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Abstract

:

Pathological erythrocyte aggregation reduces capillary perfusion and oxygen transfer to tissue, which is determined by the negative surface charge on the erythrocyte membrane (intrinsic aggregability) and fibrinogen–erythrocyte interaction (extrinsic factor). Exercise-induced oxidative stress is important for rheological adaptation to training but may also cause erythrocyte senescence. This study clarifies the effects of hypoxic exercise training on intrinsic/extrinsic factors of aggregation. In total, 60 healthy sedentary males were randomly assigned to either hypoxic (HE; FIO2 = 0.15) or normoxic exercise training (NE; FIO2 = 0.21) groups for 30 min·d−1, 5 d·wk−1 for 6 weeks at 60 % of the maximum work rate or to a control group (CTL). A hypoxia exercise test (HET, FIO2 = 0.12) was performed before and after the intervention. Erythrocyte aggregation was assessed by ektacytometry, and fibrinogen binding affinity and senescence biomarkers were assessed by flow cytometry. An acute 12% oxygen HET significantly enhanced erythrocyte global aggregation through intrinsic aggregability. Resting aggregation is promoted by both intrinsic aggregability and fibrinogen binding probability and force after HE, whereas NE is mainly associated with ameliorated fibrinogen–erythrocyte interactions. The HET still facilitated global aggregation after HE because of the augmented fibrinogen-related factors, even though the intrinsic factor was suppressed. Additionally, HE further increased reticulocyte counts while reducing the expression of CD47 and CD147. Resting aggregability is promoted by both intrinsic and extrinsic factors after HE, whereas NE is mainly associated with an ameliorated affinity for fibrinogen. Although an accelerated turnover rate was observed, HE further led to erythrocyte senescence.
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1. Introduction


Erythrocyte aggregation is a critical hemorheological property that contributes to dynamically regulating blood flow and influencing oxygen delivery. Impaired rheological functions of erythrocytes lead to circulatory disorders, such as myocardial ischemia and infarction [1], cerebral infarction [2], and diabetes mellitus [3]. Erythrocyte aggregation occurs at low shear rates and depends on both cellular (intrinsic erythrocyte aggregability) and plasma fibrinogen-related erythrocyte adhesion factors (extrinsic factors) [4], as well as the disaggregating shear force generated by blood flow [3]. A great amount of evidence indicates that the aggregation tendency can be modified by several properties, such as erythrocyte aging in vivo [5], reactive oxygen species (ROS) [6], inflammatory status [7], or the blood hematocrit [8].



Endurance exercise is an efficient and safe strategy to improve cardiopulmonary capacity. A number of studies have well established the effects of endurance training on hemorheological properties [9]. In patients with marked obesity or insulin resistance who receive therapeutic exercise training, plasma viscosity and hemorheology are mostly improved and reflect a change in plasma fibrinogen [10]. Altitude/hypoxic training appears to be more effective than sea-level/normoxic training for improving cardiopulmonary capacity [11]. However, exposure to a hypoxic environment may incur a progressive rigidity of erythrocytes [12] or even deteriorate antioxidative capacity [13]. Of clinical relevance, inappropriate hypoxia, such as severe sleep apnea, impairs rheological properties as well [12].



Elevated erythropoietin (EPO) production in hypoxia is a key factor in the achievement of enhanced hematological variables. Its level depends on the duration of exposure and degree of hypoxia [14]. Hypoxic exercise markedly lowers the oxygen concentration or saturation of working organs by simultaneously decreasing oxygen supply and increasing oxygen demand to augment hypoxemia. Therefore, hypoxic exercise training may trigger hypoxia-inducible factor-1 (HIF-1)-mediated processes, then stimulate EPO secretion [15]. Despite an elevated plasma EPO level, the repeated, excessive exposure to ROS may further trigger eryptosis or neocytolysis, thereby counterbalancing erythropoiesis induced by EPO or accumulating stress reticulocytes [16].



Our previous study demonstrated that hypoxic exercise training (HE) causes erythrocyte senescence and simultaneously promotes eryptotic response to oxidative stress [13]. In addition, intermittent hypoxia exposure, acute exercise, or inflammation status promotes platelet aggregation [17] and also elevates the plasma fibrinogen concentration [14]. Therefore, excessive oxidative stress is caused by acute hypoxia exercise, which may trigger eryptosis and lead to surface charge alteration, whereas chronic hypoxia exposure is speculated to enhance erythrocyte affinity with fibrinogen [18]. The effects of hypoxic exercise training on the erythrocyte aging process, eryptotic response to oxidative stress, and aggregation properties remain unclear [19]. We hypothesize that hypoxic exercise training impairs erythrocyte rheological functions by raising affinity to fibrinogen and suppressing the negative charge via facilitating erythrocyte senescence and turnover rate.



