through
HIF-1 induction of SDF-1. Nat. Med. 2004, 10, 858-864. [CrossRef] [PubMed]

Manalo, D.J.; Rowan, A.; Lavoie, T.; Natarajan, L.; Kelly, B.D.; Ye, 5.Q.; Garcia, ].G.; Semenza, G.L. Transcriptional
regulation of vascular endothelial cell responses to hypoxia by HIF-1. Blood 2005, 105, 659-669. [CrossRef]
Ohno, H.; Shirato, K.; Sakurai, T.; Ogasawara, J.; Sumitani, Y.; Sato, S.; Imaizumi, K.; Ishida, H.; Kizaki, T.
Effect of exercise on HIF-1 and VEGF signaling. . Phys. Fit. Sports Med. 2012, 1, 5-16. [CrossRef]

Zhang, K.; Lu, J.; Mori, T.; Smith-Powell, L.; Synold, TW.; Chen, S.; Wen, W. Baicalin increases VEGF
expression and angiogenesis by activating the ERR{alpha}/PGC-1{alpha} pathway. Cardiovasc. Res. 2011, 89,
426-435. [CrossRef] [PubMed]

Arany, Z.; Foo, S.Y.; Ma, Y,; Ruas, ].L.; Bommi-Reddy, A.; Girnun, G.; Cooper, M.; Laznik, D.; Chinsomboon, J.;
Rangwala, S.M.; et al. HIF-independent regulation of VEGF and angiogenesis by the transcriptional
coactivator PGC-1alpha. Nature 2008, 451, 1008-1012. [CrossRef]

Lee, P; Chandel, N.S.; Simon, M.C. Cellular adaptation to hypoxia through hypoxia inducible factors and
beyond. Nat. Rev. Mol. Cell Biol. 2020, 21, 268-283. [CrossRef]

Lee, S.H.; Wolf, PL.; Escudero, R.; Deutsch, R.; Jamieson, S.W.; Thistlethwaite, P.A. Early expression of
angiogenesis factors in acute myocardial ischemia and infarction. N. Engl. . Med. 2000, 342, 626-633. [CrossRef]
Chen, L.; Endler, A_; Shibasaki, F. Hypoxia and angiogenesis: Regulation of hypoxia-inducible factors via
novel binding factors. Exp. Mol. Med. 2009, 41, 849-857. [CrossRef]

Fraser, J.; de Mello, L.V.,; Ward, D.; Rees, H.H.; Williams, D.R.; Fang, Y.; Brass, A.; Gracey, A.Y.; Cossins, A.R.
Hypoxia-inducible myoglobin expression in nonmuscle tissues. Proc. Natl. Acad. Sci. USA 2006, 103,2977-2981.
[CrossRef]

Lundby, C.; Calbet, ].A.; Robach, P. The response of human skeletal muscle tissue to hypoxia. Cell Mol.
Life Sci. 2009, 66, 3615-3623. [CrossRef]

Disanzo, B.L.; You, T. Effects of exercise training on indicators of adipose tissue angiogenesis and hypoxia in
obese rats. Metabolism 2014, 63, 452-455. [CrossRef]

Ameln, H.; Gustafsson, T.; Sundberg, C.J.; Okamoto, K.; Jansson, E.; Poellinger, L.; Makino, Y. Physiological
activation of hypoxia inducible factor-1 in human skeletal muscle. FASEB J. 2005, 19, 1009-1011. [CrossRef]
Nagahisa, H.; Mukai, K.; Ohmura, H.; Takahashi, T.; Miyata, H. Effect of High-Intensity Training in
Normobaric Hypoxia on Thoroughbred Skeletal Muscle. Oxid. Med. Cell Longev. 2016, 2016, 1535367.
[CrossRef]


http://dx.doi.org/10.1096/fj.01-0944rev
http://www.ncbi.nlm.nih.gov/pubmed/12153983
http://dx.doi.org/10.1152/japplphysiol.01439.2010
http://www.ncbi.nlm.nih.gov/pubmed/21868681
http://www.ncbi.nlm.nih.gov/pubmed/28149279
http://dx.doi.org/10.1155/2015/549412
http://dx.doi.org/10.1161/01.RES.0000102937.50486.1B
http://dx.doi.org/10.1158/0008-5472.CAN-05-2519
http://dx.doi.org/10.1002/path.1778
http://www.ncbi.nlm.nih.gov/pubmed/15906272
http://dx.doi.org/10.1038/nm1075
http://www.ncbi.nlm.nih.gov/pubmed/15235597
http://dx.doi.org/10.1182/blood-2004-07-2958
http://dx.doi.org/10.7600/jpfsm.1.5
http://dx.doi.org/10.1093/cvr/cvq296
http://www.ncbi.nlm.nih.gov/pubmed/20851810
http://dx.doi.org/10.1038/nature06613
http://dx.doi.org/10.1038/s41580-020-0227-y
http://dx.doi.org/10.1056/NEJM200003023420904
http://dx.doi.org/10.3858/emm.2009.41.12.103
http://dx.doi.org/10.1073/pnas.0508270103
http://dx.doi.org/10.1007/s00018-009-0146-8
http://dx.doi.org/10.1016/j.metabol.2013.12.004
http://dx.doi.org/10.1096/fj.04-2304fje
http://dx.doi.org/10.1155/2016/1535367

