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The present study was designed to determine the effects of repeated-sprint exercise in
moderate hypoxia on inflammatory, muscle damage, oxidative stress, and angiogenic
growth factor responses among athletes. Ten male college track and field sprinters
[mean =+ standard error (SE): age, 20.9 + 0.1 years; height, 175.7 + 1.9 cm; body weight,
67.3 + 2.0 kg] performed two exercise trials in either hypoxia [HYPO; fraction of inspired
oxygen (FO,), 14.5%] or normoxia (NOR; FO,, 20.9%). The exercise consisted of three
sets of 5 s x 6 s maximal sprints with 30 s rest periods between sprints and 10 min rest
periods between sets. After completing the exercise, subjects remained in the chamber
for 3 h under the prescribed oxygen concentration (hypoxia or normoxia). The average
power output during exercise did not differ significantly between trials (p = 0.17). Blood
lactate concentrations after exercise were significantly higher in the HYPO trial than in the
NOR trial (p < 0.05). Plasma interleukin-6 concentrations increased significantly after
exercise (p < 0.01), but there was no significant difference between the two trials (p = 0.07).
Post-exercise plasma interleukin-1 receptor antagonist, serum myoglobin, serum lipid
peroxidation, plasma vascular endothelial growth factor (VEGF), and urine
8-hydroxydeoxyguanosine concentrations did not differ significantly between the two trials
(p > 0.05). In conclusion, exercise-induced inflammatory, muscle damage, oxidative stress,
and VEGF responses following repeated-sprint exercise were not different between hypoxia
and normoxia.

Keywords: maximal sprint, hypoxic exercise, inflammation, angiogenic growth factor, track and field sprinters

INTRODUCTION

Repeated-sprint training in hypoxia (RSH), consisting of a brief duration of maximal sprints
(£30 s) interspersed with partial recoveries, has become prevalent among various types of athletes
(Galvin et al., 2013; Faiss et al., 2013a,b, 2015; Gatterer et al., 2014, 2019; Brocherie et al., 2015,
2017; Kasai et al,, 2015, 2017; Hamlin et al, 2017; Girard et al, 2017a). RSH is one of the
potent training procedures for improvement of repeated-sprint ability among team sport athletes
(Girard et al, 2011; Billaut et al., 2012). Moreover, recommended procedures for RSH were
proposed in a recent review (Brocherie et al, 2017). Particularly, well-known in this regard,
Faiss et al. (2013a,b) demonstrated that RSH for 4 weeks significantly improved the number of
sprints until fatigue during repeated-sprint test (repeated 10 s maximal sprint with 20 s active
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recovery until exhaustion) among well-trained cyclists.
Furthermore, RSH for 3 weeks significantly improved repeated-
sprint ability (8 m x 20 m sprint with 20 s rest between sprints)
among rugby players (Hamlin et al.,, 2017).

Several physiological mechanisms underlying the further
improvement of repeated-sprint ability following RSH have been
suggested, including augmented blood perfusion (Faiss et al.,
2013a, 2015), increased glycolytic enzymes (Faiss et al., 2013a),
and augmented muscle glycogen and phosphocreatine (PCr)
contents (Kasai et al, 2017, 2019). Sprint training in hypoxia
(e.g., submaximal sprint exercise or high-intensity sprint exercise)
improved mitochondrial function (Geiser et al, 2001), muscle
buffering capacity (Mizuno et al., 1990), and phosphofructokinase
activity (Puype et al.,, 2013). Moreover, repeated-sprint ability is
associated with PCr resynthesis capacity between sprints (Girard
et al,, 2011; Billaut et al., 2012; Mendez-Villanueva et al., 2012)
and it is influenced by aerobic capacity (Bishop and Edge, 2006).
Therefore, enhanced aerobic capacity following RSH may also
improve repeated-sprint ability. Furthermore, because hypoxia
stimulates vascular endothelial growth factor (VEGF) production,
which promotes angiogenic adaptation (Egginton, 2009), it is
plausible that increased VEGF concentration due to sprint exercise
in hypoxia promotes capillary density, leading to improved oxygen
supply capacity for working muscles. However, the acute VEGF
response to repeated-sprint exercise in hypoxia has not yet
been elucidated.

Although a number of previous studies have reported the
efficacy of RSH, we are aware that any putative negative impact
of RSH has not been examined. To our knowledge, only one
previous study investigated inflammatory and oxidative stress
responses to acute repeated-sprint exercise in moderate hypoxia
[three successive sets of 9 s x 5 s maximal sprints in hypoxia
(F0,, 14.5%)] (Goods et al., 2016). Consequently, no apparent
differences in exercise-induced elevations of interleukin-6 (IL-6,
an indicator of the inflammatory response) or F,-isoprostane
(an indicator of oxidative stress) were observed between hypoxia
and normoxia. However, caution is necessary in this interpretation
because the duration of exposure to hypoxia during exercise
was limited (approximately 16 min). During high-intensity
exercise in hypoxia, anaerobic energy supply (i.e., the glycolytic
pathway) is augmented (Ogura et al., 2006). Because lower
muscle glycogen promotes IL-6 production in skeletal muscle
(Steensberg et al., 2001), and exercise-induced IL-6 elevation
may be augmented following repeated-sprint exercise in hypoxia.
Augmented IL-6 stimulates the production of interleukin-1
receptor antagonist (IL-1ra), which plays an anti-inflammatory
role, during the early phase of post-exercise (Nehlsen-Cannarella
etal,, 1997; Horn et al., 2000). Moreover, hypoxia itself augmented
reactive oxygen species (ROS), resulting in aggravated oxidative
stress (Dosek et al, 2007; Quindry et al., 2016). In addition,
it is important to determine the exercise-induced muscle damage
response following RSH, because high-intensity exercise also
increases myoglobin (Mb, an indicator of the muscle damage
response) (Naclerio et al., 2014). However, inflammatory, oxidative
stress, and muscle damage responses following acute repeated-
sprint exercise in moderate hypoxia have not been fully
investigated. This information would help for developing

appropriate training program of RSH with a lower risk
of overtraining.

Therefore, the purpose of the present study was to determine
the effects of acute repeated-sprint exercise in moderate hypoxia
on inflammatory, muscle damage, oxidative stress, and angiogenic
growth factor responses among competitive athletes.
We hypothesized that acute repeated-sprint exercise in moderate
hypoxia would augment post-exercise inflammatory, oxidative
stress, and angiogenic growth factor responses compared with
those following the same exercise conducted in normoxia.

MATERIALS AND METHODS

Subjects

Ten male college track and field sprinters (100-400 m) participated
in the study [mean + standard error (SE): age, 20.9 * 0.1 years;
height, 175.7 £ 1.9 cm; body weight (BW), 67.3 + 2.0 kg;
body mass index (BMI), 21.7 + 0.7 kg/m? athletic career,
8.1 + 0.5 years; 100 m personal best, 10.99 + 0.12 s]. All
athletes were born at and currently living at sea level. They
belonged to the track and field club at the same university
and maintained training for 5 days/week (3 h/day). The present
study was conducted during the basic training phase in a
periodized training program. All subjects were informed about
the risks and benefits of the present study and provided written
informed consent. The present study was approved by the Ethics
Committee for Human Experiments at Ritsumeikan University
and was conducted in accordance with the Declaration of Helsinki.