The aim of this study was to clarify the distinct effects of exercise training with or without hypoxia on erythrocyte aggregation, further providing a feasible strategy for developing an appropriate exercise regimen that improves cardiopulmonary fitness and minimizes the risk of hemorheological disorders. This study evaluated the following issues: (1) intrinsic aggregability, (2) fibrinogen binding probability and force, (3) mature erythrocyte and reticulocyte subfraction, and (4) erythrocyte senescence marker expression during a hypoxic exercise test (HET) in healthy sedentary men.




2. Materials and Methods


2.1. Subjects


This investigation followed the Declaration of Helsinki and was approved by the Institutional Review Board of Chang Gung Memorial Hospital in Taiwan (200903510B0), and it was published on ClinicalTrials.gov (NCT04805359). The study population included 60 sedentary males who were nonsmokers, did not take any medications or vitamins, did not have any cardiopulmonary/hematological risk, had a sedentary lifestyle (without regular exercise, exercise frequency of at most once weekly, for a duration of <20 min), and had been exposed to high altitudes (>3000 m) for at least 1 year. All subjects provided informed consent after the experimental procedures were explained. All subjects were randomly divided into three groups: the HE (n = 20), NE (n = 20), and control (CTL) groups. All subjects arrived at the testing center at 9:00 a.m. to eliminate any possible circadian effects and were instructed to fast for at least 8 h and to refrain from strenuous physical exercise for at least 48 h before sampling.




2.2. Protocol and Interventions


Both the HE and NE groups performed exercise regimens on a stationary bicycle ergometer (Corival 400, Lode B.V., Groningen, The Netherlands) 5 times a week for 6 weeks in an air-conditioned normobaric hypoxia chamber (Figure 1). For comparison, those in the CTL group did not undertake any exercise and were carefully monitored and recorded in terms of physical activity and daily diet. Both intervention groups were warmed up for 3 min at 30% of the maximal work rate (WRmax), followed by 30 min of 60% WRmax cycling under 15% O2 (HE) or 21% O2 (NE) conditions. Oxygen concentrations of 15 and 21% correspond to altitudes of ≈2733 m and sea level, respectively. The hypoxia chamber was maintained at a temperature of 22 ± 0.5 °C and relative humidity of 60 ± 5%; a CO2 scrubber eliminated CO2 from the air (<3500 ppm; Colorado Mountain Room). All groups were asked to record their daily activities and nutritional intake by using the International Physical Activity Questionnaire Short Form [20] and the Written Diet Record [21], respectively. Subjects were asked not to perform any extra regular exercise until the end of the study. Moreover, all subjects completed the experiment, and the participant compliance rate was 100%.




2.3. Cardiopulmonary Exercise Test (CPET)


To assess cardiopulmonary fitness, a cardiopulmonary exercise test (CPET) on a cycle ergometer was performed 4 days before and after the intervention. All subjects underwent exercise with a facemask fixed on the face to measure minute ventilation (   V ˙   E), oxygen consumption (   V ˙   O2), and carbonic dioxide production (   V ˙   CO2) breath by breath using a computer-based system (Master Screen CPX, CareFusion, Höchberg, Germany). After 5 min baseline resting period records, a 2 min warm-up period (60 rpm, unloaded pedaling) was started, followed by incremental work (30 W elevation for each 3 min) until exhaustion (i.e., progressive exercise to maximal O2 consumption,    V ˙   O2max). The criteria used to define    V ˙   O2max and the ventilation threshold were consistent with the guidelines of the American College of Sports Medicine for exercise testing [22]. During the CPET, continuous monitoring of 12-lead electrocardiography, blood pressure, and pulse oxygen saturation was performed. Oxygen saturation (SpO2) was monitored by finger pulse oximetry (BCI 3301, Smiths Medical PM, Inc., Waukesha, WI, USA); the blood lactate concentration was determined using an i-STAT clinical analyzer (i-STAT analyzer, Abbott, Chicago, IL, USA).




2.4. Hypoxia Exercise Test (HET)


Each subject performed the hypoxia exercise test (HET) 2 days before and after the intervention in a 12% oxygen-concentration-controlled normobaric hypoxia chamber (Colorado Mountain Room, Boulder, CO, USA), as described in previous studies [23]. The HET protocol contained a 5 min warm-up at 30% WRmax, 30 min at 60% WRmax, and a 5 min cool-down at 0% WRmax. For safety, the HET would terminate immediately if the SaO2 dropped below 70%. All subjects maintained their SaO2 above 70% during the entire exercise period in this study.




2.5. Erythrocyte Isolation and Blood Collection


At rest and immediately after the HET, a 10 mL blood sample was collected from the antecubital vein via clean venipuncture (21-gauge needle) and added to a tube with sodium citrate (0.106 M). Blood cells were counted by using a Sysmax SF-3000 cell counter (GMI Inc., Ramsey, MN, USA) [6]. Erythrocytes were isolated from whole blood by centrifugation (1000× g for 15 min at RT), the supernatant was discarded, and the buffy coat was discarded, followed by three washing steps with phosphate-buffered saline.