Antioxidants 2020, 9, 656 18 of 21

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

Kon, M.; Ohiwa, N.; Honda, A.; Matsubayashi, T; Ikeda, T.; Akimoto, T.; Suzuki, Y.; Hirano, Y.; Russell, A.P.
Effects of systemic hypoxia on human muscular adaptations to resistance exercise training. Physiol. Rep.
2015, 3, €12033. [CrossRef]

Zebrowska, A.; Jastrzebski, D.; Sadowska-Krepa, E.; Sikora, M.; Di Giulio, C. Comparison of the Effectiveness
of High-Intensity Interval Training in Hypoxia and Normoxia in Healthy Male Volunteers: A Pilot Study.
BioMed. Res. Int. 2019, 2019, 7315714. [CrossRef]

Biddlestone, J.; Bandarra, D.; Rocha, S. The role of hypoxia in inflammatory disease (review). Int. ]. Mol. Med.
2015, 35, 859-869. [CrossRef]

Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860-867. [CrossRef]

Yan, X.; Zhu, M.J.; Dodson, M.V.; Du, M. Developmental programming of fetal skeletal muscle and adipose
tissue development. J. Genom. 2013, 1, 29-38. [CrossRef]

Yan, X.; Zhu, M.J.; Xu, W,; Tong, ].F.; Ford, S.P; Nathanielsz, PW.; Du, M. Up-regulation of Toll-like receptor
4/nuclear factor-kappaB signaling is associated with enhanced adipogenesis and insulin resistance in fetal
skeletal muscle of obese sheep at late gestation. Endocrinology 2010, 151, 380-387. [CrossRef]

Yan, X.; Huang, Y.; Zhao, ].X.; Long, N.M.; Uthlaut, A.B.; Zhu, M.].; Ford, S.P.; Nathanielsz, PW.; Du, M.
Maternal obesity-impaired insulin signaling in sheep and induced lipid accumulation and fibrosis in skeletal
muscle of offspring. Biol. Reprod. 2011, 85, 172-178. [CrossRef]

Gleeson, M.; Bishop, N.C.; Stensel, D.J.; Lindley, M.R.; Mastana, S.S.; Nimmo, M.A. The anti-inflammatory
effects of exercise: Mechanisms and implications for the prevention and treatment of disease.
Nat. Rev. Immunol. 2011, 11, 607-615. [CrossRef]

Petersen, A.M.; Pedersen, B.K. The anti-inflammatory effect of exercise. J. Appl. Physiol. 2005, 98, 1154-1162.
[CrossRef]

Pedersen, B.K. Anti-inflammatory effects of exercise: Role in diabetes and cardiovascular disease. Eur. |.
Clin. Investig. 2017, 47, 600-611. [CrossRef] [PubMed]

Kaisho, T.; Akira, S. Toll-like receptor function and signaling. J. Allergy Clin. Immunol. 2006, 117, 979-987,
quiz 988. [CrossRef]

Takeda, K.; Kaisho, T.; Akira, S. Toll-like receptors. Annu. Rev. Immunol. 2003, 21, 335-376. [CrossRef]
[PubMed]

Kolmychkova, K.I.; Zhelankin, A.V.; Karagodin, V.P.; Orekhov, A.N. Mitochondria and inflammation.
Patol. Fiziol. Eksp. Ter. 2016, 60, 114-121. [PubMed]

Missiroli, S.; Patergnani, S.; Caroccia, N.; Pedriali, G.; Perrone, M.; Previati, M.; Wieckowski, M.R.; Giorgi, C.
Mitochondria-associated membranes (MAMs) and inflammation. Cell Death Dis. 2018, 9, 329. [CrossRef]
Meyer, A.; Laverny, G.; Bernardi, L.; Charles, A.L.; Alsaleh, G.; Pottecher, ].; Sibilia, J.; Geny, B. Mitochondria:
An Organelle of Bacterial Origin Controlling Inflammation. Front. Immunol. 2018, 9, 536. [CrossRef]
Green, D.R,; Galluzzi, L.; Kroemer, G. Mitochondria and the autophagy-inflammation-cell death axis in
organismal aging. Science 2011, 333, 1109-1112. [CrossRef]