Experimental Design
All subjects visited the laboratory three times throughout the
experiment. On the first visit, a familiarization trial for
the exercise tests was performed. Approximately 1 week after
the familiarization session, subjects visited the laboratory twice
(main trials) on different days. Two main trials were separated
by at least 1 week to eliminate the influence of the previous
session. On the days for the main trials, subjects visited the
laboratory in the morning (8:00) following an overnight fast
(at least 10 h). All subjects were asked to abstain from alcohol,
caffeine, dietary supplements, antioxidant material, and strenuous
exercise for at least 48 h before each trial. In addition, dietary
content during three meals (breakfast, lunch, and dinner) on
the day before the trial was matched between trials.
Subjects conducted two exercise trials in hypoxia [HYPO;
fraction of inspired oxygen (F0,), 14.5%, equivalent to a
simulated altitude of 3,000 m] or normoxia (NOR; F,0,, 20.9%)
in a randomized order. After completing the exercise, subjects
remained in the chamber for 3 h under the prescribed oxygen
concentration. The study followed a single-blinded, placebo-
controlled design. Because previous studies have suggested
that the placebo effect may be at least partially responsible
for performance changes in hypoxia (Lundby et al, 2012;
Inness et al.,, 2016), subjects were not given any information
about the selected condition. The questionnaire revealed that
50% of subjects answered correctly about the order of the
trial, in a support of the blinding procedure. Both trials were
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completed in an environmentally controlled chamber. In the
present study, a whole-room type (14.8 m?*) hypoxic chamber
was used, and hypoxic conditions were created by insufflating
nitrogen as reported previously (Morishima et al., 2014; Kasai
et al,, 2015; Goto et al., 2018; Kojima et al., 2019). Temperature
and humidity in the chamber were automatically maintained
at 23°C and 50%, respectively. Oxygen and carbon dioxide
concentrations within the chamber were continuously monitored.
During the two main experiments, changes in repeated-sprint
ability, percutaneous oxygen saturation (SpO,), heart rate (HR),
and scores of subjective variables, blood variables, metabolic
responses, and urine variables were collected and compared.

Repeated-Sprint Exercise

Following an approximately 20 min rest period (completing
baseline measurements, including respiratory and blood
measurements) after entering the chamber, subjects began a
standardized warm-up consisting of 5 min of cycling at 80 W,
followed by 2 s x 3 s maximal sprints in which the load was
equivalent to 7.5% of BW. At 5 min after warm-up, they
conducted repeated-sprint exercises (three sets of 5 s x 6 s
maximal sprints with 30 s rest periods between sprints and
10 min rest periods between sets) using an electromagnetically
braked cycle ergometer (Power Max VIII; Konami Corp., Tokyo,
Japan). The applied load was equivalent to 7.5% of BW. After
completing the final sprint, the subjects remained in the chamber
for 3 h. Therefore, the total duration of exposure to hypoxia
(HYPO) or normoxia (NOR) was approximately 4 h. Peak and
mean power output during each sprint was recorded. Average
power output was calculated as an averaged mean power output
throughout each set of sprints (5 sprints for each set). The
power output decrement during repeated-sprint exercise was
calculated [100 x (total power output)/ideal power output (the
number of sprints x highest power output)] — 100 (Glaister
et al, 2008). Subjects were verbally encouraged throughout
each sprint to perform the exercise with maximal effort.

Sp0,, HR, and Subjective Variables

SpO, was monitored every second using a finger pulse oximeter
placed on the tip of the right forefinger (Pulsox-Me300, Teijin
Co., Ltd., Tokyo, Japan) during exercise and rest period. HR
was also measured continuously during exercise and rest period
using a wireless HR monitor (RS400, Polar Electro, Tokyo,
Japan). Scores of fatigue for respiration and lower-limb muscles
were evaluated using a 100-mm visual analog scale (Saanijoki
et al., 2015) before exercise, immediately after each set of
exercise, and every 30 min during the 3 h post-exercise period.

Blood Variables

Venous blood samples were collected from the antecubital vein
on four occasions: before exercise (after 20 min of rest in the
chamber), immediately after exercise, and 1 and 3 h after
exercise. All blood samples were taken while the subjects were
sitting in a chair. Serum and plasma samples were obtained
after a 10 min centrifugation at 4°C and stored at —80°C until
analysis. Blood glucose, lactate, serum myoglobin (Mb), plasma

IL-6, IL-1ra, serum lipid peroxidation (LPO), and plasma VEGF
concentrations were measured. Blood glucose and lactate
concentrations were measured using a glucose analyzer (Free
style, Nipro Co., Osaka, Japan) and a lactate analyzer (Lactate
Pro, Arkray Co., Kyoto, Japan) immediately after blood collection,
respectively. Blood glucose concentration was measured in
duplicate, and the average value was used for analysis. The
intraclass correlation coefficient (ICC) between measurements
for this analysis was 0.99. Serum Mb concentration was measured
using a double-antibody radioimmunoassay (RIA), and serum
LPO concentration was measured using a thiobarbituric acid
(TBA) method at a clinical laboratory (Nikken Seil Co., Ltd.,
Shizuoka, Japan). Plasma IL-6, IL-1ra, and VEGF concentrations
were assayed with an ELISA Kit (R&D Systems, Minneapolis,
MN, USA). The intra-assay coefficient of variation (CV) for
each measurement was as follows: 2.7% for Mb, 4.3% for IL-6,
4.7% for IL-1ra, 4.8% for LPO, and 6.3% for VEGE

Metabolic Responses

Respiratory variables were evaluated before exercise, during exercise,
and during a 3 h post-exercise period (samples were collected
every 30 min during 3 h of post-exercise). Respiratory samples
were collected by the breath-by-breath method and analyzed
using an automatic gas analyzer (AE300S; Minato Medical Science
Co., Ltd., Tokyo, Japan). Oxygen uptake (VO,), carbon dioxide
production (VCO,), and ventilation volume (VE) were measured.
The respiratory exchange ratio (RER) was determined from the
VO, and VCO, values (VCO, /VO,). The collected data were
averaged every 6 s during exercise and every 30 s during rest
(before exercise) and post-exercise. Energy expenditure was
calculated using the following equation (Weir, 1949):

Energy expenditure (kcal/min) = 3.9 x VO, (L/min)
+1.1x VCO, (L/min).

Urine 8-OHdG Excretion

Urine was collected during the post-exercise period. The collected
urine was stored at —80°C until analysis. From collected urine
samples, urine 8-hydroxydeoxyguanosine (8-OHdG) excretion
(calculated by urine 8-OHAG concentration X urine volume)
during 3 h of post-exercise was measured using high-performance
liquid chromatography at a clinical laboratory (SRL Inc., Tokyo,
Japan). The intra-assay CV for 8-OHdG was 1.8%.

Statistical Analysis

All data are expressed as the mean + SE. Two-way repeated-
measure analysis of variance (ANOVA) was applied to assess
the interaction (time x trial) and main effects (trial and time).
When ANOVA revealed a significant interaction or main effect,
the Tukey-Kramer test was used to identify differences. Average
SpO,, HR values, peak power output, and urine 8-OHdG
excretion were compared between the two trials using a paired
t-test. A p < 0.05 was considered significant for all measurements.
Effect size was calculated by partial eta squared (ng) for two-way
ANOVA with repeated measures and Cohen’s d (d) for a paired
I-test.
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RESULTS However, no signiﬁcant interaction between trial and set

(p = 0.64, 77p = 0.04) or main effect for trial (p = 0.17,
Sp0, and HR np = 0.20) was observed The power output decrement during

The average SpO, values during exercise were significantly
lower in the HYPO trial (86.5 £ 0.8%) compared with the
NOR trial (95.1 £ 0.4%, p < 0.01, d = 4.25). Similarly, SpO,
remained significantly lower in the HYPO trial (89.4 + 0.4%)
than in the NOR trial (96.3 + 0.2%, p < 0.01, d = 8.13)
during 3 h of post-exercise. The average HR tended to be higher
in the HYPO trial than in the NOR trial during exercise
(including rest periods between sprints; HYPO, 144 + 2 bpmy
NOR, 139 + 2 bpm; p = 0.05, d = 0.75) and post-exercise
(HYPO, 89 + 2 bpm; NOR, 82 + 3 bpm; p = 0.01, d = 0.90).

Power Output During Repeated-Sprint
Exercise

The peak power output did not differ significantly between
the HYPO (14.3 £ 0.2 W/kg) and NOR (14.2 + 0.2 W/kg,
p =017, d = 0.18) trials. Figure 1 shows the average power
output in each set during repeated-sprint exercise (three sets
of 5 s X 6 s sprints). Average power output decreased with
the progress of sets (main effect for set: p < 0.01, r/; = 0.74).

