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Purpose: The effectiveness of altitude training on haematological adaptations is largely dependent on iron metabolism. Hepcidin and erythroferrone (ERFE) are key iron-regulating hormones, yet their response to altitude training is poorly understood. The aim of this study was to analyze changes in hepcidin and ERFE under the influence of 3 weeks of the Live High-Train Low (LH-TL) method.
Methods: Twenty male trained cyclists completed a 3-week training program under normoxic conditions (NORM) or with passive exposure to normobaric hypoxia (LH-TL; FiO2 = 16.5%, ∼2000 m; 11–12 h/day). Hepcidin, ERFE, hypoxia inducible factor-2 (HIF-2), ferroportin (Fpn), erythropoietin (EPO), serum iron (Fe) and hematological variables were assessed at baseline (S1), then immediately after (S2) and 3 days after (S3) intervention.
Results: In the LH-TL group, hepcidin decreased by 13.0% (p < 0.001) in S2 and remained at a reduced level in S3. ERFE decreased by 28.7% (p < 0.05) in S2 and returned to baseline in S3. HIF-2α decreased gradually, being lower by 25.3% (p < 0.05) in S3. Fpn decreased between S1 and S2 by 18.9% (p < 0.01) and remained lower during S3 (p < 0.01). In the NORM group, in turn, hepcidin levels increased gradually, being higher by 73.9% (p < 0.05) in S3 compared to S1. No statistically significant differences in EPO were observed in both groups.
Conclusion: Three weeks of LH-TL suppresses resting hepcidin and ERFE levels in endurance athletes. We found no association between hepcidin and ERFE after LH-TL. Probably, ERFE is not the only factor that suppresses hepcidin expression in response to moderate hypoxia, especially in later stages of hepcidin downregulation. With the cessation of hypoxia, favorable conditions for increasing the availability of iron cease.
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INTRODUCTION
Altitude/hypoxic training is used in sports to improve exercise capacity. One of the popular methods is the “Live High, Train Low” (LH-TL) procedure, which is likely due to stronger scientific evidence of this approach yielding a sea-level performance benefit as compared to other hypoxic training protocols (Álvarez-Herms et al., 2015). LH-TL involves passive exposure to hypoxia for 10–12 h a day and training in normoxic conditions. To achieve the expected adaptive effects, it is recommended that the procedure should last at least 3 weeks (Czuba et al., 2018; Płoszczyca et al., 2018). One of the key benefits of the LH-TL method is improvement of the blood oxygen carrying capacity by stimulating erythropoiesis. However, the effectiveness of altitude/hypoxic training in this field depends on many factors, including iron stores in the body and regulation of iron transport and metabolism (Płoszczyca et al., 2018). Oxygen transport to tissues is a key factor determining the maximal oxygen uptake (VO2max) and aerobic exercise performance of athletes (Wagner, 2007), and it is dependent on several stages: ventilation, diffusion of O2 into erythrocytes and its binding by hemoglobin (Hb), blood flow, and O2 diffusion from erythrocytes to mitochondria (Mairbäurl, 1994; Wagner, 2007). One step in this pathway is O2 transport by Hb. Improvement at this stage can be achieved by an increase in the Hb concentration per unit volume of blood and/or by changes in Hb-O2 affinity. Increased Hb concentration can be obtained from adaptation to hypoxic conditions (Płoszczyca et al., 2018).
