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Purpose: To investigate the carbohydrate metabolism, acid–base balance, and potassium kinetics in response to exercise in moderate hypoxia among endurance athletes.

Methods: Nine trained endurance athletes [maximal oxygen uptake (VO2max): 62.5 ± 1.2 mL/kg/min] completed two different trials on different days: either exercise in moderate hypoxia [fraction of inspired oxygen (FiO2) = 14.5%, HYPO] or exercise in normoxia (FiO2 = 20.9%, NOR). They performed a high-intensity interval-type endurance exercise consisting of 10 × 3 min runs at 90% of VO2max with 60 s of running (active rest) at 50% of VO2max between sets in hypoxia (HYPO) or normoxia (NOR). Venous blood samples were obtained before exercise and during the post-exercise. The subjects consumed 13C-labeled glucose immediately before exercise, and we collected expired gas samples during exercise to determine the 13C-excretion (calculated as 13CO2/12CO2).

Results: The running velocities were significantly lower in HYPO (15.0 ± 0.2 km/h) than in NOR (16.4 ± 0.3 km/h, P < 0.0001). Despite the lower running velocity, we found a significantly greater exercise-induced blood lactate elevation in HYPO compared with in NOR (P = 0.002). The bicarbonate ion concentration (P = 0.002) and blood pH (P = 0.002) were significantly lower in HYPO than in NOR. There were no significant differences between the two trials regarding the exercise-induced blood potassium elevation (P = 0.87) or 13C-excretion (HYPO, 0.21 ± 0.02 mmol⋅39 min; NOR, 0.14 ± 0.03 mmol⋅39 min; P = 0.10).

Conclusion: Endurance exercise in moderate hypoxia elicited a decline in blood pH. However, it did not augment the exercise-induced blood K+ elevation or exogenous glucose oxidation (13C-excretion) compared with the equivalent exercise in normoxia among endurance athletes. The findings suggest that endurance exercise in moderate hypoxia causes greater metabolic stress and similar exercise-induced elevation of blood K+ and exogenous glucose oxidation compared with the same exercise in normoxia, despite lower mechanical stress (i.e., lower running velocity).
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INTRODUCTION

Carbohydrate metabolism during endurance exercise in hypoxia has been evaluated using several parameters, including blood glucose, lactate response, and the respiratory exchange ratio (RER) (Friedmann et al., 2004; Katayama et al., 2010; Morishima et al., 2014). However, carbohydrate oxidation using the RER may be overestimated during exercise in hypoxia due to the lower oxygen uptake and hyperventilation (Ogawa et al., 2007; Ofner et al., 2014; Sharma et al., 2019). An evaluation of carbohydrate oxidation using a stable isotope (13C) is an alternative procedure to overcome this problem (Harvey et al., 2007; Blondin et al., 2010; Smith et al., 2010; Tremblay et al., 2010).

The energy supply via the glycolytic system is enhanced during endurance exercise in hypoxia (Buchheit et al., 2012; Sumi et al., 2018a). During exercise, lactate and hydrogen ions (H+) are produced in working muscle via the augmented energy supply from the glycolytic system and are subsequently released into the blood circulation by Na+/H+ exchanger isoform 1 and monocarboxylate transporters (Juel, 1997, 2006), which elicits metabolic acidosis (lower muscle pH). Furthermore, the augmented metabolic stress stimulates the opening of muscle ATP-sensitive K+ (KATP) channels, which subsequently increases the K+ efflux from working muscle into the extracellular fluid (Davies, 1990; Nielsen et al., 2002). Therefore, endurance exercise in hypoxia with greater intramuscular and blood acidification may promote the accumulation of blood K+ compared with exercise in normoxia. In our previous study (Sumi et al., 2018b), we evaluated the effect of endurance exercise in hypoxia on acid-base balance and K+ responses among middle-long distance runners. However, in this study, we used cycling exercise although middle-long distance runners were recruited. Therefore, the subjects performed unaccustomed exercise modality compared with their daily exercise training (running), which may be associated with unexpected results from the hypothesis. The lower muscle pH and accumulation of K+ in extracellular fluid during exercise are considered factors limiting sustained power output during endurance exercise (Trivedi and Danforth, 1966; Sahlin et al., 1981; Fitts, 1994; Sejersted and Sjøgaard, 2000; Bangsbo and Juel, 2006; Allen et al., 2008), whereas these factors may augment training adaptations (Mohr et al., 2007; Iaia et al., 2008; Bangsbo et al., 2009). For instance, Mohr et al. (2007) compared the effects of two different intense training regimens on skeletal muscle ion transport proteins and exercise performance. Sprint endurance training (30 s runs), with greater disturbance of muscle ion homeostasis (higher blood lactate and K+ concentrations) during the training sessions, caused greater adaptation of Na+/H+ exchanger isoform 1 and the Na+/K+-ATPase α1 isoform. These adaptations also led to lower venous H+ and K+ concentrations during intensive running exercise and further improved exercise performance compared with a normal endurance training group. Because the training adaptations arise from repetition of the acute physiological responses in each training session, determination of the exercise-induced acid–base balance and K+ responses would greatly improve our understanding of the mechanism underlying the enhanced endurance exercise capacity after several weeks of endurance training in hypoxia (Dufour et al., 2006; Czuba et al., 2011, 2013, 2017).