2.6. Erythrocyte Aggregation


Aggregation was determined by using a microfluidic Ektacytometer (Rheoscan-AnD 300, RheoMeditech, Seoul, Korea). The blood sample was added to a microchannel kit as the user manual described and driven by differential pressure through the narrow microchannel. When a high differential pressure is applied, strong shear stress occurs along the microchannel, and the erythrocytes start to disaggregate. Following continuously decreasing pressure differentials, erythrocyte aggregates tend to disperse at high shear flows, and the corresponding backscattered light (BSL) intensity increases. As the pressure differential decreases further, the dispersed erythrocytes reaggregate, and the BSL intensity decreases. The time and shear stress corresponding to the maximal BSL intensity were defined as the critical time (CT) and the critical shear stress (CSS), respectively.



To measure global blood aggregation, whole blood (500 µL) was added into the reservoir chamber without adjusting for Hct. Furthermore, in order to eliminate the dehydration effect after exercise (hemoconcentration), the Hct was adjusted to 40% before treating the erythrocyte isolation with 400 mM fibrinogen (Sigma) or dextran (10 mM, Sigma).




2.7. The Affinity between Erythrocytes and Fibrinogen


Erythrocyte suspension (1 × 106 cells/μL) was incubated with fibrinogen (400 mM) and anti-fibrinogen-FITC monoclonal antibody (1:500, Cedarlane) in the dark for 30 min at RT. After the staining was completed, 1 μL suspension was added to 100 μL medium solution, and then the sample was rotated on a viscometer (DV1, Brookfield, Middleboro, MA, USA) at different rates (0, 50, 100, 200, 400, 800 rpm) for 1 min at 37 °C in the dark. The sample was quickly added to the fixation buffer in the dark for 10 min at RT. The mean fluorescence intensity obtained from 50,000 erythrocytes was measured by a FACSCalibur (Becton Dickinson, NJ, USA).




2.8. Reticulocyte Counts


Erythrocyte suspension (1 × 106 cells/μL) was incubated with anti-human CD71 antibody conjugated with phycoerythrin (DB) and thiazole orange (TO), an RNA-binding fluorochrome dye (Sigma-Aldrich), in the dark for 30 min at 37 °C, then washed twice with Hank’s balanced salt solution (HBSS). The relative distribution of three different erythrocyte subfractions was determined according to the expression of CD71+/− and TO+/−. Stained CD71+/TO+ indicated reticulocytes, expressed CD71+/TO− or CD71−/TO+ represented stress reticulocytes [16], and CD71−/TO− indicated mature erythrocytes [24]. The fraction obtained from a total of 50,000 cells was measured by a FACSCalibur (Becton Dickinson, New Jersey, USA) [25].




2.9. Adhesion- and Senescence-Related Molecules on Erythrocytes


Erythrocyte suspensions (1 × 106 cells/µL) were incubated with monoclonal anti-CD147 (eBioscience), anti-CD47 (BioLegend), anti-CD49d (eBioscience), and anti-CD36 (BioLegend) antibodies conjugated with FITC in the dark for 30 min at 37 °C. The mean fluorescence intensity obtained from 50,000 erythrocytes was measured using a FACSCalibur.




2.10. Statistical Analysis


The results are expressed as means ± SEM. The statistical software SPSS 22.0 (SPSS, Chicago, IL, USA) was used for data analysis. Experimental results were analyzed by a 3 (groups) × 4 (time sample points) repeated-measures ANOVA and Bonferroni’s post hoc test to compare reticulocyte and erythrocyte counts, erythrocyte aggregation, and the affinity of fibrinogen before and immediately after HET at the beginning of the present study and after 6 weeks in various interventions. In addition, comparisons of cardiopulmonary fitness during the CPET at the beginning of the present study and 6 weeks later in the various groups were analyzed by a 3 (groups) × 4 (time sample points) repeated-measures ANOVA and Bonferroni’s post hoc test. The criterion for significance was p < 0.05.





3. Results


3.1. Cardiopulmonary Capacity


None of the three groups differed significantly in their anthropometric parameters or exercise performance at the beginning of the study (Table 1). Following six weeks of interventions, both NE and HE significantly increased the work rate,    V ˙   E, and    V ˙   O2 at the ventilatory threshold and peak exercise performance; furthermore, HE was superior to NE in improving the peak performance (Table 1, p < 0.05). In addition, no significant differences in cardiopulmonary responses to the CPET were observed after 6 weeks of CTL (Table 1).