Vringer, E.; Tait, S.W.G. Mitochondria and Inflammation: Cell Death Heats Up. Front. Cell Dev. Biol. 2019,
7,100. [CrossRef] [PubMed]

Yan, X.; Huang, Y.; Zhao, ].X.; Rogers, C.J.; Zhu, M.]; Ford, S.P,; Nathanielsz, PW.; Du, M. Maternal obesity
downregulates microRNA let-7g expression, a possible mechanism for enhanced adipogenesis during ovine
fetal skeletal muscle development. Int. |. Obes. (Lond.) 2013, 37, 568-575. [CrossRef]

Yan, X.; Nijland, M.; McDonald, T.; Pereira, S.P.; Zhu, M.].; Nathanielsz, PW.; Du, M. Maternal Over-Nutrition
Is Associated with Chronic Inflammation and Decreased Mitochondrial Number in Fetal Baboon Skeletal
Muscle (SM) at Late-Gestation. Reprod. Sci. 2011, 18, 164a-165a.

Zimowska, M.; Kasprzycka, P.; Bocian, K.; Delaney, K.; Jung, P.; Kuchcinska, K.; Kaczmarska, K.; Gladysz, D.;
Streminska, W.; Ciemerych, M.A. Inflammatory response during slow- and fast-twitch muscle regeneration.
Muscle Nerve 2017, 55, 400-409. [CrossRef] [PubMed]

Ma, W.; Zhang, R.; Huang, Z.; Zhang, Q.; Xie, X.; Yang, X.; Zhang, Q.; Liu, H.; Ding, E; Zhu, J.; et al.
PQQ ameliorates skeletal muscle atrophy, mitophagy and fiber type transition induced by denervation via
inhibition of the inflammatory signaling pathways. Ann. Transl. Med. 2019, 7, 440. [CrossRef] [PubMed]
Wang, L.; Luo, L.; Zhao, W.; Yang, K.; Shu, G.; Wang, S.; Gao, P; Zhu, X;; Xi, Q.; Zhang, Y.; et al. Lauric
Acid Accelerates Glycolytic Muscle Fiber Formation through TLR4 Signaling. J. Agric. Food Chem. 2018, 66,
6308-6316. [CrossRef]


http://dx.doi.org/10.14814/phy2.12267
http://dx.doi.org/10.1155/2019/7315714
http://dx.doi.org/10.3892/ijmm.2015.2079
http://dx.doi.org/10.1038/nature05485
http://dx.doi.org/10.7150/jgen.3930
http://dx.doi.org/10.1210/en.2009-0849
http://dx.doi.org/10.1095/biolreprod.110.089649
http://dx.doi.org/10.1038/nri3041
http://dx.doi.org/10.1152/japplphysiol.00164.2004
http://dx.doi.org/10.1111/eci.12781
http://www.ncbi.nlm.nih.gov/pubmed/28722106
http://dx.doi.org/10.1016/j.jaci.2006.02.023
http://dx.doi.org/10.1146/annurev.immunol.21.120601.141126
http://www.ncbi.nlm.nih.gov/pubmed/12524386
http://www.ncbi.nlm.nih.gov/pubmed/29244932
http://dx.doi.org/10.1038/s41419-017-0027-2
http://dx.doi.org/10.3389/fimmu.2018.00536
http://dx.doi.org/10.1126/science.1201940
http://dx.doi.org/10.3389/fcell.2019.00100
http://www.ncbi.nlm.nih.gov/pubmed/31316979
http://dx.doi.org/10.1038/ijo.2012.69
http://dx.doi.org/10.1002/mus.25246
http://www.ncbi.nlm.nih.gov/pubmed/27396429
http://dx.doi.org/10.21037/atm.2019.08.101
http://www.ncbi.nlm.nih.gov/pubmed/31700876
http://dx.doi.org/10.1021/acs.jafc.8b01753

Antioxidants 2020, 9, 656 19 of 21

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

da Rocha, A.L.; Pereira, B.C.; Teixeira, G.R.; Pinto, A.P.,; Frantz, EG.; Elias, L.L.K.; Lira, ES.; Pauli, J.R,;
Cintra, D.E.; Ropelle, E.R,; et al. Treadmill Slope Modulates Inflammation, Fiber Type Composition, Androgen,
and Glucocorticoid Receptors in the Skeletal Muscle of Overtrained Mice. Front. Immunol. 2017, 8, 1378.
[CrossRef]

Bloise, F.E,; van der Spek, A.H.; Surovtseva, O.V.; Ortiga-Carvalho, T.M.; Fliers, E.; Boelen, A. Differential
Effects of Sepsis and Chronic Inflammation on Diaphragm Muscle Fiber Type, Thyroid Hormone Metabolism,
and Mitochondrial Function. Thyroid 2016, 26, 600—-609. [CrossRef]