Therefore, the present study evaluated the acid–base balance, K+ kinetics, and exogenous glucose oxidation in response to endurance (running) exercise in moderate hypoxia among endurance runners. We hypothesized that endurance exercise in moderate hypoxia would facilitate the exercise-induced decrease in blood pH, elevate the K+ concentration, and promote exogenous glucose oxidation compared with the same relative intensity of exercise in normoxia.

MATERIALS AND METHODS

Subjects

Nine endurance athletes (middle-long distance runners who belonged to the same truck and filed club in university) participated in the study. Exclusion criteria were (1) an unhealthy person (all subjects were required to pass the medical check conducted in university every year), (2) no experience in hypoxic training at least 3 months before the present experiment. Their means and standard errors (SE) for age, height, and body mass were 20.7 ± 0.9 years, 172.5 ± 2.2 cm, and 61.6 ± 2.8 kg, respectively. All athletes were born and living at sea level, and they maintained specific middle-long distance running training 5 days per week (approximately 70 km per week). They gave written informed consent after being informed of the purpose and risks associated with the experiment. This study was approved by the Ethics Committee for Human Experiments at Ritsumeikan University, Japan.

Experimental Design

The subjects visited the laboratory four times during the study. During the first and second visits, maximal oxygen uptake (VO2max) tests were completed using a treadmill (Valiant; Lode, Groningen, the Netherlands) in both normoxia [inspired oxygen fraction (FiO2) = 20.9%] and normobaric hypoxia (FiO2 = 14.5%, equivalent to a simulated altitude of 3000 m). Each test was separated by 3 days and randomized.

During the third and fourth occasions, the subjects performed two experimental trials in either hypoxia (FiO2 = 14.5%, HYPO) or normoxia (FiO2 = 20.9%, NOR) on different days. We used a cross-over design and each trial was separated by 1 week. The two trials were started from the same time of the day, and the order of the two trials was randomized. As shown in Figure 1, all subjects completed high-intensity interval running on a treadmill at the same exercise intensity relative to VO2max evaluated in hypoxia and normoxia. After completing the exercise, the subjects rested for 30 min under the respective condition (i.e., either normoxia or hypoxia). Changes in blood variables and the 13CO2/12CO2 ratio in the expired gas were monitored during and after the exercise to clarify the effects of exercise in hypoxia on the acid–base balance and potassium and exogenous glucose oxidation kinetics.
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FIGURE 1. Overview of the study design.



Exercise Protocols

All exercise sessions in HYPO and NOR were conducted using a treadmill (Elevation series E95Ta; Life Fitness, Tokyo, Japan). Both trials were conducted in an environmentally controlled chamber. The hypoxic chamber used in this study was the whole-room type, and the hypoxic condition was established by nitrogen insufflation. The subjects ran for 5 min at 60% of VO2max (warm-up exercise) from 15 min after entering the hypoxic chamber. From 5 min after the warm-up exercise, the subjects started an interval-type endurance exercise [10 × 3 min run at 90% of VO2max separated by a 1 min run (active rest) at 50% of VO2max] in hypoxia or normoxia. This exercise regimen was designed to mimic the actual training regimen of well-trained endurance athletes (Niess et al., 2003; Sumi et al., 2018a,b). Each trial was separated by 1 week. The two trials started at the same time of the day, and the order of the two trials was randomized. To avoid psychological influences, the subjects were not informed about whether the trial was conducted in hypoxia or normoxia. Room temperature and humidity were set at 22°C and 50%, respectively.

Maximal Oxygen Uptake in Normoxia or Hypoxia (Preliminary Measurement)

The initial running velocity was set at 12 km/h, and the running velocity was increased by 2 km/h every 2 min until it reached 16 km/h. Once the running velocity reached 16 km/h, it was increased by 0.6 km/h every minute until volitional exhaustion (Sumi et al., 2018a). During the test, expired gases were collected and analyzed using an automatic gas analyzer (AE300S; Minato Medical Science, Tokyo, Japan). The collected data were averaged every 30 s. Heart rate (HR) was measured continuously during the test using a wireless HR monitor (Accurex Plus; Polar Electro Oy, Kempele, Finland). The VO2max tests were performed twice in either normoxia or hypoxia, and the order of the two VO2max tests was randomized.

Blood Variables

Following an overnight fast, the subjects visited the laboratory at 8:00 and rested before the first blood collection. A polyethylene catheter was inserted into an antecubital vein after a 20 min rest, and a baseline blood sample was obtained. Blood samples were collected 1, 2, 3, 4, 5, 10, and 30 min after the participants completed the exercise. All blood samples for determinations of blood gases and electrolytes were collected using a 2.5 mL syringe containing heparin. A 10 mL syringe was used to obtain serum and plasma samples. Serum and plasma samples were obtained after 10 min of centrifugation at 4°C (3000 rpm), and the samples were stored at −80°C until analysis.