Exposure to hypoxia leads to the stimulation of erythropoiesis, which is associated with an increase in iron requirements. If iron stores in the body are insufficient or the diet consumed during hypoxic intervention is inadequate for the nutritional demands, hematological variables will not be elevated (Michalczyk et al., 2016; Constantini et al., 2017). It has been shown that in a hypoxic environment, the expression of hepcidin, a key regulator of iron metabolism, is reduced (Hintze and McClung, 2011). Hepcidin works by interacting with the cellular iron exporter, ferroportin (Fpn). Hepcidin binds to Fpn, leading to its internalization and degradation, thus reducing cellular iron export (Nemeth et al., 2004). Lowered hepcidin levels enable increased absorption of dietary iron in the gut and increase iron delivery to the blood plasma. Hepcidin production is regulated in response to changes in circulating iron concentration, iron stores, the iron requirements of erythroid precursors for hemoglobin synthesis or by inflammation (Ganz and Nemeth, 2012). Hepcidin suppression during erythropoiesis is mediated by erythroferrone (ERFE), a hormone which is produced by erythroblasts in response to erythropoietin (EPO) synthesis (Kautz et al., 2014). Both EPO and ERFE increase during hypoxic exposure (Robach et al., 2021). Another key regulator of iron homeostasis is hypoxia inducible factor-2 (HIF-2), which regulates iron absorption via direct transcriptional activation of Fpn (Haase, 2013). HIF-2 is furthermore involved in repressing hepcidin production through the regulation of hepatic EPO expression (Renassiaa and Peyssonnaux, 2019). The activation of this cascade of reactions allows the availability of iron in the body to be increased when doing so is necessary for effective erythropoiesis.
Little research has been done on the response of hepcidin and ERFE to hypoxic exposure and hypoxic training. In several studies, it was observed that during short-term exposure to hypoxia (several hours, several days) there is a decrease in hepcidin and an increase in ERFE levels (Goetze et al., 2013; Emrich et al., 2021; Robach et al., 2021). To our knowledge, only two studies have examined the effect of the LH-TL method on hepcidin and ERFE. Govus et al. (2017) reported that 2 weeks of normobaric hypoxia (200 h at 3000 m) suppressed resting hepcidin levels in athletes. Likewise, hepcidin showed a tendency to decrease in endurance athletes during 3 weeks of LH-TL protocol at 3000 m simulated altitude (Garvican-Lewis et al., 2018). Changes of plasma ERFE, in turn, were not observed during and 7 days after LH-TL in individuals who did not receive iron supplementation (Garvican-Lewis et al., 2018).
LH-TL is a popular training protocol among athletes. The effect of hypoxia on iron metabolism is crucial for the effectiveness of this method, because regulatory mechanisms activated in hypoxia make it possible to cover the increased demand for iron during the period of enhanced erythropoiesis. The aim of our study was to analyze changes in the iron-regulating hormones hepcidin and ERFE in response to 3 weeks of the LH-TL method (FiO2 = 16.5%, ∼2000 m; 10–12 h/day) in endurance athletes. We hypothesized that hepcidin would decrease and ERFE would increase under the influence of LH-TL protocol and would remain altered up to 3 days after hypoxic exposure. The level of HIF-2α, EPO, Fpn, and iron (Fe), red blood cell (RBC), hemoglobin (HGB), hematocrit (Hct) and reticulocytes (Ret) were also assessed in an attempt to better understand the iron metabolism regulation and the hematological changes associated with the response to hypoxia.
MATERIALS AND METHODS
Participants
Twenty male trained cyclists were recruited for this study. Statistical power analysis (GPower 3.1 software) showed that with such a sample size (n = 20), while maintaining an acceptable power (1-β = 0.80) and α = 0.05, the test would detect an effect size (ES) > 0.29 (small). All participants had current medical examinations, without any contraindications that would exclude them from the study. The participants provided written voluntary informed consent before participation. Study participants were randomized to two groups: an experimental group (LH-TL) and control group (NORM). The experimental group (LH-TL) (n = 10; age: 27.1 ± 6.6 years; VO2max: 56.3 ± 8.0 mL kg-1∙min-1; body height 1.84 ± 0.06 m; body mass: 70.8 ± 7.1 kg; body fat content: 7.0% ± 2.2%) was exposed to normobaric hypoxia (FiO2 = 16.5%, ∼2000 m) at rest and during sleep for 11–12 h a day. Training in this group was performed under normoxia. The control group (NORM) (n = 10; age: 29.8 ± 4.3 years; VO2max: 55.1 ± 5.4 mL kg-1∙min-1; body height 1.80 ± 0.09 m; body mass: 75.7 ± 8.3 kg; body fat content: 7.5% ± 1.3%) lived and trained under normoxic conditions. The research project was conducted according to the Helsinki Declaration and was approved (No. R-I-002/325/2019) by the Bioethics Committee of the Medical University of Bialystok, Poland.