Szade, A.; Grochot-Przeczek, A.; Florczyk, U.; Jozkowicz, A.; Dulak, J. Cellular and molecular mechanisms
of inflammation-induced angiogenesis. IUBMB Life 2015, 67, 145-159. [CrossRef]

Aguilar-Cazares, D.; Chavez-Dominguez, R.; Carlos-Reyes, A.; Lopez-Camarillo, C.; Hernadez dela Cruz, O.N;
Lopez-Gonzalez, ].S. Contribution of Angiogenesis to Inflammation and Cancer. Front. Oncol. 2019, 9, 1399.
[CrossRef]

Caradu, C.; Guy, A.; James, C.; Reynaud, A.; Gadeau, A.P; Renault, M.A. Endogenous Sonic Hedgehog
limits inflammation and angiogenesis in the ischaemic skeletal muscle of mice. Cardiovasc. Res. 2018, 114,
759-770. [CrossRef]

Carbone, C.; Piro, G.; Merz, V.; Simionato, F.; Santoro, R.; Zecchetto, C.; Tortora, G.; Melisi, D.
Angiopoietin-Like Proteins in Angiogenesis, Inflammation and Cancer. Intf. ]. Mol. Sci. 2018, 19, 431.
[CrossRef] [PubMed]

Kolb, R;; Kluz, P; Tan, ZW.; Borcherding, N.; Bormann, N.; Vishwakarma, A.; Balcziak, L.; Zhu, P;
Davies, B.S.; Gourrong, F.; et al. Obesity-associated inflammation promotes angiogenesis and breast cancer
via angiopoietin-like 4. Oncogene 2019, 38, 2351-2363. [CrossRef] [PubMed]

Pedersen, B.K. Muscle as a secretory organ. Compr. Physiol. 2013, 3, 1337-1362. [PubMed]

Schnyder, S.; Handschin, C. Skeletal muscle as an endocrine organ: PGC-1alpha, myokines and exercise.
Bone 2015, 80, 115-125. [CrossRef]

Oliveira, M.; Gleeson, M. The influence of prolonged cycling on monocyte Toll-like receptor 2 and 4 expression
in healthy men. Eur. J. Appl. Physiol. 2010, 109, 251-257. [CrossRef]

Durrer, C.; Francois, M.; Neudorf, H.; Little, J.P. Acute high-intensity interval exercise reduces human
monocyte Toll-like receptor 2 expression in type 2 diabetes. Am. J. Physiol. Regul. Integr. Comp. Physiol. 2017,
312, R529-R538. [CrossRef]

Ostrowski, K.; Hermann, C.; Bangash, A.; Schjerling, P.; Nielsen, ].N.; Pedersen, B.K. A trauma-like elevation
of plasma cytokines in humans in response to treadmill running. J. Physiol. 1998, 513, 889-894. [CrossRef]
Ostrowski, K.; Rohde, T.; Asp, S.; Schjerling, P.; Pedersen, B.K. Pro- and anti-inflammatory cytokine balance
in strenuous exercise in humans. J. Physiol. 1999, 515, 287-291. [CrossRef]

Ostrowski, K.; Schjerling, P.; Pedersen, B.K. Physical activity and plasma interleukin-6 in humans—effect of
intensity of exercise. Eur. J. Appl. Physiol. 2000, 83, 512-515. [CrossRef]

Fischer, C.P. Interleukin-6 in acute exercise and training: What is the biological relevance? Exerc. Immunol. Rev.
2006, 12, 6-33. [PubMed]

Singer, M.; Deutschman, C.S.; Seymour, C.W.; Shankar-Hari, M.; Annane, D.; Bauer, M.; Bellomo, R;
Bernard, G.R.; Chiche, J.D.; Coopersmith, C.M.; et al. The Third International Consensus Definitions for
Sepsis and Septic Shock (Sepsis-3). JAMA 2016, 315, 801-810. [CrossRef] [PubMed]

Steensberg, A.; Fischer, C.P; Keller, C.; Moller, K.; Pedersen, B.K. IL-6 enhances plasma IL-1ra, IL-10, and
cortisol in humans. Am. J. Physiol. Endocrinol. Metab. 2003, 285, E433-E437. [CrossRef] [PubMed]
Freeman, B.D.; Buchman, T.G. Interleukin-1 receptor antagonist as therapy for inflammatory disorders.
Expert Opin. Biol. Ther. 2001, 1, 301-308. [CrossRef]

Moore, K.W.; de Waal Malefyt, R.; Coffman, R.L.; O’Garra, A. Interleukin-10 and the interleukin-10 receptor.
Annu. Rev. Immunol. 2001, 19, 683-765. [CrossRef]