The blood glucose, lactate, serum insulin, and ketone body concentrations as well as the blood-gas variables of the blood samples were measured. The blood-gas parameters, including the hydrogen ion concentration (pH), oxygen partial pressure (pO2), carbon dioxide partial pressure (pCO2), bicarbonate ion (HCO3−), and base excess (BE); the potassium (K+), sodium (Na+), and hemoglobin (Hb) concentrations; and the hematocrit (Hct) levels were measured using an automatic blood-gas analyzer (OPTI CCA TS, Sysmex, Hyogo, Japan). The exercise-induced plasma volume shift (%) was calculated using the Dill and Costill (1974) equation as follows:
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where Hct is in % and Hb is in g/dL.

These analyses were completed within 15 min after blood collection, and the samples were put on ice until analysis. The blood glucose and lactate concentrations were measured using a glucose analyzer (Free style; Nipro, Osaka, Japan) and a lactate analyzer (Lactate Pro; ARKRAY, Kyoto, Japan) immediately after blood collection. The serum insulin and ketone body concentrations were measured at a clinical laboratory (SRL, Tokyo, Japan). The intra-assay coefficients of variability were 3.2 and 2.9% for the serum insulin and ketone body concentrations, respectively.

Exogenous Glucose Oxidation Kinetics

Immediately before beginning the exercise, the subjects consumed 500 mg of 13C-glucose (D-Glucose-U-13C6, 13C: 99 atom%; Chlorella Industry, Tokyo, Japan) dissolved in 100 mL of purified water. In the 13C-glucose, the carbon atoms at all six positions in each glucose molecule were labeled with 13C. Before consuming the 13C-glucose, a baseline breath sample was collected using a 1.3 L sampling bag (Otsuka Pharmaceutical, Tokyo, Japan). Ten breath samples were collected until the end of the exercise in each set. The 13CO2/12CO2 ratio in the sample bag was evaluated using an infrared spectrometer (POC one; Otsuka Pharmaceutical). The 13CO2/12CO2 ratio was expressed as the absolute increase between samplings during exercise and at baseline.

The measured 13CO2 and 12CO2 abundance ratio was converted into the actual amount of excreted 13C and then converted using the formula to evaluate the 13C kinetics. The 13C excretion per unit time was calculated using the following equation (Schneider et al., 1978; Tanaka et al., 2013):
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Body surface area (BSA) can be estimated using the formula proposed by Du Bois and Du Bois (1916):
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where W is the body weight measured in kilograms, and H is the body height measured in centimeters.

Cardiorespiratory Variables and RPE

The oxygen uptake (VO2), carbon dioxide output (VCO2), RER, and expired minute ventilation (VE) were determined breath by breath in repetitions (reps) 5 and 10 of the interval exercise, and the average values of the respiratory variables during the final 1 min of each rep were calculated. Percutaneous oxygen saturation (SpO2) was measured at reps 5 and 10 during the interval exercise using a finger pulse oximeter (Smart Pulse; Fukuda Denshi, Tokyo, Japan) placed on the tip of the right forefinger. HR was recorded every 5 s during exercise; the average values were calculated during the final 1 min of each 3 min rep. The subjects indicated their rating of perceived exertion for respiratory strain (RPE-R) and leg muscle strain (RPE-L) at the end of each exercise rep using a 10-point scale to measure perceived exertion (Wilson and Jones, 1991).

Energy Expenditure and Substrate Oxidation

The energy expenditure (EE) during exercise was calculated using the Weir (1949) equation, where VO2 and VCO2 are expressed as L/min. The values of VO2 and VCO2 were the averages during the final 1 min in rep 10 during the interval exercise:
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The rates of carbohydrate and fat oxidation were calculated using the following equations (Peronnet and Massicote, 1991; Manetta et al., 2002), where VO2 and VCO2 are expressed as L/min. VO2 and VCO2 values were the averages of the last 1 min of rep 10 during the interval exercise:
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Statistical Analyses

Data are expressed as means ± SE. Two-way analysis of variance (ANOVA) with repeated measures was used to test the interaction (trial × time) and main effects (trial, time). When the ANOVA revealed a significant interaction or main effect, the Tukey–Kramer test was performed as a post hoc analysis to identify differences. The area under the curve (AUC) for 13C-excretion was compared between the two trials using a paired t-test. For all tests, P < 0.05 were considered to indicate statistical significance.

RESULTS

VO2max and Running Velocity

VO2max was significantly lower in HYPO (43.6 ± 1.4 mL/kg/min) than in NOR (62.5 ± 1.2 mL/kg/min, P < 0.0001). The maximal running velocity during VO2max test was significantly lower in HYPO (17.4 ± 0.1 km/h) than in NOR (19.6 ± 0.3 km/h, P < 0.0001). Consequently, the running velocity during each 3 min of the interval exercise (90% of VO2max) was significantly lower in HYPO (15.0 ± 0.2 km/h) than in NOR (16.4 ± 0.3 km/h, P < 0.0001).

Metabolites, Blood Gas, and Plasma Volume Kinetics

The blood lactate concentration was significantly increased after exercise in both trials (main effect for time, P = 0.002). Moreover, it was significantly higher in HYPO than in NOR after exercise (interaction, P = 0.001; main effect for trial, P = 0.002, Figure 2).
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FIGURE 2. Changes in blood lactate concentrations before and after exercise. Values are means ± standard error (SE). The gray bar indicates the duration of exercise. ∗Significant difference compared with pre-exercise (Pre). †Significant difference between NOR and HYPO.