H HYPO

(Wikg) CINOR

*

Average power output

Set 3

Set 1

Set 2

Interaction: P = 0.64
Trial: P=0.17
Set: P<0.01

FIGURE 1 | Average power output during each set. Power outputs of
five sprints during each set were averaged. Values are means + SE.
*n < 0.05vs. Set 1.

each set showed significant main effects for set (p = 0.02,
77}2, = 0.38) and trial (p < 0.01, né = 0.62), but no significant
interaction between trial and set was observed (p = 0.78,
77% = 0.02). The power output decrement in the HYPO trial
was profound, differing significantly from the NOR trial during
set 3 (HYPO, 12.7 £ 0.2%; NOR, 9.8 + 0.1%, p < 0.05).

Blood Variables

Table 1 shows blood glucose and lactate concentrations. Blood
glucose concentration increased markedly immediately after
exercise in both trials (main effect for time: p < 0.01, 771% =0.82).
However, no signiﬁcant interaction between time and trial
(p = 0.51, np = 0.08) or main effect for trial (p = 0.18,
np = 0.19) was observed Both trials showed marked increases
1n blood lactate concentrations (main effect for time: p < 0.01,
nP = 0.99). Furthermore, there was a 51gn1ﬁcant interaction
between time and trial (p < 0.01, nP = 0.69) and a main
effect for trial (p < 0.01, np = 0.83). Blood lactate concentrations
were significantly higher in the HYPO trial both immediately
and 60 min after exercise (p < 0.05 each).

Figure 2 shows the changes in plasma IL-6, IL-1ra, serum
Mb, and LPO concentrations. The plasma IL-6 concentration
increased signiﬁcantly after exercise (main effect for time:
p<0.01, np = 0.64), whereas there was no 51gn1ﬁcant interaction
between time and trial (p = 0.13, np = 0.18) or a main
effect for trial (p = 0.07, np = 0.32). The plasma IL-1ra
concentration showed a 51gn1ﬁcant interaction between
time and trial (p = 0.01, np = 0.36), but no significant main
effect for time (p = 0.08, np = 0.27) or trial (p = 0.40,
np = 0.09) was observed. The serum Mb concentration was
significantly elevated after exercise (main effect for time:
p < 0.01, np = 0.84). However, no significant interaction
between time and tr1al (p = 0.48, np = 0.08) or main effect
for trial (p = 0.92, np = 0.01) was observed. A significant
increase in serum LPO concentration was observed only in
the NOR trial (p < 0.05). However, there was no significant
interaction between time and trial (p = 0.30, np = 0.13) or
a main effect for trial (p = 0.67, r/p = 0.02).

Figure 3 shows changes in plasma VEGF concentrations. There
was no significant interaction between trial and time (p = 0.58,
né = 0.07) or a main effect for time (p = 0.15, 17;2) = 0.18).

TABLE 1 | Blood glucose and lactate concentrations.

Interaction (173)

Pre 0 min 60 min 180 min
Time, Trial (3?)
Glucose (mg/dl) HYPO 88+2 112 £ 5% 73+ 2% 83+2 p =0.51(0.08)
NOR 88 +2 1147 77+ 3 89+3 p <0.01(0.82), p=0.18 (0.19)
Lactate (mmol/L) HYPO 1.6 +0.1 22.5+0.9*" 4.9 +0.4*" 2.0x0.1 p <0.01(0.69)
NOR 1.5+0.1 19.3+£0.7* 4.2 +0.3" 2.0+01 p <0.01(0.99), p <0.01(0.83)

Values are shown as mean + SE. *p < 0.05 vs. Pre. 'p < 0.05 vs. NOR trial.
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A

(pg/mL)
4.0+

3.5 *
3.0
2.54
2.01
1.51
1.04
0.5 1

0

Interaction: P=10.13
Trial: P=0.07
Time: P <0.01

@ HYPO

1L-6

Pre 0 60

(ng/mL)
100+
80+

601

Mb

401

Interaction: P =0.48
204 Trial: P=0.92
Time: P <0.01

Pre 0 60 180 (min)

peroxidation (LPO) (D). Values are means + SE. *p < 0.05 vs. Pre.

FIGURE 2 | Changes in plasma interleukin-6 (IL-6) (A), and plasma interleukin-1 receptor antagonist (IL-1ra) (B), serum myoglobin (Mb) (C) and serum lipid

B
(pg/mL)
350- @ HYPO
3004 O NOR
20 48—k —td
-
= 2004
|
= 1501
100+ Interaction: P =0.01
i Trial: P=0.40
50 .
Time: P=0.08
0
Pre 0 60 180 (min)
D
(nmol/mL)
4.0+ £ %
3.51
3.01
O 251
5 20 @ HYPO
15 O NOR
1.0 Interaction: P =0.30
’ Trial: P =0.67
0.51  Time: P<0.01
0
Pre 0 60 180 (min)

Moreover, in spite of a significant main effect for trial (p = 0.02,
11; = 0.30), there was no significant difference between the
trials at any point.

Metabolic Responses

Table 2 shows the changes in VO,, VCO, and VE during
exercise. For VO,, there was a significant interaction between
time and trial (p < 0.01, n; = 0.44) and main effects for time
(p < 0.01, 7y = 0.51) and trial (p < 0.01, np = 0.93). VCO,
showed significant main effects for time (p < 0.01, 771% =0.91)
and trial (p < 0.01, 771% = 0.72), but no significant interaction
was detected (p = 0.30, 7713 = 0.13). Both VO, and VCO,
values were significantly lower in the HYPO trial than in the
NOR trial during all sets (p < 0.05 for each). For VE, there
were significant main effects for time (p < 0.01, né = 0.78)
and trial (p < 0.01, nf, = 0.81), whereas no significant interaction
was observed (p = 0.32, r/f, = 0.12). VE was significantly
higher in the HYPO trial than in the NOR trial during all
sets (p < 0.05 each).

Table 3 shows the changes in VO,, VCO,, RER, VE, and
energy expenditure during the 3 h post-exercise period. There
was a significant main effect of time for VO, (p < 0.01,
np =0.73) and VCO, (p < 0.01, 1 = 0.39). VO, remained
significantly higher than the pre-exercise value in both trials
(p < 0.05 each), except for 150 and 180 min after exercise
in the NOR trial. For VCO,, both trials showed significantly
higher values than pre-exercise only at 30 min after exercise
(p < 0.05). RER showed a significant main effect for time

(pg/mL)
40 -

354
30 4
25 4
20 4
15 4
101 Interaction: P = 0.58

5 Trial: P=0.02
Time: P=0.15

Pre 0 60 180

@ HYPO
O NOR

VEGF

0

(min)

FIGURE 3 | Changes in plasma vascular endothelial growth factor (VEGF).
Values are means + SE.

(p < 0.01, r]f, = 0.53). RER remained significantly lower in
the HYPO trial (vs. the pre-exercise value) throughout the 3
h post-exercise period (p < 0.05). For VE, there were significant
main effects for time (p < 0.01, nf, = 0.70) and trial (p < 0.01,
77[2, = 0.67). These values were significantly higher in the
HYPO trial at several points (p < 0.05 each). For energy
expenditure, there was a significant main effect for time
(p < 0.01, né = 0.66), but no significant interaction (p = 0.64,
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TABLE 2 | Respiratory variables during exercise session.

Interaction (2

Set 1 Set 2 Set 3

Time, Trial (172)

Vo2 (b HYPO 47.0+15" 481 18" 47219 0 <001 (0.44)
NOR 57.0+1.7 60.0 + 1.9° 50.7 + 1.9° p <0.01 (0.51), p < 0.01 (0.93)

VCOs () HYPO 15.7 + 0.6' 13.2 4 0.4%1 11.7 = 0.4% p =030 (0.13)
NOR 16.5+ 0.6 140+ 0.5 130+ 0.5 p <0.01 (0.91), p < 0.01 (0.72)

VE  (Umin) HYPO 107.3 8.7 120.3 + 8.3 1214 £ 7.9 p =032 (0.12)
NOR 047476 1053+ 7.7* 110.9 + 8.1* p <0.01(0.78), p < 0.01 (0.81)

Values are shown as mean + SE.