Starkie, R.; Ostrowski, S.R.; Jauffred, S.; Febbraio, M.; Pedersen, B.K. Exercise and IL-6 infusion inhibit
endotoxin-induced TNF-alpha production in humans. FASEB J. 2003, 17, 884-886. [CrossRef]

van der Poll, T.; Coyle, S.M.; Barbosa, K.; Braxton, C.C.; Lowry, S.E. Epinephrine inhibits tumor necrosis
factor-alpha and potentiates interleukin 10 production during human endotoxemia. J. Clin. Investig. 1996,
97,713-719. [CrossRef]

Suzuki, K.; Peake, J.; Nosaka, K.; Okutsu, M.; Abbiss, C.R.; Surriano, R.; Bishop, D.; Quod, M.].; Lee, H;
Martin, D.T.; et al. Changes in markers of muscle damage, inflammation and HSP70 after an Ironman
Triathlon race. Eur. J. Appl. Physiol. 2006, 98, 525-534. [CrossRef]


http://dx.doi.org/10.3389/fimmu.2017.01378
http://dx.doi.org/10.1089/thy.2015.0536
http://dx.doi.org/10.1002/iub.1358
http://dx.doi.org/10.3389/fonc.2019.01399
http://dx.doi.org/10.1093/cvr/cvy017
http://dx.doi.org/10.3390/ijms19020431
http://www.ncbi.nlm.nih.gov/pubmed/29389861
http://dx.doi.org/10.1038/s41388-018-0592-6
http://www.ncbi.nlm.nih.gov/pubmed/30518876
http://www.ncbi.nlm.nih.gov/pubmed/23897689
http://dx.doi.org/10.1016/j.bone.2015.02.008
http://dx.doi.org/10.1007/s00421-009-1350-9
http://dx.doi.org/10.1152/ajpregu.00348.2016
http://dx.doi.org/10.1111/j.1469-7793.1998.889ba.x
http://dx.doi.org/10.1111/j.1469-7793.1999.287ad.x
http://dx.doi.org/10.1007/s004210000312
http://www.ncbi.nlm.nih.gov/pubmed/17201070
http://dx.doi.org/10.1001/jama.2016.0287
http://www.ncbi.nlm.nih.gov/pubmed/26903338
http://dx.doi.org/10.1152/ajpendo.00074.2003
http://www.ncbi.nlm.nih.gov/pubmed/12857678
http://dx.doi.org/10.1517/14712598.1.2.301
http://dx.doi.org/10.1146/annurev.immunol.19.1.683
http://dx.doi.org/10.1096/fj.02-0670fje
http://dx.doi.org/10.1172/JCI118469
http://dx.doi.org/10.1007/s00421-006-0296-4

Antioxidants 2020, 9, 656 20 of 21

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

Kawanishi, N.; Mizokami, T.; Niihara, H.; Yada, K.; Suzuki, K. Macrophage depletion by clodronate liposome
attenuates muscle injury and inflammation following exhaustive exercise. Biochem. Biophys. Rep. 2016, 5,
146-151. [CrossRef]

Kawanishi, N.; Mizokami, T.; Niihara, H.; Yada, K.; Suzuki, K. Neutrophil Depletion Attenuates Muscle
Injury after Exhaustive Exercise. Med. Sci. Sports Exerc. 2016, 48, 1917-1924. [CrossRef]

Round, J.M.; Jones, D.A.; Cambridge, G. Cellular infiltrates in human skeletal muscle: Exercise induced
damage as a model for inflammatory muscle disease? J. Neurol. Sci. 1987, 82, 1-11. [CrossRef]

O'Reilly, K.P; Warhol, M.].; Fielding, R.A.; Frontera, WR.; Meredith, C.N.; Evans, W.J. Eccentric
exercise-induced muscle damage impairs muscle glycogen repletion. |. Appl. Physiol. 1987, 63, 252-256.
[CrossRef] [PubMed]

Fielding, R.A.; Manfredi, T.J.; Ding, W.; Fiatarone, M. A.; Evans, W.J.; Cannon, J.G. Acute phase response in
exercise. III. Neutrophil and IL-1 beta accumulation in skeletal muscle. Am. J. Physiol. 1993, 265, R166-R172.
[CrossRef]

Malm, C. Exercise-induced muscle damage and inflammation: Fact or fiction? Acta Physiol. Scand. 2001, 171,
233-239. [CrossRef]

Malm, C.; Nyberg, P.; Engstrom, M.; Sjodin, B.; Lenkei, R.; Ekblom, B.; Lundberg, I. Inmunological changes
in human skeletal muscle and blood after eccentric exercise and multiple biopsies. J. Physiol. 2000, 529,
243-262. [CrossRef]