The blood glucose concentrations increased significantly with exercise in both trials (main effect for time, P < 0.0001). However, there was no significant difference between the two trials at any time point. The serum insulin and ketone body concentrations did not change significantly over time in either trial. Moreover, no significant difference was observed between the two trials. In HYPO, the blood pO2 decreased significantly after exercise (main effect for time, P = 0.001), whereas the blood pO2 increased significantly after exercise in NOR (main effect for time, P = 0.001). Consequently, the blood pO2 remained significantly lower in HYPO after exercise compared with in NOR (interaction, P < 0.0001; main effect for trial, P < 0.0001). The blood pCO2 decreased significantly after exercise in both trials (main effect for time, P < 0.0001). The exercise-induced reduction in blood pCO2 was significantly greater in HYPO after exercise (interaction, P = 0.475; main effect for trial, P < 0.0001). The plasma volume decreased significantly after exercise in both trials. However, there was no significant difference between the two trials at any time point (Table 2).

Acid–Base Balance

After exercise, the blood pH was significantly lower in HYPO than in NOR (interaction, P = 0.002). The HCO3− concentration decreased significantly after exercise in both trials (main effect for time, P < 0.0001). However, HYPO showed significantly lower HCO3− concentrations after exercise (interaction, P = 0.434; main effect for trial, P = 0.002). The BE decreased significantly after exercise in both trials (main effect for time, P < 0.0001). The exercise-induced reduction in BE was significantly greater in HYPO after exercise (main effect for trial, P = 0.018, Figure 3).
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FIGURE 3. Changes in blood pH (A), HCO3−(B), and BE (C) concentrations before and after exercise. Values are means ± standard error (SE). The gray bar indicates the duration of exercise. ∗Significant difference compared with pre-exercise (Pre). †Significant difference between NOR and HYPO.



Blood K+

The blood K+ concentrations increased significantly after exercise in both trials (main effect for time, P < 0.0001). However, the exercise-induced elevations of blood K+ did not differ significantly between the two trials (Figure 4).
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FIGURE 4. Changes in blood K+ concentrations before and after exercise. Values are means ± SE. The gray bar indicates the duration of exercise. ∗Significant difference compared with before exercise (Pre).



Exogenous Glucose Oxidation Kinetics During Exercise

The 13C-excretion calculated by 13CO2/12CO2 increased during exercise in both trials (main effect for time, P < 0.0001), whereas there was no significant difference between HYPO and NOR (interaction, P = 0.146; main effect for trial, P = 0.09). The AUC for the 13C-excretion (during exercise) did not differ significantly between HYPO and NOR (P = 0.09, Figure 5).
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FIGURE 5. Changes in 13C-excretion (A) and area under the curve of 13C-excretion (B) during exercise. Values are means ± SE.



Cardiorespiratory Variables, Substrate Oxidation, and Energy Expenditure During Exercise

Table 1 shows the cardiorespiratory variables during exercise in each trial. VO2, VCO2, and SpO2 remained significantly lower in HYPO than in NOR throughout the exercise (main effect for trial, P < 0.0001). By contrast, HYPO showed a significantly higher RER during exercise compared with NOR (main effect for trial, P < 0.0001). During exercise, the VE and HR did not differ significantly between HYPO and NOR. The CHO oxidation during exercise was significantly higher in HYPO than in NOR (main effect for trial, P = 0.03). By contrast, HYPO showed a significantly lower fat oxidation (main effect for trial, P = 0.002) and EE (main effect for trial, P < 0.0001) during exercise compared with NOR.

RPE

RPE-R and RPE-L did not differ significantly between HYPO and NOR during exercise.

DISCUSSION

As we hypothesized, the exercise-induced acidification of blood (i.e., lower blood pH and higher blood lactate) was significantly greater in HYPO than in NOR, although the running velocity was significantly lower in HYPO. By contrast, there was no significant difference in the exercise-induced elevation of blood K+ concentrations or 13C-excretion between HYPO and NOR.

TABLE 1. Cardiorespiratory variables, substrate oxidation and energy expenditure during exercise.
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TABLE 2. Blood variables and plasma volume shift before exercise and during post-exercise.
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The exercise-induced blood lactate elevation was more profound in HYPO than in NOR. Moreover, HYPO caused significantly higher RER and CHO oxidation (evaluated by VO2 and VCO2) during exercise compared with NOR. These results indicate that carbohydrate metabolism during endurance exercise was augmented in hypoxia compared with in normoxia, which was consistent with previous findings (Katayama et al., 2010; Buchheit et al., 2012; Sumi et al., 2018a). The facilitated carbohydrate metabolism during endurance exercise under our HYPO condition may be explained by the increased ATP produced via the glycolytic system to compensate for the hypoxia-induced decline in ATP production via the aerobic system (Friedmann et al., 2007; Ogawa et al., 2007).