The \702 and VCOQ data during exercise and rest period between sprints were summed over the all sets, and VE was averaged in each set. *p < 0.05 vs. set 1. 'p < 0.05 vs.

NOR trial.

TABLE 3 | Respiratory variables and energy expenditure during post-exercise period.

Interaction (;72)

Pre 30 min 60 min 90 min 120 min 150 min 180 min

Time, Trial (172)

\702 (ml/min) HYPO 254 £ 9 340 + 12* 296 + 15* 289 + 11* 285 + 11* 290 + 9* 282 + 8* p =0.54(0.08)

NOR 252 +8 342 + 15* 302 + 15* 278 + 12* 285 + 11* 276 + 10 275 + 11 p<0010.73)

p =0.51(0.05)

VGO (ml/min) HYPO 212+9 232 £ 7* 208 + 11 206 + 10 201 +8 219+7 2107 p =0.53(0.07)

NOR 204 + 11 234 £ 12* 194 + 10 198 + 12 201 +8 200 + 6 202 +8 p <0.01(0:39),

p=0.21(0.17)

RER HYPO 0.83 + 0.01 0.68 + 0.02* 0.70 £0.02* 0.71 £0.01* 0.70+0.01* 0.75 + 0.01* 0.74 +0.01* p =0.59 (0.07)

.01 (0.

NOR 0.81 +£0.04 0.68 + 0.02* 0.65+0.03* 0.70+0.04* 0.70 +0.02* 0.72 £ 0.02 0.73 £ 0.01 Zi%(;g(((())?z))

VE (L/min) HYPO 8.8+0.2 143 +1.1* 10.6 + 0.51 10.8 £ 0.4*1 10.3+0.4 11.0 £ 0.3%F 10.6 + 0.51 p=0.18(0.17)

’ p <0.01(0.70),

NOR 8.9+05 129+ 0.8 9.1+04 9.2+0.6 9.3+05 9.8+04 9.0+ 0.5 p < 0.01 (0.67)

Pre 30-60 min 60-90 min 90-120 min 120-150 min 150-180 min

Energy expenditure  HYPO 36.7+1.4 444 £1.7* 41.0+1.8" 40.3 £ 1.5* 406 + 1.2* 40.5 + 1.0* p =0.64 (0.07)
keal-30 min

( ) NOR 36.2+1.2 44.8 +2.0* 40.3 +1.6* 39.4+15 39.4+13 389+13 p <0.01(066),

p =0.39 (0.08)

Values are shown as mean + SE.

The collected data for VOQ, VCOQ, RER, and VE were averaged during 5 min in each point. Energy expenditure for 30 min was calculated using VOQ and VCOQ .

*n < 0.05 vs. Pre. 'p < 0.05 vs. NOR trial.

n}% = 0.07) or main effect for trial (p = 0.39, nf) = 0.08)
was observed. In the NOR trial, exercise-induced elevation
of energy expenditure (vs. the pre-exercise value) disappeared
within the initial 90 min of post-exercise. However, the HYPO
trial showed significantly higher energy expenditure over the
3 h of post-exercise (p < 0.05).

Urine 8-OHdG Excretion

Urine 8-OHdG excretion did not differ significantly between
the two trials (HYPO, 556.5 + 75.7 ng/ml3 h; NOR,
486.8 + 88.8 ng/ml3 h; p = 0.37, d = 0.27).

Subjective Variables

Regarding the subjective variables, significant main effects for
time (p < 0.01, np = 0.92) and trial (p = 0.03, 1y = 0.42)
were detected for respiratory fatigue. However, there was no
significant interaction between time and trial (p = 0.30,
ng = 0.13). The HYPO trial showed a significantly higher
score of respiratory fatigue than the NOR trial immediately

after set 3 (p < 0.05). The lower-limb muscular fatigue showed
a significant interaction between time and trial (p < 0.01,
né = 0.31) and a main effect for time (p < 0.01, né = 0.90),
but there was no significant main effect for trial (p = 0.46,
ny = 0.06).

DISCUSSION

The present study was designed to determine the effects of
acute repeated-sprint exercise in moderate hypoxia on exercise-
induced cytokines (i.e., IL-6 and IL-1ra), muscle damage
(i.e., Mb) and oxidative stress markers (i.e., LPO and 8-OHdG),
and angiogenic growth factor (i.e., VEGF) responses among
athletes. The novel finding of the present study was that
acute repeated-sprint exercise in moderate hypoxia did not
exaggerate the exercise-induced cytokines, muscle damage
and oxidative stress markers, and angiogenic growth factor
responses than those elicited by the same exercise performed
in normoxia.
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Inflammatory and Muscle Damage
Responses
The exercise-induced blood lactate elevation was greater in
hypoxia than in normoxia, although it did not affect significantly
power output during exercise. Because VO, during exercise
was significantly lower in the HYPO trial, it appears that
anaerobic metabolism (i.e., the glycolytic pathway) was promoted
to compensate for impaired aerobic metabolism. Indeed, previous
studies have suggested that the contribution of anaerobic energy
supply during high-intensity exercise was augmented in hypoxia
(Ogura et al, 2006; Bowtell et al., 2014). We hypothesized
that the promoted glycolytic pathway during acute repeated-
sprint exercise in hypoxia would elicit exercise-induced IL-6
elevation, followed by an increase in the anti-inflammatory
response (ie., IL-lra). However, this hypothesis was not
supported, as both trials showed similar increases in IL-6 and
IL-1ra during 3 h of post-exercise. In the present study, the
post-exercise IL-6 concentration was relatively low (HYPO,
2.19 + 0.31 pg/ml; NOR, 2.72 + 0.60 pg/ml), but the majority
of previous studies using prolonged exercise (e.g., approximately
2 h of running) reported a marked increase in IL-6 (before,
0.88 + 0.16 pg/ml; after, 9.37 £+ 1.67 pg/ml) (Nieman et al,
2015). Moreover, the prolonged exercise-induced elevation of
IL-6 elicited a subsequent increase in IL-lra concentrations
(Ronsen et al., 2002). Therefore, a smaller elevation of IL-6
would explain the lack of an increase in IL-1ra after exercise.
Goods et al. (2016) demonstrated that the IL-6 response to
repeated-cycle sprint exercise in moderate hypoxia (three
successive sets of 9 s x 5 s maximal sprints; F,O,, 14.5%) did
not differ significantly compared with the same exercise in
normoxia. Thus, the short duration of exercise (i.e., low energy
expenditure) would not be sufficient to stimulate IL-6 elevation.
The average power output during sprint exercise did not
differ significantly between the two trials. When prolonged
running exercise in hypoxia was conducted at the same relative
exercise intensity than normoxia (running velocity was lower
in hypoxia than in normoxia), exercise-induced Mb elevation
was significantly lower in hypoxia than in normoxia (Sumi
et al., 2018). In contrast, the present study did not reveal a
significant difference in exercise-induced Mb elevation between
trials, suggesting that repeated-cycling exercise (short duration
of exercise) in moderate hypoxia did not trigger a further
increase in muscle damage markers compared with the same
exercise in normoxia. However, because exercise using a cycle
ergometer mainly consisting of concentric muscle contraction,
exercise-induced Mb elevation was relatively lower than that
reported in previous studies using running exercise, which
involves eccentric muscle contraction (Nieman et al, 2018;
Sumi et al., 2018). Moreover, exercise mode (running or cycling)
might be one of the factors supporting elevation for shear
stress. Further studies are therefore required using different
exercise modes (running sprint or shuttle sprint).

Oxidative Stress
Exercise elicits the production of reactive oxygen species,
resulting in increased oxidative stress (Moller et al, 1996).