Stewart, L.K; Flynn, M.G.; Campbell, W.W.; Craig, B.A.; Robinson, J.P.; McFarlin, B.K.; Timmerman, K.L.;
Coen, PM,; Felker, ].; Talbert, E. Influence of exercise training and age on CD14+ cell-surface expression of
toll-like receptor 2 and 4. Brain Behav. Immun. 2005, 19, 389-397. [CrossRef]

Fernandez-Gonzalo, R.; De Paz, J.A.; Rodriguez-Miguelez, P; Cuevas, M.].; Gonzalez-Gallego, J.
TLR4-mediated blunting of inflammatory responses to eccentric exercise in young women. Mediat. Inflamm.
2014, 2014, 479395. [CrossRef]

Kawanishi, N.; Yano, H.; Yokogawa, Y.; Suzuki, K. Exercise training inhibits inflammation in adipose tissue
via both suppression of macrophage infiltration and acceleration of phenotypic switching from M1 to M2
macrophages in high-fat-diet-induced obese mice. Exerc. Immunol. Rev. 2010, 16, 105-118.

Kawanishi, N.; Niihara, H.; Mizokami, T.; Yano, H.; Suzuki, K. Exercise training attenuates adipose tissue
fibrosis in diet-induced obese mice. Biochem. Biophys. Res. Commun. 2013, 440, 774-779. [CrossRef]
Kawanishi, N.; Mizokami, T.; Yano, H.; Suzuki, K. Exercise attenuates M1 macrophages and CD8+ T cells in
the adipose tissue of obese mice. Med. Sci. Sports Exerc. 2013, 45, 1684-1693. [CrossRef]

Kawanishi, N.; Niihara, H.; Mizokami, T.; Yada, K.; Suzuki, K. Exercise training attenuates neutrophil
infiltration and elastase expression in adipose tissue of high-fat-diet-induced obese mice. Physiol. Rep. 2015,
3, e12534. [CrossRef] [PubMed]

Ogawa, K,; Sanada, K.; Machida, S.; Okutsu, M.; Suzuki, K. Resistance exercise training-induced muscle
hypertrophy was associated with reduction of inflammatory markers in elderly women. Mediat. Inflamm.
2010, 2010, 171023. [CrossRef] [PubMed]

Pietrangelo, T.; Mancinelli, R.; Doria, C.; Di Tano, G.; Loffredo, B.; Fano-Illic, G.; Fulle, S. Endurance and
resistance training modifies the transcriptional profile of the vastus lateralis skeletal muscle in healthy elderly
subjects. Sport Sci. Health 2012, 7, 19-27. [CrossRef]

Rinnov, A.; Yfanti, C.; Nielsen, S.; Akerstrom, T.C.; Peijs, L.; Zankari, A.; Fischer, C.P.; Pedersen, B.K.
Endurance training enhances skeletal muscle interleukin-15 in human male subjects. Endocrine 2014, 45,
271-278. [CrossRef]

Barra, N.G.; Reid, S.; MacKenzie, R.; Werstuck, G.; Trigatti, B.L.; Richards, C.; Holloway, A.C.;
Ashkar, A.A. Interleukin-15 contributes to the regulation of murine adipose tissue and human adipocytes.
Obesity (Silver Spring) 2010, 18, 1601-1607. [CrossRef]

Carbo, N.; Lopez-Soriano, J.; Costelli, P; Alvarez, B.; Busquets, S.; Baccino, EM.; Quinn, L.S,;
Lopez-Soriano, FJ.; Argiles, ].M. Interleukin-15 mediates reciprocal regulation of adipose and muscle
mass: A potential role in body weight control. Biochim. Biophys. Acta 2001, 1526, 17-24. [CrossRef]

likuni, N.; Lam, Q.L.; Lu, L.; Matarese, G.; La Cava, A. Leptin and Inflammation. Curr. Immunol. Rev. 2008, 4,
70-79. [CrossRef]

Quinn, L.S.; Anderson, B.G.; Conner, ].D.; Pistilli, E.E.; Wolden-Hanson, T. Overexpression of interleukin-15
in mice promotes resistance to diet-induced obesity, increased insulin sensitivity, and markers of oxidative
skeletal muscle metabolism. Int. . Interferon Cytokine Mediat. Res. 2011, 3, 29-42. [CrossRef]