Study design
The evaluation included three research series (S1, S2, S3). Each research series was performed after an overnight fast and included venous blood sampling. Additionally, after obtaining the blood samples during S1, participants’ body height, body mass, and body composition were also measured (InBody 220, Biospace, Korea). Next, 2 hours after a light mixed meal (5 kcal/kg of body mass, 50% CHO, 30% Fat, 20% Pro), a graded exercise test (40 W/3 min) was performed using the Excalibur Sport cycle ergometer (Lode, Netherlands) in order to measure VO2max (MetaLyzer 3B-2R, Cortex, Germany), and lactate threshold workload (WRLT) based on the Dmax method (Cheng et al., 1992). Our previous studies (Czuba et al., 2009; Płoszczyca et al., 2020) demonstrated that LT determined using the D-max method corresponds to the maximal lactate steady state (MLSS). These data were used to determine an individual training workload for the experiments.
Between S1 and S2, athletes from both groups followed a similar training program for 3 weeks. The training program included 3 weeks with progressive training loads. All the groups followed the same training routines with individually adjusted intensity zones (Table 1). Training load was recorded using power meters (Vector, Garmin). Training load was calculated after each training session and archived using WKO+ 4.0 software (TrainingPeaks, USA). The only factor that differentiated the protocols between groups was the exposure of the LH-TL group to normobaric hypoxia (FiO2 = 16.5%, ∼2000 m) by 11–12 h a day (evenings and nights) in a hypoxic training center (Air Zone, Warsaw, Poland) equipped with normobaric hypoxia system AirZone 40 (Air Sport, Poland). The hypoxic dose of 250 h (11–12 h/day) at an altitude of 2000–2500 m (FiO2 = 15.5–16.5%), as proposed in the study, has previously been shown to be an effective stimulus leading to improvements in hematological indices (Rusko et al., 2004; Chapman et al., 2014; Czuba et al., 2018). In the LH-TL group, the oxygen saturation of hemoglobin (SpO2) was measured on each day after waking up (in lying position) under hypoxic conditions using a Pulsox-3 (Minolta, Netherlands) pulse oximeter (94.9% after week 1; 95.6% after week 2; and 96.1 after week 3).
TABLE 1 | Training program during the experiment.
[image: Table 1]All athletes lived in the same accommodations and followed the same training schedule, sleeping time, and diet. During the experiments, the participants consumed a controlled mixed diet (50% CHO, 20% Fat, 30% Pro). Daily energy intake was set at ∼3500 kcal. The average dietary iron content was 22 ± 1.9 mg per day. Athletes did not receive iron supplementation. The third series of tests (S3) was carried out during the recovery week, 3 days after the completion of the LH-TL procedure.