In addition, exercise-induced oxidative stress in hypoxia was
augmented despite lower VO, during exercise (Bailey et al,
2001). Several previous studies have reported increased oxidative
stress during exposure to hypoxia (Pialoux et al., 2009; Quindry
et al, 2016), and maximal sprint exercise in severe hypoxia
(FiO,, 10.4%) also augmented the exercise-induced elevation
of oxidative stress markers (Morales-Alamo et al., 2012). Among
several types of oxidative stress markers (indicators of lipid,
protein, and DNA damage), lipid peroxidation and DNA damage
were previously shown to be elevated during the early phase
after exercise (Morales-Alamo and Calbet, 2014; Pingitore et al.,
2015). Therefore, we hypothesized that acute repeated-sprint
exercise in hypoxia would increase post-exercise oxidative stress
concentrations. However, no significant differences in oxidative
stress markers (i.e., LPO and 8-OHdG) were found between
the two trials. Goods et al. (2016) indicated that repeated-
sprint exercise in hypoxia (F,0,, 14.5%) did not cause a further
elevation in F,-isoprostane (an oxidative stress marker) compared
with the same exercise in normoxia. Collectively, acute repeated-
sprint exercise in hypoxia would not aggravate oxidative stress,
at least the exercise in moderate hypoxia and cycling mode.
However, because the present subjects were well-trained athletes,
they may be highly resistant to oxidative stress due to superior
antioxidant capacity, as suggested in a previous study (Pialoux
et al, 2006). Further investigations using different altitude
levels, and with various types of athletes (i.e, team sports,
racquet sports) and in the subjects with different training
backgrounds (recreational, highly-trained, elite athletes) would
be required.

Angiogenic Growth Factors

Endurance training induces skeletal muscle adaptations, including
an increase in capillary density (angiogenesis) (Baum et al,
2015). Particularly, prolonged exercise in hypoxia increases serum
VEGF (Wahl et al., 2013), which is mediated by the upregulation
of hypoxia inducible factor-1 alpha, and contributes to augmented
angiogenic adaptation (Lundby et al., 2009). Moreover, increased
capillary networks around muscle fibers with improved O, supply
would attenuate the power output decrement during repeated-
sprint exercise, because muscle O, uptake between rest periods
is associated with repeated-sprint performance (Girard et al,
2011; Billaut et al., 2012; Mendez-Villanueva et al., 2012).
We hypothesized that maximal sprint exercise in hypoxia would
elicit a VEGF response during post-exercise. To our knowledge,
this is the first report to present an acute VEGF response
following repeated-sprint exercise in hypoxia. Wahl et al. (2011)
demonstrated that high-intensity exercise (4 s x 30 s maximal
sprints) increased the serum VEGF concentration at 10 min
after exercise, but it rapidly returned to the baseline level during
60 min after exercise. In the present study, acute repeated-sprint
exercise in hypoxia did not promote the VEGF response. The
lack of exercise-induced VEGF elevation could be partly explained
by the insufficient exercise duration and/or the duration of
hypoxic exposure. With regard to training adaptation, 4 weeks
of RSH did not change VEGF mRNA expression in muscle
(Faiss et al., 2013b). However, there was a significant increase
in VEGF mRNA following combined treatments with 2 weeks
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of RSH and chronic hypoxic exposure (14 h/day) (Brocherie
etal., 2018). In addition, the elevation of VEGF may be dependent
on the level of hypoxia. According to a previous study (Wahl
et al., 2013), endurance exercise in severe hypoxia (F,0, 13.2%)
showed a substantial increase in serum VEGE whereas the
increase was disappeared after exercising in mild hypoxia (F,0,
15.9%) or normoxia. Moreover, according to a previous study
(Kraus et al., 2004), there was a large individual variation in
time course of plasma VEGF response. In addition, the correlation
between VEGF mRNA and protein in muscle tissue was relatively
minor (Kraus et al., 2004). Therefore, the determination of
plasma VEGF alone might be insufficient to draw robust
conclusion for angiogenesis.

Resting Energy Expenditure During the
Post-Exercise Period

High-intensity exercise augmented resting energy expenditure
during the post-exercise period and it is suggested to play a
role in weight management (Schubert et al., 2017). A previous
study indicated that elevated resting energy expenditure was
maintained for several hours following maximal sprint exercise
(6 s x 30 s maximal sprints) (Tucker et al., 2016). Increased
post-exercise energy expenditure is caused by several factors,
including augmented glycogen resynthesis, lipolysis, and muscle-
protein turnover (Borsheim and Bahr, 2003). In the present
study, it was notable that the HYPO trial augmented post-
exercise energy expenditure for a longer period than the NOR
trial. Considering that accumulated metabolites (e.g., lactate
and pH) due to exercise contribute to the post-exercise increase
in oxygen consumption (Cheetham et al, 1986; Hargreaves
et al.,, 1998), the higher blood lactate concentration after exercise
in the HYPO trial may partly explain the sustained increase
in resting energy expenditure during the post-exercise period.
From a different perspective as health promotion, several
previous studies indicated that exercise in hypoxia would
promote physical well-being among elderly people (Millet et al.,
2016; Girard et al., 2017b; Camacho-Cardenosa et al., 2018).
Furthermore, augmented post-exercise energy expenditure in
hypoxia might help to improve weight management in obese
individual (Girard et al., 2017b).

Practical Application

From a practical standpoint, the present results suggest that
concerns about negative impacts (e.g., excessive fatigue or
inflammatory responses) after repeated-sprint exercise in hypoxia
are not necessary among athletes. In support of this idea,
Richardson et al. (2016) indicated that 2 weeks of sprint training
in hypoxia (six sessions in total) did not exacerbate plasma
IL-6 or tumor necrosis factor-alpha (TNF-a) concentrations.
Furthermore, six training sessions for RSH (double-poling
exercise) did not elicit further increases in mucosal immune
function (Immunoglobulin A) than in the same training in
normoxia (Born et al., 2016). Moreover, the scores of perceptual
discomfort (overall peripheral discomfort, difficulty breathing,
and lower-limb discomfort) were improved during RSH
(Brocherie et al., 2017). However, athletes may need to take

caution when RSH is conducted frequently during a short
period (e.g., training twice a day or successive days of training)
which is utilized by Kasai et al. (2017, 2019).

The influence of augmented inflammatory and oxidative
stress on training adaptations in muscle is still under debate,
and some reports suggested that these factors could be positive
(Niess et al., 2003). On the other hand, excessive reactive
oxygen species and inflammatory response also lead to aggravated
muscle fatigue and dysfunction (Zuo and Pannell, 2015; Duchesne
et al, 2017). When the athletes perform RSH in addition to
their daily training program, there would be several concerns
for performance decrement because of increase in inflammatory
and oxidative stress responses. Therefore, the present findings
with presenting no apparent impact for hypoxia-induced
inflammatory and oxidative stress responses would be beneficial
in terms of maintaining physical condition to avoid the risk
of overreaching/overtraining in athletes.

CONCLUSION

Inflammatory, muscle damage, oxidative stress, and angiogenic
growth factor responses to repeated-sprint exercise did not
differ in hypoxia and normoxia.

DATA AVAILABILITY

All datasets generated for this study are included in the
manuscript and/or the supplementary files.

ETHICS STATEMENT

Ethics Committee for Human Experiments at Ritsumeikan
University.

AUTHOR CONTRIBUTIONS

NK and KG contributed to experimental design. NK, CK, DS,
and Al performed data collection. NK performed the statistical
analysis, interpretation of data, and drafting of the paper. KG
revised the work and final approval of the manuscript. All
co-authors read and approved the final manuscript.

FUNDING

The present study was supported by a research grant from
Ritsumeikan University.

ACKNOWLEDGMENTS

The authors thank all subjects who conducted the intensive
exercise in the present study.

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 844


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles

Kasai et al.