3.2. Hypoxia Exercise Test Performance


Acute HET significantly decreased the SpO2, blood pH value, and PCO2 and increased the blood lactate concentration, erythrocyte count, hemoglobin, hematocrit, and EPO. Both NE and HE for 6 weeks significantly diminished the exercise-related augmentation of the HR, pH value, and Lac concentration, which indicated improved anti-hypoxic stress capacity under the same hypoxic challenge. No alterations in the erythrocyte count, hemoglobin level, or hematocrit were found in NE or HE, whereas EPO was significantly augmented after HE (Table 2).




3.3. Whole Blood Aggregation


The whole blood aggregation responses of the various training regimens are shown in Figure 2A,B. As the data show, acute HET induced augmented global aggregation among the three groups. In contrast to NE, HE significantly enhanced resting aggregation after 6 weeks (Figure 2A,B, p < 0.05).




3.4. Intrinsic Factor of Aggregation


To concentrate on investigating the repulsive force between the negatively charged cells, dextran was added to rule out any environmental influence. According to Figure 2C,D, intrinsic aggregation was enhanced by acute hypoxic stress; furthermore, the influence was augmented by both NE and HE. Nevertheless, unlike NE, HE exhibited resistance under hypoxic stress, as indicated by the lower critical stress after HET.




3.5. Fibrinogen (Extrinsic) Factor of Aggregation


The results related to the cell-to-cell adhesion induced by fibrinogen are displayed in Figure 2E,F. No change in the binding force affected by acute hypoxic stress was observed. However, NE and HE had the opposite response after 6 weeks of training. A reduced fibrinogen-to-cell binding probability was noticed in NE, whereas HE dramatically enhanced the binding percentage, representing a higher fibrinogen affinity than NE (Figure 3).




3.6. Adhesion- and Senescence-Related Molecules on Erythrocytes


No alterations in adhesion molecule expression (CD49d and CD36) on erythrocytes were observed after either acute HET or 6 weeks of intervention (Figure 4A,B). However, an acute bout of HET significantly decreased senescence-related CD47 and CD147 expression (Figure 4C,D), which demonstrated enhanced erythrocyte senescence. HE further downregulated CD47 and CD147 expression, even at rest. Unlike HE, NE did not change the levels of CD47 and CD147 after 6 weeks.




3.7. The Relative Erythrocyte Subfractions


As verified by flow cytometry analysis, the subfraction of erythrocytes changed (Figure 5). Although acute HET resulted in an increase in the reticulocyte percentage (Figure 5A), it did not influence the mature percentage. After 6 weeks of HE, significantly increased reticulocyte and stress reticulocyte percentages (Figure 5B), coupled with reduced erythrocyte maturation (Figure 5C), indicated accelerated cell turnover under stress.





4. Discussion


4.1. Main Discussion


Erythrocyte aggregation is an intrinsic property of native blood that has a direct effect on blood viscosity and circulation, especially at low shear stress. The aggregation of erythrocytes is determined by intrinsic (e.g., cell surface charge) and extrinsic (e.g., plasma fibrinogen concentration, hematocrit, shear rate) factors [26]. This study first demonstrated that an acute 12% oxygen hypoxia exercise test augmented erythrocyte aggregation, which was mainly mediated by the intrinsic factors of erythrocytes. Furthermore, HE had a superior effect to NE in ameliorating cardiopulmonary capacity. After 6 weeks of interventions, only the HE further promoted aggregation via both intrinsic aggregability and fibrinogen–erythrocyte interaction, which was accomplished with accumulating counts of stress reticulocytes and erythrocyte senescence. We further demonstrated that NE combined with either decreased fibrinogen binding factor or increased intrinsic aggregability, which seems to be the rationale as to why NE did not alter the aggregation reaction after 6 weeks.



Hemoconcentration is one of the most considerable factors in increasing blood aggregation [27], which increases the opportunity for cell-to-cell contact and largely explains the elevated aggregation during exercise [28]. However, aggregation was not different for suspensions with standardized hematocrit, indicating that hemoconcentration was less relevant to the increased aggregation caused by an acute HET. In contrast to the acute effect, hemodilution, a usual long-term effect of regular exercise, was not found in either HE or NE; erythrocyte and hemoglobin counts and hematocrit levels were not apparently altered with either exercise regimen.



Hypoxia and physical exercise are independent of each other and are both highly potent metabolic stressors. Combined, these factors significantly elevated the degree of whole blood aggregation, as we noticed after acute HET and HE. Hypoxia can stimulate EPO secretion under the regulation of HIF-1 [15]. However, a severe hypoxic condition or acute exercise may enhance proinflammatory factor levels, such as those of MPO, TNF-α, IL-1, or IL-6. This status may inhibit the EPO response and hematological adaptations [29]. With inflammation, an elevated fibrinogen concentration is mainly responsible for enhancing aggregation [7]. In the clinical setting, a patient with exertional periodic breathing resembles the model of intermittent hypoxia exposure, likely triggering increased ROS [30] and proinflammatory status [31], thus further deteriorating erythrocyte aggregation [32]. Interestingly, neither normoxic exercise training alone nor long-term hypoxic exposure alone was sufficient to suppress those proinflammatory cytokine effects [33]. However, the 15% oxygen exercise training used in the present study has been demonstrated to suppress MPO and IL-6 production and lipid peroxidation caused by severe exercise or acute hypoxia [34]. Although the plasma fibrinogen concentration responded to the 15% oxygen exercise training, further investigation is still needed.