http://dx.doi.org/10.1016/j.bbrep.2015.11.022
http://dx.doi.org/10.1249/MSS.0000000000000980
http://dx.doi.org/10.1016/0022-510X(87)90002-5
http://dx.doi.org/10.1152/jappl.1987.63.1.252
http://www.ncbi.nlm.nih.gov/pubmed/3624128
http://dx.doi.org/10.1152/ajpregu.1993.265.1.R166
http://dx.doi.org/10.1046/j.1365-201x.2001.00825.x
http://dx.doi.org/10.1111/j.1469-7793.2000.00243.x
http://dx.doi.org/10.1016/j.bbi.2005.04.003
http://dx.doi.org/10.1155/2014/479395
http://dx.doi.org/10.1016/j.bbrc.2013.10.004
http://dx.doi.org/10.1249/MSS.0b013e31828ff9c6
http://dx.doi.org/10.14814/phy2.12534
http://www.ncbi.nlm.nih.gov/pubmed/26341995
http://dx.doi.org/10.1155/2010/171023
http://www.ncbi.nlm.nih.gov/pubmed/21253481
http://dx.doi.org/10.1007/s11332-012-0107-8
http://dx.doi.org/10.1007/s12020-013-9969-z
http://dx.doi.org/10.1038/oby.2009.445
http://dx.doi.org/10.1016/S0304-4165(00)00188-4
http://dx.doi.org/10.2174/157339508784325046
http://dx.doi.org/10.2147/IJICMR.S19007

Antioxidants 2020, 9, 656 21 of 21

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

Sanchez-Jimenez, R.; Alvarado-Vasquez, N. IL-15 that a regulator of TNF-alpha in patients with diabetes
mellitus type 2. Med. Hypotheses 2013, 80, 776-777. [CrossRef]

Paolucci, E.M.; Loukov, D.; Bowdish, D.M.E.; Heisz, ].J. Exercise reduces depression and inflammation but
intensity matters. Biol. Psychol. 2018, 133, 79-84. [CrossRef]

Kruger, K.; Seimetz, M.; Ringseis, R.; Wilhelm, ].; Pichl, A.; Couturier, A.; Eder, K.; Weissmann, N.; Mooren, F.C.
Exercise training reverses inflammation and muscle wasting after tobacco smoke exposure. Am. J. Physiol.
Regqul. Integr. Comp. Physiol. 2018, 314, R366—-R376. [CrossRef]

Gordon, PM,; Liu, D.; Sartor, M.A.; IglayReger, H.B.; Pistilli, E.E.; Gutmann, L.; Nader, G.A.; Hoffman, E.P.
Resistance exercise training influences skeletal muscle immune activation: A microarray analysis.
J. Appl. Physiol. 2012, 112, 443-453. [CrossRef] [PubMed]

Tidball, J.G.; Dorshkind, K.; Wehling-Henricks, M. Shared signaling systems in myeloid cell-mediated muscle
regeneration. Development 2014, 141, 1184-1196. [CrossRef] [PubMed]

Bartels, K.; Grenz, A.; Eltzschig, H.K. Hypoxia and inflammation are two sides of the same coin. Proc. Natl.
Acad. Sci. USA 2013, 110, 18351-18352. [CrossRef] [PubMed]

Hackett, PH.; Roach, R.C. High-altitude illness. N. Engl. . Med. 2001, 345, 107-114. [CrossRef]

Hartmann, G.; Tschop, M.; Fischer, R.; Bidlingmaier, C.; Riepl, R.; Tschop, K.; Hautmann, H.; Endres, S.;
Toepfer, M. High altitude increases circulating interleukin-6, interleukin-1 receptor antagonist and C-reactive
protein. Cytokine 2000, 12, 246-252. [CrossRef] [PubMed]

Rosenberger, P.; Schwab, ].M.; Mirakaj, V.; Masekowsky, E.; Mager, A.; Morote-Garcia, J.C.; Unertl, K,;
Eltzschig, H.K. Hypoxia-inducible factor-dependent induction of netrin-1 dampens inflammation caused by
hypoxia. Nat. Immunol. 2009, 10, 195-202. [CrossRef]

Ye, ]. Emerging role of adipose tissue hypoxia in obesity and insulin resistance. Int. J. Obes. (Lond.) 2009, 33,
54-66. [CrossRef]

Karhausen, J.; Furuta, G.T.; Tomaszewski, J.E.; Johnson, R.S.; Colgan, S.P.; Haase, V.H. Epithelial
hypoxia-inducible factor-1 is protective in murine experimental colitis. J. Clin. Investig. 2004, 114, 1098-1106.
[CrossRef]

Giatromanolaki, A.; Sivridis, E.; Maltezos, E.; Papazoglou, D.; Simopoulos, C.; Gatter, K.C.; Harris, A.L,;
Koukourakis, M.I. Hypoxia inducible factor lalpha and 2alpha overexpression in inflammatory bowel
disease. J. Clin. Pathol. 2003, 56, 209-213. [CrossRef]