Repeated-Sprint Exercise in Hypoxia

REFERENCES

Bailey, D. M., Davies, B., and Young, I. S. (2001). Intermittent hypoxic training:
implications for lipid peroxidation induced by acute normoxic exercise in
active men. Clin. Sci. 101, 465-475. doi: 10.1042/cs1010465

Baum, O., Giibeli, J., Frese, S., Torchetti, E., Malik, C., Odriozola, A., et al.
(2015). Angiogenesis-related ultrastructural changes to capillaries in human
skeletal muscle in response to endurance exercise. J. Appl. Physiol. 119,
1118-1126. doi: 10.1152/japplphysiol.00594.2015

Billaut, E, Gore, C. J., and Aughey, R. J. (2012). Enhancing team-sport athlete
performance: is altitude training relevant? Sports Med. 42, 751-767. doi:
10.1007/BF03262293

Bishop, D., and Edge, J. (2006). Determinants of repeated-sprinting ability in
females matched for single-sprint performance. Eur. J. Appl. Physiol. 97,
373-379. doi: 10.1007/s00421-006-0182-0

Born, D. P, Faiss, R., Willis, S. J., Strahler, J., Millet, G. P, Holmberg, H. C.,
et al. (2016). Circadian variation of salivary immunoglobin A, alpha-amylase
activity and mood in response to repeated double-poling sprints in hypoxia.
Eur. J. Appl. Physiol. 116, 1-10. doi: 10.1007/s00421-015-3236-3

Borsheim, E., and Bahr, R. (2003). Effect of exercise intensity, duration and
mode on post-exercise oxygen consumption. Sports Med. 33, 1037-1060.
doi: 10.2165/00007256-200333140-00002

Bowtell, J. L., Cooke, K., Turner, R., Mileva, K. N., and Sumners, D. P. (2014).
Acute physiological and performance responses to repeated sprints in varying
degrees of hypoxia. J. Sci. Med. Sport 17, 399-403. doi: 10.1016/j.jsams.2013.05.016

Brocherie, E, Girard, O., Faiss, R, and Millet, G. P. (2015). High-intensity
intermittent training in hypoxia: a double-blinded, placebo-controlled field
study in youth football players. J. Strength Cond. Res. 29, 226-237. doi:
10.1519/JSC.0000000000000590

Brocherie, E, Girard, O., Faiss, R., and Millet, G. P. (2017). Effects of repeated-
sprinting training in hypoxia on sea-level performance: a meta-analysis.
Sports Med. 47, 1651-1660. doi: 10.1007/s40279-017-0685-3

Brocherie, E, Millet, G. P, D'Hulst, G., Van Thienen, R., Deldicque, L., and
Girard, O. (2018). Repeated maximal-intensity hypoxic exercise superimposed
to hypoxic residence boosts skeletal muscle transcriptional responses in elite
team-sport athletes. Acta Physiol. 222, 1-11. doi: 10.1111/apha.12851

Camacho-Cardenosa, A., Camacho-Cardenosa, M., Burtscher, M,
Martinez-Guardado, I, Timon, R., Brazo-Sayavera, J., et al. (2018). High-
intensity interval training in normobaric hypoxia leads to greater body fat
loss in overweight/obese women than high-intensity interval training in
normoxia. Front. Physiol. 9:60. doi: 10.3389/fphys.2018.00060

Cheetham, M. E., Boobis, L. H., Brooks, S., and Williams, C. (1986). Human
muscle metabolism during sprint running. J. Appl. Physiol. 61, 54-60. doi:
10.1152/jappl.1986.61.1.54

Dosek, A., Ohno, H., Acs, Z., Taylor, A. W,, and Radak, Z. (2007). High
altitude and oxidative stress. Respir. Physiol. Neurobiol. 158, 128-131. doi:
10.1016/j.resp.2007.03.013

Duchesne, E., Dufresne, S. S., and Dumont, N. A. (2017). Impact of inflammation
and anti-inflammatory modalities on skeletal muscle healing: from fundamental
research to the clinic. Phys. Ther. 97, 807-817. doi: 10.1093/ptj/pzx056

Egginton, S. (2009). Invited review: activity-induced angiogenesis. Pflugers Arch.
457, 963-977. doi: 10.1007/500424-008-0563-9

Faiss, R., Girard, O., and Millet, G. P. (2013a). Advancing hypoxic training
in team sports: from intermittent hypoxic training to repeated sprint
training in hypoxia. Br. J. Sports Med. 47, i45-i50. doi: 10.1136/
bjsports-2013-092741

Faiss, R., Leger, B., Vesin, J. M., Fournier, P. E., Eggel, Y., Dériaz, O., et al.
(2013b). Significant molecular and systemic adaptations after repeated sprint
training in hypoxia. PLoS One 8:€56522. doi: 10.1371/journal.pone.0056522

Faiss, R., Willis, S., Born, D. P, Sperlich, B., Vesin, J. M., Holmberg, H. C,,
et al. (2015). Repeated double-poling sprint training in hypoxia by competitive
cross-country skiers. Med. Sci. Sports Exerc. 47, 809-817. doi: 10.1249/
MSS.0000000000000464

Galvin, H. M., Cooke, K., Sumners, D. P, Mileva, K. N., and Bowtell, J. L.
(2013). Repeated sprint training in normobaric hypoxia. Br. J. Sports Med.
47, i74-i79. doi: 10.1136/bjsports-2013-092826

Gatterer, H., Menz, V., Untersteiner, C., Klarod, K., and Burtscher, M. (2019).
Physiological factors associated with declining repeated sprint performance

in hypoxia. J. Strength Cond. Res. 33, 211-216. doi: 10.1519/
JSC.0000000000001891

Gatterer, H., Philippe, M., Menz, V., Mosbach, E, Faulhaber, M., and Burtscher, M.
(2014). Shuttle-run sprint training in hypoxia for youth elite soccer players:
a pilot study. J. Sci. Med. Sport 13, 731-735.

Geiser, J., Vogt, M., Billeter, R., Zuleger, C., Belforti, F, and Hoppeler, H.
(2001). Training high-living low: changes of aerobic performance and muscle
structure with training at simulated altitude. Int. J. Sports Med. 22, 579-585.
doi: 10.1055/s-2001-18521

Girard, O., Brocherie, F, and Millet, G. P. (2017a). Effects of altitude/hypoxia
on single- and multiple-sprint performance: a comprehensive review. Sports
Med. 47, 1931-1949. doi: 10.1007/s40279-017-0733-z

Girard, O., Malatesta, D., and Millet, G. P. (2017b). Walking in hypoxia: an
efficient treatment to lessen mechanical constraints and improve health in
obese individuals? Front. Physiol. 8:73. doi: 10.3389/fphys.2017.00073

Girard, O., Mendez-Villanueva, A., and Bishop, D. (2011). Repeated-sprinting
ability - part I: factors contributing to fatigue. Sports Med. 41, 673-694.
doi: 10.2165/11590550-000000000-00000

Glaister, M., Howatson, G., Pattison, J. R., and McInnes, G. (2008). The reliability
and validity of fatigue measures during multiple-sprint work: an issue revisited.
J. Strength Cond. Res. 22, 1597-1601. doi: 10.1519/JSC.0b013e318181ab80

Goods, P. S., Dawson, B., Landers, G. J., Gore, C. ], Croft, K., and Peeling, P.
(2016). Effect of repeat-sprint training in hypoxia on post-exercise interleukin-6
and F2-isoprostanes. Eur. J. Sport Sci. 16, 1047-1054. doi: 10.1080/17461391.
2015.1123776

Goto, K., Kasai, N., Kojima, C., and Ishibashi, A. (2018). Postexercise serum
hepcidin response to repeated sprint exercise under normoxic and hypoxic
conditions. Appl. Physiol. Nutr. Metab. 43, 221-226. doi: 10.1139/apnm-2017-0418

Hamlin, M. J., Olsen, P. D., Marshall, H. C., Lizamore, C. A., and Elliot, C. A.
(2017). Hypoxic repeat sprint training improves rugby player’s repeated sprint
but not endurance performance. Front. Physiol. 8:24. doi: 10.3389/fphys.2017.00024

Hargreaves, M., McKenna, M. J,, Jenkins, D. G., Warmington, S. A., Li, J. L,
Snow, R. J,, et al. (1998). Muscle metabolites and performance during high-
intensity, intermittent exercise. J. Appl. Physiol. 84, 1687-1691.