Many studies have evaluated carbohydrate metabolism during endurance exercise in hypoxia using traditional procedures, including blood glucose, lactate responses, and RER (Friedmann et al., 2004; Katayama et al., 2010; Morishima et al., 2014). Among these, the determination of RER during submaximal endurance exercise is most often used to monitor the substrate oxidation pattern, whereas carbohydrate oxidation may be overestimated by RER during endurance exercise in hypoxia due to the lower VO2 and hyperventilation (Ogawa et al., 2007; Ofner et al., 2014; Sharma et al., 2019). By contrast, we evaluated carbohydrate oxidation using a stable isotope (13C) as an alternative procedure to overcome this limitation. The consumed 13C-labeled glucose is oxidized mainly in working muscles during endurance exercise and is subsequently excreted in the expired gas as 13CO2. Therefore, the 13CO2/12CO2 ratio during endurance exercise reflects the amount of exogenous glucose oxidation (Harvey et al., 2007; Blondin et al., 2010; Smith et al., 2010; Tremblay et al., 2010). The ingestion of 13C-labeled glucose, specifically the exogenous glucose oxidation pattern in the tissues (e.g., skeletal muscle and liver), can be used to evaluate carbohydrate oxidation during endurance exercise in hypoxia. Moreover, the circulating blood during endurance exercise is predominantly distributed to working muscle; therefore, the augmented 13C-excretion during endurance exercise mainly reflects glucose oxidation in working muscle. Furthermore, we determined the serum ketone body concentrations (an indication of liver metabolism). However, there was no significant difference in the serum ketone body concentration over time, suggesting that energy metabolism in the liver (with a subsequent increase in serum ketone body concentration) was not augmented during the exercise. As previous studies revealed that endurance exercise in hypoxia promotes carbohydrate metabolism compared with exercise in normoxia (Katayama et al., 2010; Buchheit et al., 2012; Sumi et al., 2018a), we initially hypothesized that HYPO would elicit exogenous glucose oxidation during endurance exercise (i.e., increased 13C-excretion in HYPO compared with in NOR). However, no significant difference was observed in 13C-excretion between HYPO and NOR. Several factors are involved in exogenous glucose oxidation during exercise, but the EE during exercise strongly affects the amount of carbohydrate oxidation (Gautier et al., 1996). In our study, the EE during the 10 × 3 min run was significantly lower in HYPO than in NOR due to the lower running velocity. Therefore, future research should include comparisons involving the same EE in hypoxia and normoxia. Additionally, gastric emptying and the intestinal absorption of glucose also affect the exogenous glucose oxidation kinetics after oral consumption of labeled glucose. Unfortunately, the effects of exercise in hypoxia on gastric emptying and intestinal absorption remain unclear, although no study has reported that hypoxia altered gastric emptying or intestinal absorption.

Notably, the blood lactate elevation and CHO oxidation were significantly greater in HYPO, whereas 13C-excretion during endurance exercise did not differ significantly between the two trials. Because 13C-excretion during endurance exercise indicates exogenous glucose oxidation, the greater blood lactate elevation and CHO oxidation in HYPO may reflect facilitated muscle glycogen utilization (augmented endogenous glycogen utilization) during the exercise. The exercise in hypoxia promoted exercise-induced adrenaline elevation and sympathetic nerve activation (Wadley et al., 2006; Mazzeo, 2008; Katayama et al., 2010), and these promote muscle glycogenolysis during exercise (Watt et al., 2001; Wadley et al., 2006). Further research to address muscle glycogen utilization during endurance exercise in hypoxia would greatly aid our understanding of the physiological factors behind the augmented exercise-induced blood lactate elevation in hypoxia.

There was no significant difference in blood K+ levels between the two trials. Our initial hypothesis was that HYPO would augment the exercise-induced blood K+ elevation compared with NOR. Because lower pH increases the opening of KATP channels, it subsequently promotes K+ efflux from working muscle into the bloodstream (Davies, 1990; Nielsen et al., 2002). The accumulation of extracellular K+ has two possible explanations: (1) enhanced release of K+ from the working muscle and (2) decreased K+ re-uptake during exercise. During endurance exercise, the release of K+ commonly exceeds the K+ re-uptake, which consequently leads to the accumulation of K+ in the interstitium and blood. Unfortunately, the effects of exercise in hypoxia on the muscle Na+-K+-pump (K+ re-uptake) remain unclear. Street et al. (2005) determined the effects of sodium citrate ingestion on exercise-induced acidosis and potassium accumulation. The sodium citrate-ingestion group (CIT) had significantly higher blood and interstitial pH after exercise compared with a placebo water-ingestion group (PLA). Furthermore, CIT caused significantly lower exercise-induced interstitial K+ elevation compared with PLA (CIT: 8.0 mM, PLA: 11.0 mM). However, there was no significant difference in blood K+ concentrations between CIT and PLA (CIT, 4.1 mM; PLA, 4.2 mM). Therefore, due to the lack of data on the interstitial K+ response, caution is necessary when interpreting the K+ response in our study.

In our previous study (Sumi et al., 2018b), we investigated the effect of endurance exercise (cycling exercise) in hypoxia on acid-base balance and K+ responses. Consequently, endurance exercise in hypoxia caused higher blood pH and lower K+ concentrations compared with the same exercise in normoxia, which was not consistent with outcomes in the present study in spite of similar study design. However, the difference in absolute workload between hypoxia and normoxia was greater in the above previous study (approximately 20% lower in hypoxia) compared with the present study (approximately 10% lower in hypoxia). Furthermore, different exercise modality (cycling exercise in the previous study vs. running exercise in the present study) may explain different outcomes between the two studies.