In contrast to the NE, the HE dramatically increased ROS during hypoxic training, presumed to further lead to CD47 and CD147 downregulation and enhanced erythrocyte aggregation [35]. Elevated ROS levels are speculated to stabilize HIF-1 production [36]. We previously pointed out that HE can strongly deteriorate erythrocyte antioxidative capacity [13]. Upon return to normoxia, there was an excessive accumulation of ROS in reticulocyte mitochondrial mass [37]. Although possible changes in ROS parameters were not investigated in the present study, due to the above information, it can be speculated here that the impaired hemorheology herein may at least partly be due to increased ROS.



According to the CD71+/− and TO+/− staining, the subfraction of stress reticulocytes significantly increased after HE [16]. During erythropoietic stress, reticulocytes exit early from the hematopoietic tissues, increasing circulating reticulocyte numbers. Although this staining approach could not distinguish the relative amounts of very old erythrocytes, the levels of CD47 and CD147 showed a significant aging process in the HE. In contrast, the NE increased the relative proportion of mature erythrocytes significantly and concomitantly suppressed senescence. This has been speculated as a relatively positive effect on accelerating erythrocyte maturation due to lower ROS production within 6 weeks of NE [38].



One of the main factors in erythrocyte aggregation is the surface charge; we speculate that the change in membrane sialic acid with erythrocyte aging or even maturation is mainly responsible for training adaptations [39]. Therefore, both NE and HE partly facilitated aggregation via the intrinsic factor. In this work, the aggregation of erythrocytes in the dextran solution reflects intrinsic erythrocyte aggregability [40]. Donor illness or old erythrocytes reduce the surface charge density of erythrocytes, thus increasing aggregation in standard dextran solution [41]. Certainly, there are other age-related cellular factors that influence aggregation, since differences between younger and older cells still exist after removing sialic acid from the erythrocyte surface.



We demonstrated that, in the presence of fixed fibrinogen concentrations, only HE erythrocytes tended to increase in fibrinogen binding probability and force, whereas NE diminished this response. Conversely, some studies have indicated that the fibrinogen binding probability is decreased upon erythrocyte aging due to progressive impairment of the specific fibrinogen–erythrocyte receptor interaction [5]. In addition to the enhanced presence of PS exposure on erythrocytes with aging following the HE, the increased percentage of reticulocytes may also be a contributor to the increased fibrinogen affinity [42]. The reduced binding probability after the NE was probably related to the glycoprotein receptors IIb/IIIa (GPIIb/IIIa). Moderate exercise (60%    V ˙   O2max for 40 min) had a positive influence on GPIIb/IIIa receptor expression, decreasing its baseline percentage values [43].



The beneficial or detrimental effects of intermittent hypoxia may vary substantially with the concentration of oxygen in the air and the subsequent change in the circulatory redox status under an exercise regimen. Although both 12% oxygen and 15% oxygen for 8 weeks improved the aerobic fitness of subjects by enhancing pulmonary ventilation and tissue oxygen utilization, our team demonstrated that 12% oxygen but not 15% oxygen acute exercise simultaneously enhanced oxidative-stress-induced lymphocyte apoptosis by diminishing cellular antioxidant levels [34]. Therefore, in the present study, the oxygen concentration of the HET was set to 12%. Moreover, chronic intermittent exposure to 12% oxygen for 1 h/day for 8 weeks increased levels of proinflammatory cytokines IL-6 and IL-10 and reduced antioxidative capacity [17]. In contrast to the 12% oxygen, the 15% oxygen moderate hypoxic exercise training increases resistance to disturbance of cardiac hemodynamics by severe hypoxia [11] and further depresses oxidative stress and proinflammatory cytokine production [33]. Taken together, our numerous previous experimental findings helped us to determine effective hypoxic exercise regimens under 15% oxygen instead of 12% to increase aerobic capacity and minimize the risk of inflammatory and thrombotic disorders associated with exercise.




4.2. Clinical Prospects


Chronic hypoxic exercise may provide preconditional acclimatization [44] for patients with hypoxia-related disease but also elevate the hypoxia risk of increasing erythrocyte aggregation probability. The SpO2 was around 92% at 15% oxygen (2733 m) in healthy and young subjects (data not shown), whereas COPD patients showed further reduced SpO2 to around 85% at 2590 m [45], and the oxygenation may worsen even with a minimal level of exertion [46]. Thus, the detrimental effects induced by 15% oxygen hypoxic exercise in healthy and young men may be worse in chronic lung disease patients.