Horn, E, Henze, C., and Heidrich, K. (2000). Interleukin-6 signal transduction
and lymphocyte function. Immunobiology 202, 151-167. doi: 10.1016/
S0171-2985(00)80061-3

Inness, M. W, Billaut, E, Walker, E. ], Petersen, A. C., Sweeting, A. J., and
Aughey, R. J. (2016). Heavy resistance training in hypoxia enhances 1RM
squat performance. Front. Physiol. 7:502. doi: 10.3389/fphys.2016.00502

Kasai, N., Kojima, C., Sumi, D., Takahashi, H., Goto, K., and Suzuki, Y.
(2017). Impact of 5 days of sprint training in hypoxia on performance
and muscle energy substances. Int. J. Sports Med. 38, 983-991. doi:
10.1055/s-0043-117413

Kasai, N., Mizuno, S., Ishimoto, S., Sakamoto, E., Maruta, M., and Goto, K.
(2015). Effect of training in hypoxia on repeated sprint performance in
female athletes. Springerplus 4:310. doi: 10.1186/s40064-015-1041-4

Kasai, N., Mizuno, S., Ishimoto, S., Sakamoto, E., Maruta, M., Kurihara, T,
et al. (2019). Impact of 6 consecutive days of sprint training in hypoxia
on performance in competitive sprint runners. J. Strength Cond. Res. 33,
36-43. doi: 10.1519/JSC.0000000000001954

Kojima, C., Kasai, N., Ishibashi, A., Murakami, Y., Ebi, K., and Goto, K.
(2019). Appetite regulations after sprint exercise under hypoxic condition
in female athletes. J. Strength Cond. Res. 33, 1773-1780. doi: 10.1519/
JSC.0000000000002131

Kraus, R. M., Stallings, H. W. 3rd, Yeager, R. C., and Gavin, T. P. (2004).
Circulating plasma VEGF response to exercise in sedentary and endurance-
trained men. J. Appl. Physiol. 96, 1445-1450. doi: 10.1152/japplphysiol.01031.2003

Lundby, C., Calbet, J. A., and Robach, P. (2009). The response of human
skeletal muscle tissue to hypoxia. Cell. Mol. Life Sci. 66, 3615-3623. doi:
10.1007/s00018-009-0146-8

Lundby, C., Millet, G. P, Calbet, J. A., Bértsch, P,, and Subudhi, A. W. (2012).
Does ‘ltitude training’ increase exercise performance in elite athletes?
Br. J. Sports Med. 46, 792-795. doi: 10.1136/bjsports-2012-091231

Mendez-Villanueva, A., Edge, J., Suriano, R., Hamer, P, and Bishop, D. (2012).
The recovery of repeated-sprinting exercise is associated with PCr resynthesis,
while muscle pH and EMG amplitude remain depressed. PLoS One 7:€51977.
doi: 10.1371/journal.pone.0051977

Frontiers in Physiology | www.frontiersin.org

August 2019 | Volume 10 | Article 844


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1042/cs1010465
https://doi.org/10.1152/japplphysiol.00594.2015
https://doi.org/10.1007/BF03262293
https://doi.org/10.1007/s00421-006-0182-0
https://doi.org/10.1007/s00421-015-3236-3
https://doi.org/10.2165/00007256-200333140-00002
https://doi.org/10.1016/j.jsams.2013.05.016
https://doi.org/10.1519/JSC.0000000000000590
https://doi.org/10.1007/s40279-017-0685-3
https://doi.org/10.1111/apha.12851
https://doi.org/10.3389/fphys.2018.00060
https://doi.org/10.1152/jappl.1986.61.1.54
https://doi.org/10.1016/j.resp.2007.03.013
https://doi.org/10.1093/ptj/pzx056
https://doi.org/10.1007/s00424-008-0563-9
https://doi.org/10.1136/bjsports-2013-092741
https://doi.org/10.1136/bjsports-2013-092741
https://doi.org/10.1371/journal.pone.0056522
https://doi.org/10.1249/MSS.0000000000000464
https://doi.org/10.1249/MSS.0000000000000464
https://doi.org/10.1136/bjsports-2013-092826
https://doi.org/10.1519/JSC.0000000000001891
https://doi.org/10.1519/JSC.0000000000001891
https://doi.org/10.1055/s-2001-18521
https://doi.org/10.1007/s40279-017-0733-z
https://doi.org/10.3389/fphys.2017.00073
https://doi.org/10.2165/11590550-000000000-00000
https://doi.org/10.1519/JSC.0b013e318181ab80
https://doi.org/10.1080/17461391.2015.1123776
https://doi.org/10.1080/17461391.2015.1123776
https://doi.org/10.1139/apnm-2017-0418
https://doi.org/10.3389/fphys.2017.00024
https://doi.org/10.1016/S0171-2985(00)80061-3
https://doi.org/10.1016/S0171-2985(00)80061-3
https://doi.org/10.3389/fphys.2016.00502
https://doi.org/10.1055/s-0043-117413
https://doi.org/10.1186/s40064-015-1041-4
https://doi.org/10.1519/JSC.0000000000001954
https://doi.org/10.1519/JSC.0000000000002131
https://doi.org/10.1519/JSC.0000000000002131
https://doi.org/10.1152/japplphysiol.01031.2003
https://doi.org/10.1007/s00018-009-0146-8
https://doi.org/10.1136/bjsports-2012-091231
https://doi.org/10.1371/journal.pone.0051977

Kasai et al.

Repeated-Sprint Exercise in Hypoxia

Millet, G. P, Debevec, T., Brocherie, E, Malatesta, D., and Girard, O. (2016).
Therapeutic use of exercising in hypoxia: promises and limitations. Front.
Physiol. 7:224. doi: 10.3389/fphys.2016.00224

Mizuno, M., Juel, C., Bro-Rasmussen, T., Mygind, E., Schibye, B., Rasmussen, B.,
et al. (1990). Limb skeletal muscle adaptation in athletes after training at
altitude. J. Appl. Physiol. 68, 496-502. doi: 10.1152/jappl.1990.68.2.496

Moller, P, Wallin, H., and Knudsen, L. E. (1996). Oxidative stress associated
with exercise, psychological stress and life-style factors. Chem. Biol. Interact.
102, 17-36. doi: 10.1016/0009-2797(96)03729-5

Morales-Alamo, D., and Calbet, J. A. (2014). Free radicals and sprint exercise
in humans. Free Radic. Res. 48, 30-42. doi: 10.3109/10715762.2013.825043

Morales-Alamo, D., Ponce-Gonzélez, J. G., Guadalupe-Grau, A., Rodriguez-Garcia, L.,
Santana, A., Cusso, M. R, et al. (2012). Increased oxidative stress and
anaerobic energy release, but blunted Thr172-AMPKa phosphorylation, in
response to sprint exercise in severe acute hypoxia in humans. J. Appl
Physiol. 113, 917-928. doi: 10.1152/japplphysiol.00415.2012

Morishima, T., Mori, A., Sasaki, H., and Goto, K. (2014). Impact of exercise
and moderate hypoxia on glycemic regulation and substrate oxidation pattern.
PL0oS One 9:€108629. doi: 10.1371/journal.pone.0108629

Naclerio, E, Larumbe-Zabala, E., Cooper, R., Jimenez, A., and Goss-Sampson, M.
(2014). Effect of a carbohydrate-protein multi-ingredient supplement on
intermittent sprint performance and muscle damage in recreational athletes.
Appl. Physiol. Nutr. Metab. 39, 1151-1158. doi: 10.1139/apnm-2013-0556

Nehlsen-Cannarella, S. L., Fagoaga, O. R., Nieman, D. C., Henson, D. A,
Butterworth, D. E., Schmitt, R. L., et al. (1997). Carbohydrate and the
cytokine response to 2.5 h of running. J. Appl. Physiol. 82, 1662-1667. doi:
10.1152/jappl.1997.82.5.1662

Nieman, D. C., Capps, C. L., Capps, C. R, Shue, Z. L., and McBride, J. E. (2018).
Effect of 4-week ingestion of tomato-based carotenoids on exercise-induced
inflammation, muscle damage, and oxidative stress in endurance runners. Int.
J. Sport Nutr. Exerc. Metab. 28, 266-273. doi: 10.1123/ijsnem.2017-0272

Nieman, D. C., Gillitt, N. D., Meaney, M. P, and Dew, D. A. (2015). No
positive influence of ingesting chia seed oil on human running performance.
Nutrients 7, 3666-3676. doi: 10.3390/nu7053666