In conclusion, high-intensity interval running in moderate hypoxia elicited decreased blood pH and elevated blood lactate despite the lower running velocity. However, it did not affect the exercise-induced blood K+ elevation or exogenous glucose oxidation. Therefore, our findings suggest that, despite the lower mechanical stress (lower running velocity), endurance exercise in moderate hypoxia causes higher metabolic stress and similar exercise-induced elevations of blood K+ and exogenous glucose oxidation compared with the same exercise in normoxia. The training in hypoxia may be an efficient training strategy to elicit training adaptations (e.g., improved CHO metabolism and muscle buffer capacity) with reduced risk of injury in lower legs.
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Czuba, M., Zając, A., Maszczyk, A., Roczniok, R., Poprzêcki, S., Garbaciak, W., et al. (2013). The effects of high intensity interval training in normobaric hypoxia on aerobic capacity in basketball players. J. Hum. Kinet. 39, 103–114. doi: 10.2478/hukin-2013-0073

Davies, N. W. (1990). Modulation of ATP-sensitive K+ channels in skelet al muscle by intracellular protons. Nature 343, 375–377. doi: 10.1038/343375a0

Dill, D. B., and Costill, D. L. (1974). Calculation of percentage changes in volumes of blood, plasma, and red cells in dehydration. J. Appl. Physiol. 37, 247–248. doi: 10.1152/jappl.1974.37.2.247

Du Bois, D., and Du Bois, E. F. (1916). A formula to estimate the approximate surface area if height and weight be known. Arch. Intern. Med. 17, 863–871.

Dufour, S. P., Ponsot, E., Zoll, J., Doutreleau, S., Lonsdorfer-Wolf, E., Geny, B., et al. (2006). Exercise training in normobaric hypoxia in endurance runners. I. Improvement in aerobic performance capacity. J. Appl. Physiol. 100, 1238–1248. doi: 10.1152/japplphysiol.00742.2005

Fitts, R. H. (1994). Cellular mechanisms of muscle fatigue. Physiol. Rev. 74, 49–94. doi: 10.1152/physrev.1994.74.1.49

Friedmann, B., Bauer, T., Menold, E., and Bärtsch, P. (2004). Exercise with the intensity of the individual anaerobic threshold in acute hypoxia. Med. Sci. Sports Exerc. 36, 1737–1742. doi: 10.1249/01.mss.0000142307.62181.37

Friedmann, B., Frese, F., Menold, E., and Bärtsch, P. (2007). Effects of acute moderate hypoxia on anearobic capacity in endurance-trained runners. Eur. J. Appl. Physiol. 101, 67–73. doi: 10.1007/s00421-007-0473-0

Gautier, J. F., Pirnay, F., Lacroix, M., Mosora, F., Scheen, A. J., Cathelineau, G., et al. (1996). Changes in breath 13CO2/12CO2 during exercise of different intensities. J. Appl. Physiol. 81, 1096–1102. doi: 10.1152/jappl.1996.81.3.1096

Harvey, C. R., Frew, R., Massicotte, D., Péronnet, F., and Rehrer, N. J. (2007). Muscle glycogen oxidation during prolonged exercise measured with oral [13C] glucose: comparison with changes in muscle glycogen content. J. Appl. Physiol. 102, 1773–1779. doi: 10.1152/japplphysiol.00690.2006

Iaia, F. M., Thomassen, M., Kolding, H., Gunnarsson, T., Wendell, J., Rostgaard, T., et al. (2008). Reduced volume but increased training intensity elevates muscle Na+-K+ pump α1-subunit and NHE1 expression as well as short-term work capacity in humans. Am. J. Physiol.Regul. Integr. Comp. Physiol. 294, R966–R974.

Juel, C. (1997). Lactate-proton cotransport in skeletal muscle. Physiol. Rev. 77, 321–358. doi: 10.1152/physrev.1997.77.2.321

Juel, C. (2006). Training-induced changes in membrane transport proteins of human skeletal muscle. Eur. J. Appl. Physiol. 96, 627–635. doi: 10.1007/s00421-006-0140-x

Katayama, K., Goto, K., Ishida, K., and Ogita, F. (2010). Substrate utilization during exercise and recovery at moderate altitude. Metabolism 59, 959–966. doi: 10.1016/j.metabol.2009.10.017

Manetta, J., Brun, J. F., Perez-Martin, A., Callis, A., Prefaut, C., and Mercier, J. (2002). Fuel oxidation during exercise in middle-aged men: role of training and glucose disposal. Med. Sci. Sports Exerc. 34, 423–429. doi: 10.1097/00005768-200203000-00007

Mazzeo, R. S. (2008). Physiological responses to exercise at altitude: an update. Sports Med. 38, 1–8. doi: 10.2165/00007256-200838010-00001

Mohr, M., Krustrup, P., Nielsen, J. J., Nybo, L., Rasmussen, M. K., Juel, C., et al. (2007). Effect of two different intense training regimens on skelet al muscle ion transport proteins and fatigue development. Am. J. Physiol. Regul. Integr. Comp. Physiol. 292, R1594–R1602.