Moreover, many patients with COPD suffer from intermittent hypoxia during their daily life. In COPD daily life, the mean SaO2 is 88% and the number of desaturations is 13.1 times h−1 during daily walking, which is a significant deterioration, compared to that during resting [47]. Therefore, even in daily life, physical activity under a hypoxic status may make these patients susceptible to hypoxia-related adverse health effects, thus further elevating erythrocyte aggregation. Interestingly, aside from increased dyspnea, no severe adverse events were reported for exercise under hypoxia, although in several of these studies, many patients were unable to complete the 15% oxygen exercise task [48]. Aside from the influence of intermittent hypoxia, increases in the levels of IL-6, IL-8, and fibrinogen were demonstrated in COPD [49]. Therefore, our experimental findings facilitate the identification of effective hypoxic exercise regimens for improving aerobic fitness and simultaneously avoiding erythrocyte aggregation [50] to minimize hypoxic-induced rheological deterioration.




4.3. Study Limitations


The small sample size (n = 20 in each group) was a major limitation of this study. However, the results for cardiopulmonary capacity and rheological properties obtained from this investigation have high statistical power (0.846 to 1.000). This study did not directly measure the changes in plasma fibrinogen and reactive oxygen species caused by NE or HE intervention but instead indirectly measured the fibrinogen binding force and probability of erythrocytes. Therefore, the changes in plasma fibrinogen and reactive oxygen species modulated by normoxic and hypoxic exercise regimens must be evaluated further. Clinical investigations have shown that increased erythrocyte aggregation is closely correlated with various circulatory diseases, such as myocardial ischemia and infarction [1], cerebral infarction [2], and diabetes mellitus [3]. However, the subjects recruited in this study were young and healthy; hence, further clinical evidence is required to extrapolate the present results to patients with hemorheological or hemodynamic disorders. The study did not detect the levels of haptoglobin, bilirubin, and ferritin, which serve as indirect markers of hemolysis and hemoglobin breakdown, while markers of progressing erythrocyte senescence appear even on reticulocytes; these require further investigation.





5. Conclusions


An acute bout of exercise in the air with 12% oxygen enhanced erythrocyte aggregation and facilitated erythrocyte senescence in sedentary men. After 6 weeks of the intervention, HE was superior to NE in ameliorating cardiopulmonary capacity; however, HE also resulted in advanced and deteriorated rheological aggregation. Moreover, this augmented aggregation is related to both intrinsic and extrinsic factors, especially the affinity to fibrinogen (Figure 6). Therefore, chronic hypoxic exercise may provide preconditional acclimatization for patients with hypoxia-related disease. We should establish a safe and effective hypoxic exercise prescription in the future.
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Figure 1. Experimental setup: (A) schematic representation of hypoxia chamber setup; running hypoxia experiment: (B) the outside of the chamber; (C) the inside layout of the chamber. 
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Figure 2. Measurement of erythrocyte aggregation. Global erythrocyte aggregation without hematocrit adjustment: (A) critical stress; (B) critical time. The repulsive force between the negatively charged cells (an intrinsic factor): (C) critical stress; (D) critical time. Cell-to-cell aggregation induced by fibrinogen (an extrinsic factor): (E) critical stress; (F) critical time. NE, normoxia training group; HE, hypoxia training group; CTL, control group; Pre, pretraining; Post, post-training; Rt, at rest; HET, immediately after HET; * p < 0.05, Rt vs. HET; † p < 0.05, pre vs. post. Values are the mean ± SEM. 
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Figure 3. Measurement of fibrinogen binding probability to erythrocytes: (A) normoxia training group, (B) hypoxia training group, and (C) control group. Pre (white), pretraining; Post (black), post-training; Rt (circles), at rest; HET (triangles), immediately after HET; MFI, median fluorescence intensity. * p < 0.05, Rt vs. HET; † p < 0.05, pre vs. post. Values are the mean ± SEM. 
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Figure 4. Measurement of adhesion- and senescence-related biomarkers in erythrocytes. The median fluorescence intensities of (A) CD49d, (B) CD36, (C) CD47, and (D) CD147. NE, normoxia training group; HE, hypoxia training group; CTL, control group; Pre, pretraining; Post, post-training; Rt, at rest; HET, immediately after HET; MFI, median fluorescence intensity. * p < 0.05, Rt vs. HET; † p < 0.05, pre vs. post. Values are the mean ± SEM. 
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Figure 5. Measurement of erythrocyte composition: (A) the percentage of reticulocytes, (B) the percentage of stress reticulocytes, and (C) the percentage of mature erythrocytes. NE, normoxia training group; HE, hypoxia training group; CTL, control group; Pre, pretraining; Post, post-training; Rt, at rest; HET, immediately after HET; * p < 0.05, Rt vs. HET; † p < 0.05, pre vs. post. Values are the mean ± SEM. 
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Figure 6. Possible mechanism of the present study. After training, the HET-related aggregation level was not altered in either group; however, after HE, the resting aggregation was significantly augmented via enhancements in both intrinsic and extrinsic response. In contrast to HE, NE elevated the intrinsic aggregability but also diminished the affinity between erythrocytes and fibrinogen. Solid line: enhanced effect; Dashed line: diminished effects. 
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Table 1. Anthropometric data and cardiopulmonary exercise test (normoxia) performance in NE and HE.
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NE