Blood sampling and determination of Hepcidin, Erythroferrone, Ferroportin, HIF-2α and Erythropoietin
Blood samples were taken from all participants at three time-points: before the training program, immediately after its completion, and following 3 days of rest. In each case, 10 mL of venous blood was collected from the antecubital vein under fasting conditions between 7:00–8:30 a.m. The blood samples were used to obtain serum after being left at room temperature for 30 min. The serum was frozen and stored at −70°C until analyses. Serum levels of hepcidin, erythroferrone, ferroportin, and HIF-2α were determined by EIA immunoassay using a commercial ELISA Hepcidin (No MBS164980), Erythroferrone (No MBS2707354), Ferroportin (No MBS1603201), and HIF-2α (No MBS771952) kit (My BioSource, San Diego, CA, USA) following the manufacturer’s instructions. Hepcidin, erythroferrone, ferroportin, and HIF-2α assays were performed in two batches, and in the range of 0.312–20 μmol/mL. The minimum detectable dose of hepcidin, erythroferrone, ferroportin and HIF-2α is typically less than 5.12 pg/mL, 0.064 ng/mL, 0.093 ng/mL and 10.0 pg/mL, respectively. The intra-/interassay coefficients of variation were <8–10% and <10–15%, respectively. Serum levels of EPO was determined by Abcam’s Erythropoietin (EPO) Human in vitro ELISA kit (No ab119522; Abcam, Cambridge, United Kingdom) following the manufacturer’s instructions. The limit of detection of Human EPO was determined to be 0.17 mlU/mL. The intra-/interassay reproducibility was <4% and <7%, respectively. The hematological markers (RBC, HGB and HCT) were determined by using a Sysmex XN 2000 analyzer (Sysmex Corporation, Kobe, Japan). Reticulocyte counts were measured manually. Serum iron was determined by spectrophotometry using a Cobas 6000/c501 analyzer (Roche Diagnostics, Mannheim, Germany). To exclude the potential influence of hemoconcentration on changes in hematological variables, we measured the total protein concentration in blood, using the BCA protein assay kit (Sigma). Bovine serum albumin (fatty acid free, Sigma) was used as a standard. No significant differences were found between the groups or test series (LH-TL group—66.34 ± 5.38 mg/mL before training, 66.59 ± 7.24 mg/mL after training, 67.15 ± 5.82 3 days after training; NORM group—71.61 ± 7.63 mg/mL before training, 72.10 ± 3.29.24 mg/mL after training, 68.13 ± 5.5.98 3 days after training).
Statistical analysis
The results of the study were analyzed using StatSoft Statistica 13.0 software (TIBCO Software Inc., Palo Alto, CA, USA). The results were presented as arithmetic means (x) ± standard deviations (SD). The statistical significance level for all the analyses was set at p < 0.05. Prior to all the statistical analyses, normality of the distribution of variables was checked using the Shapiro–Wilk test. The analysis of variance (ANOVA) for repeated measures (intervention [LH-TL, NORM] x time [S1, S2, S3]) was used to determine the differences in each of the dependent variables. When significant differences were found, the post hoc Tukey test was used. The relationships between hepcidin and ERFE and the other variables were analyzed using Pearson’s correlation coefficient. The effect sizes (ESs) were calculated from standardized differences (Cohen’s d units). The threshold values for Cohen ES statistics were considered to be small (0.20–0.60), moderate (0.60–1.20), large (1.20–2.0), very large (2.0–4.0), or extremely large (>4.0) (Hopkins et al., 2009).
RESULTS
Statistical analysis showed significant group × time interactions for hepcidin (F = 9.338; p < 0.001), ferroportin (F = 6.356; p < 0.01) and HIF-2α (F = 7.073; p < 0.01) levels. Additionally, the time effect was found for the levels of erythroferrone (F = 5.492; p < 0.01), RBC (F = 3.949; p < 0.05), HGB (F = 3.761; p < 0.05) and Hct (F = 4.870; p < 0.05).
The results revealed that in the LH-TL group hepcidin levels decreased significantly by 13.0% (p < 0.001; ES: 0.16) immediately after training (S2) and remained at a reduced level 3 days after cessation of training (S3) (p < 0.001; ES: 0.21). In NORM group, hepcidin levels increased gradually, being higher by 73.9% (p < 0.05; ES: 0.62) 3 days after training (S3) compared to pre training (S1) (Figure 1A).
[image: Figure 1]FIGURE 1 | Changes in hepcidin (A), erythroferrone (B), ferroportin (C) and HIF-2α (D) immediately (S2) and 3 days (S3) after LH-TL (2000 m simulated altitude) and normoxic training. *p < 0.05; **p < 0.01; ***p < 0.001 - statistically significant differences from baseline (S1).