Morishima, T., Mori, A., Sasaki, H., and Goto, K. (2014). Impact of exercise and moderate hypoxia on glycemic regulation and substrate oxidation pattern. PLoS One 9:e108629. doi: 10.1371/journal.pone.0108629

Nielsen, H. B., Hein, L., Svendsen, L. B., Secher, N. H., and Quistorff, B. (2002). Bicarbonate attenuates intracellular acidosis. Acta Anaesthesiol. Scand. 46, 579–584. doi: 10.1034/j.1399-6576.2002.460516.x

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 altitudes. Med. Sci. Sports Exerc. 35, 263–269. doi: 10.1249/01.mss.0000048834.68889.81

Ofner, M., Wonisch, M., Frei, M., Tschakert, G., Domej, W., Kröpfl, J. M., et al. (2014). Influence of acute normobaric hypoxia on physiological variables and lactate turn point determination in trained men. J. Sports Sci. Med. 13, 774–781.

Ogawa, T., Hayashi, K., Ichinose, M., Wada, H., and Nishiyasu, T. (2007). Metabolic response during intermittent graded sprint running in moderate hypobaric hypoxia in competitive middle-distance runners. Eur. J. Appl. Physiol. 99, 39–46. doi: 10.1007/s00421-006-0315-5

Peronnet, F., and Massicote, D. (1991). Table of nonprotein respiratory quotient: an uptake. Can. J. Sport. Sci. 16, 23–29.

Sahlin, K., Edström, L., Sjöholm, H., and Hultman, E. (1981). Effects of lactic acid accumulation and ATP decrease on muscle tension and relaxation. Am. J. Physiol. 240, C121–C126.

Schneider, J. F., Schoeller, D. A., Nemchausky, B., Boyer, J. L., and Klein, P. (1978). Validation of 13CO2 breath analysis as a measurement of demethylation of stable isotope labeled aminopyrine in man. Clin. Chim. Acta 84, 153–162. doi: 10.1016/0009-8981(78)90489-8

Sejersted, O. M., and Sjøgaard, G. (2000). Dynamics and consequences of potassium shifts in skelet al muscle and heart during exercise. Physiol. Rev. 80, 1411–1481. doi: 10.1152/physrev.2000.80.4.1411

Sharma, A. P., Saunders, P. U., Garvican-Lewis, L. A., Clark, B., Gore, C. J., Thompson, K. G., et al. (2019). Normobaric hypoxia reduces VO2 at different intensities in highly trained runners. Med. Sci. Sports Exerc. 51, 174–182. doi: 10.1249/MSS.0000000000001745

Smith, J. W., Zachwieja, J. J., Péronnet, F., Passe, D. H., Massicotte, D., Lavoie, C., et al. (2010). Fuel selection and cycling endurance performance with ingestion of [13C]glucose: evidence for a carbohydrate dose response. J. Appl. Physiol. 108, 1520–1529. doi: 10.1152/japplphysiol.91394.2008

Street, D., Nielsen, J. J., Bangsbo, J., and Juel, C. (2005). Metabolic alkalosis reduces exercise-induced acidosis and potassium accumulation in human skelet al muscle interstitium. J. Physiol. 566(Pt 2), 481–489. doi: 10.1113/jphysiol.2005.086801

Sumi, D., Kojima, C., and Goto, K. (2018a). 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

Sumi, D., Kojima, C., Kasai, N., and Goto, K. (2018b). The effects of endurance exercise in hypoxia on acid-base balance and potassium kinetics: a randomized crossover design in male endurance athletes. Sports Med. Open 4:45. doi: 10.1186/s40798-018-0160-1

Tanaka, K., Matsuura, T., Shindo, D., Aida, Y., Matsumoto, Y., Nagatsuma, K., et al. (2013). Noninvasive assessment of insulin resistance in the liver using the fasting 13C-glucose breath test. Transl. Res. 162, 191–200. doi: 10.1016/j.trsl.2013.06.003

Tremblay, J., Peronnet, F., Massicotte, D., and Lavoie, C. (2010). Carbohydrate supplementation and sex differences in fuel selection during exercise. Med. Sci. Sports Exerc. 42, 1314–1323. doi: 10.1249/MSS.0b013e3181cbba0b

Trivedi, B., and Danforth, W. H. (1966). Effect of pH on the kinetics of frog muscle phosphofructokinase. J. Biol. Chem. 241, 4110–4112.

Wadley, G. D., Lee-Young, R. S., Canny, B. J., Wasuntarawat, C., Chen, Z. P., Hargreaves, M., et al. (2006). Effect of exercise intensity and hypoxia on skeletal muscle AMPK signaling and substrate metabolism in humans. Am. J. Physiol. Endocrinol. Metab. 290, E694–E702.

Watt, M. J., Howlett, K. F., Febbraio, M. A., Spriet, L. L., and Hargreaves, M. (2001). Adrenaline increases skeletal muscle glycogenolysis, pyruvate dehydrogenase activation and carbohydrate oxidation during moderate exercise in humans. J. Physiol. 534, 269–278. doi: 10.1111/j.1469-7793.2001.t01-1-00269.x

Weir, J. B. (1949). New methods for calculating metabolic rate with special reference to protein metabolism. J. Physiol. 109, 1–9. doi: 10.1113/jphysiol.1949.sp004363

Wilson, R. C., and Jones, P. W. (1991). Long-term reproducibility of Borg scale estimates of breathlessness during exercise. Clin. Sci. 80, 309–312. doi: 10.1042/cs0800309

Conflict 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 Sumi, Kasai, Ito 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.