	
HE

	
CTL




	
Pretraining

	
Post-Training

	
Pretraining

	
Post-Training

	
Pretraining

	
Post-Training






	
Anthropometric variables

	

	

	

	




	
Age (years)

	
22.4 ± 0.9

	
---

	
21.9 ± 0.7

	
---

	
23.1 ± 0.9

	
---




	
Height (cm)

	
173 ± 2

	
---

	
173 ± 3

	
---

	
174 ± 2

	
---




	
Weight (kg)

	
68.1 ± 2.2

	
66.9 ± 3.1

	
66.9 ± 2.5

	
66.7 ± 2.3

	
65.7 ± 2.3

	
66.2 ± 1.8




	
Ventilation threshold performance

	

	

	




	
Work Rate (watt)

	
121 ± 7

	
155 ± 7 *

	
123 ± 4

	
156 ± 4 *

	
122 ± 5

	
124 ± 4




	
   V ˙   E (L min−1)

	
55.5 ± 3.6

	
72.0 ± 4.6 *

	
55.8 ± 4.5

	
70.4 ± 4.3 *

	
55.6 ± 4.1

	
56.3 ± 4.2




	
   V ˙   O2 (mL kg−1 min−1)

	
23.7 ± 1.3

	
30.0 ± 1.8 *

	
23.9 ± 1.7

	
28.2 ± 1.3 *

	
23.4 ± 1.6

	
23.2 ± 1.5




	
HR (bpm)

	
149 ± 3

	
157 ± 3 *

	
147 ± 4

	
153 ± 3

	
147 ± 4

	
149 ± 3




	
CO (L min−1)

	
14.3 ± 0.6

	
15.1 ± 0.6

	
14.4 ± 0.5

	
15.6 ± 0.8

	
14.1 ± 0.4

	
14.4 ± 0.6




	
MAP (mmHg)

	
119 ± 2

	
123 ± 3

	
117 ± 2

	
118 ± 2

	
116 ± 3

	
115 ± 2




	
Peak performance

	

	

	

	

	




	
Work Rate (watt)

	
187 ± 5

	
216 ± 5 *

	
189 ± 5

	
228 ± *,†

	
188 ± 5

	
189 ± 5




	
   V ˙   E (L min−1)

	
117.9 ± 3.4

	
124.4 ± 3.9 *

	
117.7 ± 4.8

	
137.9 ± 3.6 *,†

	
116.86 ± 3.9

	
117.9 ± 3.1




	
   V ˙   O2 (ml kg−1 min−1)

	
33.6 ± 1.1

	
36.3 ± 1.1 *

	
33.4 ± 1.4

	
38.8 ± 1.3 *,†

	
33.8 ± 1.3

	
32.2 ± 1.1




	
HR (bpm)

	
195 ± 2

	
193 ± 2

	
193 ± 2

	
193 ± 2

	
193 ± 2

	
194 ± 3




	
CO (L min−1)

	
16.0 ± 0.5

	
16.3 ± 0.4

	
16.3 ± 0.6

	
18 ± 0.5 *

	
16.2 ± 0.4

	
15.9 ± 0.5




	
MAP (mmHg)

	
128 ± 2

	
133 ± 3

	
129 ± 2

	
132 ± 2

	
129 ± 2

	
128 ± 3








Values are mean ± SEM.    V ˙   E, minute ventilation;    V ˙   O2, oxygen consumption; HR, heart rate; CO, cardiac output; MAP, mean arterial pressure; NE, normoxia training group; HE, hypoxia training group; CTL, control group. * p < 0.05, Pre vs. Post; † p < 0.05, NE vs. HE.