Niess, A. M., Fehrenbach, E., Strobel, G., Roecker, K., Schneider, E. M.,
Buergler, J., et al. (2003). Evaluation of stress responses to interval training
at low and moderate alti- tudes. Med. Sci. Sports Exerc. 35, 263-269. doi:
10.1249/01.MSS.0000048834.68889.81

Ogura, Y., Katamoto, S., Uchimaru, J., Takahashi, K., and Naito, H. (2006).
Effects of low and high levels of moderate hypoxia on anaerobic energy
release during supramaximal cycle exercise. Eur. J. Appl. Physiol. 98, 41-47.
doi: 10.1007/s00421-006-0214-9

Pialoux, V., Mounier, R., Brown, A. D., Steinback, C. D., Rawling, J. M., and
Poulin, M. J. (2009). Relationship between oxidative stress and HIF-1 alpha
mRNA during sustained hypoxia in humans. Free Radic. Biol. Med. 46,
321-326. doi: 10.1016/j.freeradbiomed.2008.10.047

Pialoux, V., Mounier, R., Ponsot, E., Rock, E., Mazur, A., Dufour, S., et al.
(2006). Effects of exercise and training in hypoxia on antioxidant/pro-oxidant
balance. Eur. J. Clin. Nutr. 60, 1345-1354. doi: 10.1038/sj.ejcn.1602462

Pingitore, A., Lima, G. P,, Mastorci, E, Quinones, A., lervasi, G., and Vassalle, C.
(2015). Exercise and oxidative stress: potential effects of antioxidant dietary
strategies in sports. Nutrition 31, 916-922. doi: 10.1016/j.nut.2015.02.005

Puype, J., Van Proeyen, K., Raymackers, J. M., Deldicque, L., and Hespel, P.
(2013). Sprint interval training in hypoxia stimulates glycolytic enzyme

activity. Med.  Sci. doi:
MSS.0b013e31829734ae

Quindry, J., Dumke, C., Slivka, D., and Ruby, B. (2016). Impact of extreme
exercise at high altitude on oxidative stress in humans. J. Physiol. 594,
5093-5104. doi: 10.1113/JP270651

Richardson, A. J., Relf, R. L., Saunders, A., and Gibson, O. R. (2016). Similar
inflammatory responses following sprint interval training performed in
hypoxia and normoxia. Front. Physiol. 7:332. doi: 10.3389/fphys.2016.00332

Ronsen, O., Lea, T, Bahr, R., and Pedersen, B. K. (2002). Enhanced plasma
IL-6 and IL-1ra responses to repeated vs. single bouts of prolonged cycling
in elite athletes. J. Appl. Physiol. 92, 2547-2553. doi: 10.1152/japplphysiol.
01263.2001

Saanijoki, T., Nummenmaa, L., Eskelinen, J. J., Savolainen, A. M., Vahlberg, T.,
Kalliokoski, K. K., et al. (2015). Affective responses to repeated sessions of
high-intensity interval training. Med. Sci. Sports Exerc. 47, 2604-2611. doi:
10.1249/MSS.0000000000000721

Schubert, M. M., Palumbo, E., Seay, R. E, Spain, K. K., and Clarke, H. E.
(2017). Energy compensation after sprint- and high-intensity interval training.
PLoS One 12:0189590. doi: 10.1371/journal.pone.0189590

Steensberg, A., Febbraio, M. A., Osada, T., Schjerling, P., van Hall, G., Saltin, B.,
et al. (2001). Interleukin-6 production in contracting human skeletal muscle
is influenced by pre-exercise muscle glycogen content. J. Physiol. 537,
633-639. doi: 10.1111/j.1469-7793.2001.00633.x

Sumi, D., Kojima, C., and Goto, K. (2018). Impact of endurance exercise in
hypoxia on muscle damage, inflammatory and performance responses.
J. Strength Cond. Res. 32, 1053-1062. doi: 10.1519/JSC.0000000000001911

Tucker, W. J., Angadi, S. S., and Gaesser, G. A. (2016). Excess postexercise
oxygen consumption after high-intensity and sprint interval exercise, and
continuous steady-state exercise. J. Strength Cond. Res. 30, 3090-3097. doi:
10.1519/JSC.0000000000001399

Wahl, P, Schmidt, A., Demarees, M., Achtzehn, S., Bloch, W., and Mester, J.
(2013). Responses of angiogenic growth factors to exercise, to hypoxia and
to exercise under hypoxic conditions. Int. J. Sports Med. 34, 95-100. doi:
10.1055/5-0032-1314815

Wahl, P, Zinner, C., Achtzehn, S., Behringer, M., Bloch, W., and Mester, J.
(2011). Effects of acid-base balance and high or low intensity exercise on
VEGF and bFGE. Eur. J. Appl. Physiol. 111, 1405-1413. doi: 10.1007/
$00421-010-1767-1

Weir, J. B. (1949). New methods for calculating metabolic rate with special
reference to protein metabolism. J. Physiol. 109, 1-9.

Zuo, L., and Pannell, B. K. (2015). Redox characterization of functioning skeletal
muscle. Front. Physiol. 6:338. doi: 10.3389/fphys.2015.00338

Sports  Exerc. 45, 2166-2174. 10.1249/

Conlflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Copyright © 2019 Kasai, Kojima, Sumi, Ikutomo and Goto. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that
the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does
not comply with these terms.

Frontiers in Physiology | www.frontiersin.org

10

August 2019 | Volume 10 | Article 844


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.3389/fphys.2016.00224
https://doi.org/10.1152/jappl.1990.68.2.496
https://doi.org/10.1016/0009-2797(96)03729-5
https://doi.org/10.3109/10715762.2013.825043
https://doi.org/10.1152/japplphysiol.00415.2012
https://doi.org/10.1371/journal.pone.0108629
https://doi.org/10.1139/apnm-2013-0556
https://doi.org/10.1152/jappl.1997.82.5.1662
https://doi.org/10.1123/ijsnem.2017-0272
https://doi.org/10.3390/nu7053666
https://doi.org/10.1249/01.MSS.0000048834.68889.81
https://doi.org/10.1007/s00421-006-0214-9
https://doi.org/10.1016/j.freeradbiomed.2008.10.047
https://doi.org/10.1038/sj.ejcn.1602462
https://doi.org/10.1016/j.nut.2015.02.005
https://doi.org/10.1249/MSS.0b013e31829734ae
https://doi.org/10.1249/MSS.0b013e31829734ae
https://doi.org/10.1113/JP270651
https://doi.org/10.3389/fphys.2016.00332
https://doi.org/10.1152/japplphysiol.01263.2001
https://doi.org/10.1152/japplphysiol.01263.2001
https://doi.org/10.1249/MSS.0000000000000721
https://doi.org/10.1371/journal.pone.0189590
https://doi.org/10.1111/j.1469-7793.2001.00633.x
https://doi.org/10.1519/JSC.0000000000001911
https://doi.org/10.1519/JSC.0000000000001399
https://doi.org/10.1055/s-0032-1314815
https://doi.org/10.1007/s00421-010-1767-1
https://doi.org/10.1007/s00421-010-1767-1
https://doi.org/10.3389/fphys.2015.00338
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Inflammatory, Oxidative Stress, and Angiogenic Growth Factor Responses to Repeated-Sprint Exercise in Hypoxia
	Introduction
	MATERIALS AND Metho﻿﻿ds
	Subjects
	Experimental Design
	Repeated-Sprint Exercise
	SpO﻿2﻿, HR, and Subjective Variables
	Blood Variables
	Metabolic Responses
	Urine 8-OHdG Excretion
	Statistical Analysis

	Results
	SpO﻿2﻿ and HR
	Power Output During Repeated-Sprint Exercise
	Blood Variables
	Metabolic Responses
	Urine 8-OHdG Excretion
	Subjective Variables

	Discussion
	Inflammatory and Muscle Damage Responses
	Oxidative Stress
	Angiogenic Growth Factors
	Resting Energy Expenditure During the Post-Exercise Period
	Practical Application

	Conclusion
	Data Availability
	Ethics Statement
	Author Contributions

	References