OPS/images/fphys-10-00504-g001.jpg
— Exercise > I Post-exercise |—>

1 2 3 4 5 6 7 8 9 10(sed) 30 min of rest
Warm-up
(5 min) e+ 1

I frrrtrorortrnd

Pre 1 23 45 10 15 20 25 30 (min)

Exposure to normoxia or hypoxia

I Blood sampling H Breath sampling I Exercise (3 min) <% Active rest (1 min)





OPS/images/fphys-10-00504-e005.jpg





OPS/images/cross.jpg
3,

i





OPS/images/fphys-10-00504-e004.jpg





OPS/images/fphys-10-00504-e006.jpg





OPS/images/fphys-10-00504-g004.jpg
(mmol/L)

4.8 1
4.61
4.4+
4.2+
4.0+
3.8
3.6
3.41

* @® HYPO

O NOR Main effect for interaction: P =0.301

Main effect for trial: P = 0.838

Main effect for time: P = 0.0001

3.2

1 2 3 4 5 10 30 (min)





OPS/images/fphys-10-00504-e001.jpg
APV (%) = 100 X |(Hbpre/Hbpost) x (100 — Hctpost)/
(100 — Hetyre) — 1],





OPS/images/fphys-10-00504-g005.jpg
A

(mmol/min)
0.012 -

0.010 7
0.008 -
0.006 1

0.004 -

BC-excretion

0.002 -

® HYPO
O NOR

| ns.

Main effect for interaction: P = 0.146
Main effect for trial: P = 0.093

Main effect for time: P = 0.0001

B

(mmol -39 min)

0.30 7

2 3 4 5 6 7 8 9 10 (set)

N.S. (P value: P=0.093)

HYPO NOR





OPS/images/fphys-10-00504-g002.jpg
Lactate

(mmol/L) ® HYPO
*
7 - f O NOR
* T * T * T Main effect for interaction: P = 0.001

Main effect for trial: P = 0.002

Main effect for time: P = 0.002

T

Pre 1 2 3 4 5 10 30 (min)





OPS/images/fphys-10-00504-e003.jpg





OPS/images/fphys-10-00504-g003.jpg
e uvro
ONor
i [rPpe——
Pel 2 3 4 5 1030 i
v
®ivro
ONoR

il o =034
Mot et P 0006
2 A AR

1 34 s 1030 i

euvro
ONOR

it o P 001

Lo

3 4 5 10 30 (i)





OPS/images/fphys-10-00504-e002.jpg
“C — excretion = (A% "C/100) x 300 x BSA.





OPS/images/cover.jpg






OPS/images/fphys-10-00504-t001.jpg
NOR HYPO p-value
SpOs (%) 95.0+0.3 783 +£141 P < 0.0001
VOy (ml/kg/min) 52.1+0.9 411 +16 P < 0.0001
VCOs (ml/kg/min) 47.9+12 421 +£1.2 P =0.0003
RER 0.92 £ 0.02 1.08 +£0.02 P =0.004
VE (L/min) 100 £ 6.0 105 £3.8 P=0315
HR (beats/min) 177 £ 24 176 £3.2 P =0.545
CHO oxidation (g/min) 3.1+038 3.7+06 P =0.044
Fat oxidation (g/min) 0.4+ 0.1 0.1 +£0.0 P =0.002
EE (kcal/min) 15.7 £ 0.7 126 £ 0.5 P < 0.0001

Values are mean + SE.





OPS/images/fphys-10-00504-t002.jpg
Pro 1 2 3 4 5 10 30 (min)
Glucose (mgjel) NOR 7815 94 t68 104£61" 108 + 60" 9943t 100 463" 93£60 7841
HYPO 722 101 £4.0° 106 4.7 102 + 60" 107 £ 50" 101 4 4.6° 90 +48 77426
Insulin (uLU/mL) NOR 264406 169+0.4 - - - - - 34012
HYPO 255106 198404 - - - - - 267406
Ketone body (unolL) NOR 127.7 4 48.0 924173 166.1 4587
HYPO 8874258 85862 - = = = = 767143
O, (mmHg) NOR 49450 73132 85.418" 0418 9024t 87 £32" 77143 55455
HYPO 61+42 a7 1.4t 56+ 1.3 584111 58+ 1.47 717t 5120t 4536
OO, (mmHg) NOR 47414 304110 30405 38403 3905 40405 39407 43£12
HYPO w417 %410 %07 %4057 36051 3% 406 609" 40£15
APV (%) NOR 0000 127 £29° 125433" 70463 11329 98+36" 43+23" 3465
HYPO 00400 150429 15927 139220 14823 128424 —e1 200 ~56+22¢

Values are means - SE. *Significent diflerence vs. Pre.

Nomoxia. PV, p





OPS/images/logo.jpg
, frontiers
in Physiology