[image: Table] 





Table 2. Effects of NE and HE on erythrocyte characteristics and serum erythropoietin concentration in HET (hypoxia).
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NE

	
HE

	
CTL




	

	

	
Pretraining

	
Post-Training

	
Pretraining

	
Post-Training

	
Pretraining

	
Post-Training






	
HR (bpm)

	

	

	

	

	

	

	




	

	
Rt

	
77 ± 3

	
81 ± 5

	
80 ± 2

	
78 ± 3

	
77 ± 2

	
78 ± 4




	

	
Ex

	
154 ± 2 *

	
142 ± 5 *,†

	
156 ± 3 *

	
141 ± 2 *,†

	
153 ± 3 *

	
151 ± 3 *




	
SpO2 (%)

	

	

	

	

	

	

	




	

	
Rt

	
94 ± 1

	
94 ± 1

	
93 ± 1.1

	
94 ± 1

	
93 ± 2

	
94 ± 1




	

	
Ex

	
79 ± 1 *

	
80 ± 1 *

	
80 ± 1 *

	
79 ± 1 *

	
80 ± 1 *

	
80 ± 1 *




	
Lac (mM)

	

	

	

	

	

	

	




	

	
Rt

	
1.4 ± 0.2

	
1.1 ± 0.2

	
1 ± 0.2

	
1 ± 0.1

	
1 ± 0.2

	
1.4 ± 0.2




	

	
Ex

	
10.3 ± 0.5 *

	
8.4 ± 0.5 *,†

	
10.9 ± 1 *

	
7.0 ± 0.5 *,†,‡

	
11.2 ± 0.8 *

	
10.7 ± 0.5 *




	
pH (unit)

	

	

	

	

	

	

	




	

	
Rt

	
7.37 ± 0.01

	
7.37 ± 0.01

	
7.36 ± 0.01

	
7.36 ± 0.01

	
7.36 ± 0.02

	
7.37 ± 0.01




	

	
Ex

	
7.31 ± 0.01 *

	
7.35 ± 0.01 †

	
7.29 ± 0.01 *

	
7.33 ± 0.01 *,†

	
7.30 ± 0.01 *

	
7.31 ± 0.01 *




	
PCO2 (mmHg)

	

	

	

	

	

	

	




	

	
Rt

	
52.2 ± 2.3

	
47.4 ± 2.1

	
52.4 ± 1.5

	
47.5 ± 1.7

	
52.4 ± 1.5

	
47.5 ± 1.7




	

	
Ex

	
41.1 ± 2.8 *

	
40.3 ± 1.5 *

	
39.2 ± 2 *

	
39.2 ± 1 *

	
39.2 ± 2 *

	
39.2 ± 1 *




	
Erythrocyte (106/µL)

	

	

	

	

	

	




	

	
Rt

	
4.65 ± 0.06

	
4.64 ± 0.07

	
4.65 ± 0.08

	
4.57 ± 0.08

	
4.72 ± 0.11

	
4.57 ± 0.08




	

	
Ex

	
4.92 ± 0.07 *

	
4.84 ± 0.07 *

	
5.03 ± 0.12 *

	
4.83 ± 0.08 *

	
4.99 ± 0.09 *

	
4.93 ± 0.08 *




	
Hemoglobin (g/dL)

	

	

	

	

	

	

	




	

	
Rt

	
14.1 ± 0.2

	
14.0 ± 0.2

	
13.9 ± 0.2

	
14.0 ± 0.2

	
14.1 ± 0.1

	
14.0 ± 0.3




	

	
Ex

	
15.0 ± 0.2 *

	
14.7 ± 0.3 *

	
14.8 ± 0.2 *

	
14.3 ± 0.2 *

	
14.3 ± 0.2 *

	
14.4 ± 0.2 *




	
Hematocrit (%)

	

	

	

	

	

	

	




	

	
Rt

	
41.2 ± 0.6

	
41.2 ± 0.6

	
40.8 ± 0.4

	
39.7 ± 0.5

	
40.9 ± 0.4

	
40.2 ± 0.6




	

	
Ex

	
44.0 ± 0.6 *

	
43.3 ± 0.7 *

	
43.7 ± 0.4 *

	
42.2 ± 0.6 *

	
43.3 ± 0.3 *

	
42.1 ± 0.5 *




	
Erythropoietin (mIU/mL)

	

	

	

	




	

	
Rt

	
17.5 ± 1.9

	
20.9 ± 2.7

	
16.9 ± 2.6

	
22.2 ± 2.8 †

	
17.1 ± 2.5

	
17.6 ± 2.5




	

	
Ex

	
28.2 ± 2.6 *

	
23.6 ± 2.5

	
32.8 ± 3.7 *

	
25.8 ± 2.6 †

	
32.2 ± 3.2 *

	
31.8 ± 2.2








Values are the mean ± SEM. NE, normoxia training group; HE, hypoxia training group; CTL, control group; HET, hypoxia exercise test; HR, heart rate; SpO2, pulse oxygen saturation; PCO2, the partial pressure of carbon dioxide; Lac, blood lactate concentration; Rt, resting before the HET; Ex, immediately after the HET. * p < 0.05, Rt vs. Ex; † p < 0.05, pretraining vs. post-training; ‡ p <0.05, HE vs. NE.
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