Clambey, E.T.; McNamee, E.N.; Westrich, ]J.A.; Glover, L.E.; Campbell, E.L.; Jedlicka, P.; de Zoeten, E.F,;
Cambier, J.C.; Stenmark, K.R.; Colgan, S.P; et al. Hypoxia-inducible factor-1 alpha-dependent induction
of FoxP3 drives regulatory T-cell abundance and function during inflammatory hypoxia of the mucosa.
Proc. Natl. Acad. Sci. USA 2012, 109, E2784-E2793. [CrossRef] [PubMed]

Caris, A.V,; Lira, ES.; de Mello, M.T.; Oyama, L.M.; dos Santos, R.V. Carbohydrate and glutamine
supplementation modulates the Th1/Th2 balance after exercise performed at a simulated altitude of
4500 m. Nutrition 2014, 30, 1331-1336. [CrossRef] [PubMed]

Blegen, M.; Cheatham, C.; Caine-Bish, N.; Woolverton, C.; Marcinkiewicz, J.; Glickman, E. The immunological
and metabolic responses to exercise of varying intensities in normoxic and hypoxic environments. J. Strength
Cond. Res. 2008, 22, 1638-1644. [CrossRef] [PubMed]

Santos, S.A,; Silva, E.T.; Caris, A.V,; Lira, ES.; Tufik, S.; Dos Santos, R.V. Vitamin E supplementation inhibits
muscle damage and inflammation after moderate exercise in hypoxia. J. Hum. Nutr. Diet. 2016, 29, 516-522.
[CrossRef] [PubMed]

Sumi, D.; Kojima, C.; Goto, K. Impact of Endurance Exercise in Hypoxia on Muscle Damage, Inflammatory
and Performance Responses. J. Strength Cond. Res. 2018, 32, 1053-1062. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1016/j.mehy.2013.03.009
http://dx.doi.org/10.1016/j.biopsycho.2018.01.015
http://dx.doi.org/10.1152/ajpregu.00316.2017
http://dx.doi.org/10.1152/japplphysiol.00860.2011
http://www.ncbi.nlm.nih.gov/pubmed/22052873
http://dx.doi.org/10.1242/dev.098285
http://www.ncbi.nlm.nih.gov/pubmed/24595286
http://dx.doi.org/10.1073/pnas.1318345110
http://www.ncbi.nlm.nih.gov/pubmed/24187149
http://dx.doi.org/10.1056/NEJM200107123450206
http://dx.doi.org/10.1006/cyto.1999.0533
http://www.ncbi.nlm.nih.gov/pubmed/10704252
http://dx.doi.org/10.1038/ni.1683
http://dx.doi.org/10.1038/ijo.2008.229
http://dx.doi.org/10.1172/JCI200421086
http://dx.doi.org/10.1136/jcp.56.3.209
http://dx.doi.org/10.1073/pnas.1202366109
http://www.ncbi.nlm.nih.gov/pubmed/22988108
http://dx.doi.org/10.1016/j.nut.2014.03.019
http://www.ncbi.nlm.nih.gov/pubmed/25280408
http://dx.doi.org/10.1519/JSC.0b013e318181fdfd
http://www.ncbi.nlm.nih.gov/pubmed/18714220
http://dx.doi.org/10.1111/jhn.12361
http://www.ncbi.nlm.nih.gov/pubmed/27062041
http://dx.doi.org/10.1519/JSC.0000000000001911
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	High-Intensity Exercise and Physiological Adaptations 
	Exercise and Training 
	High-Intensity Exercise and High-Intensity Training 
	Commonly Used High-Intensity Exercise/Training Prescriptions 

	Skeletal Muscle Molecular Responses to High-Intensity Exercise/Training 
	High-Intensity Exercise/Training and Skeletal Muscle Mitochondrial Biogenesis 
	High-Intensity Exercise/Training and Muscle Fibre Type Composition 
	High-Intensity Exercise/Training and Skeletal Muscle Angiogenesis 
	Summary 

	Physiological Adaptations to Acute and Long-Term Hypoxia 
	Acute Hypoxia and Physiological Adaptations 
	Long-Term Hypoxia and Physiological Adaptations 

	Skeletal Muscle Molecular Response to Hypoxia 
	Hypoxia with and without Exercise/Training, and Mitochondrial Biogenesis 
	Hypoxia and Angiogenesis 
	High-Intensity Exercise/Training in Hypoxia and Angiogenesis 
	Summary 

	Inflammatory Response to Exercise/Training and Hypoxia 
	High-Intensity Exercise and Inflammation 
	High-Intensity Exercise and Inflammation 
	High-Intensity Training and Inflammation 

	Hypoxia and Inflammation 
	High-Intensity Exercise/Training in Hypoxia and Inflammation 

	Conclusions 
	References