ERFE decreased significantly by 28.7% (p < 0.05; ES: 0.86) immediately after training (S2) and returned to baseline levels 3 days after training (S3) in the LH-TL group. In the NORM group, ERFE tended to increase 3 days after training (S3) in relation to S2, but this change did not reach statistical significance (p < 0.07) (Figure 1B).
Fpn decreased significantly between S1 and S2 by 18.9% (p < 0.01; ES: 0.26) and it was still lower during S3 (p < 0.01; ES: 0.24) in the LH-TL group. In the NORM group, Fpn levels did not change significantly (Figure 1C).
In the LH-TL group HIF-2α levels decreased gradually, being lower by 25.3% (p < 0.05; ES: 0.52) 3 days after training (S3) compared to pre training (S1). In the NORM group the HIF-2α levels did not change significantly (Figure 1D).
RBC, HGB and Hct increased significantly (p < 0.05) immediately after LH-TL by 4.6% (ES: 0.72), 5.0% (ES: 0.86) and 4.6% (ES: 0.98), respectively, but 3 days after LH-TL the values did not differ from the baseline. No statistically significant differences in EPO, Fe or Ret were observed after training in any of the groups (Table 2).
TABLE 2 | Hematological and iron parameters before and after 3 weeks of LH-TL protocol (2000 m simulated altitude) and normoxic training in cyclists.
[image: Table 2]Hepcidin significantly correlated with HGB level immediately after LH-TL (r = −0.749; p < 0.05) and also 3 ays after (r = −0.759; p < 0.05). The high baseline level of ERFE was accompanied by a high level of HGB (r = −0.718; p < 0.05). No significant correlations were found between ERFE and hepcidin.
The analysis showed no significant differences in training load in the study groups (TSS; first week: 1064 ± 54, second week: 1174 ± 37, third week 1238 ± 56—LH-TL group vs. First week: 1131 ± 43, second week: 1181 ± 43, third week 1251 ± 61—NORM group).
DISCUSSION
Our results revealed a significant decrease in hepcidin level in athletes after 3 weeks of the LH-TL protocol (FiO2 = 16.5%, ∼2000 m). The reduced hepcidin was still maintained 72 h after the cessation of the hypoxic stimulus. Hepcidin has a central role in maintaining iron homeostasis. The production of hepcidin is regulated by intracellular and extracellular iron concentrations, erythropoietic iron requirements and inflammation (Ganz and Nemeth, 2012). Hepcidin is regulated by the bone morphogenetic protein/small-body-size mothers against decapentaplegic homolog 1 system (BMP/SMAD), which senses and regulates iron, and the interleukin-6/signal transducers and activators of transcription 3 system (IL-6/STAT3), which is initiated by inflammatory signals (Ogawa et al., 2023). In simple terms, high iron levels and inflammation increase hepcidin transcription. In turn, erythropoietic activity suppresses hepcidin synthesis. In erythroblasts, under the influence of EPO, ERFE secretion is activated, which impairs the production of hepcidin, facilitating the uptake of iron from diet and iron release from macrophage stores (Duarte et al., 2021). The LH-TL protocol in the appropriate dose is considered effective in enhancing erythropoiesis (Płoszczyca et al., 2018); therefore, a lowering of hepcidin was the expected response to our intervention. Our findings are consistent with previous results presented by Govus et al. (2017), who observed that resting plasma hepcidin levels were suppressed after 14 days of LH-TL (FiO2 = 15.5%, ∼3000 m) in well-trained endurance athletes. Lowered hepcidin levels allowed for increased availability of iron used to produce hemoglobin during the hypoxic exposure, which is crucial for the effectiveness of altitude training. An increase in the total mass of hemoglobin leads to an increase in blood oxygen-carrying capacity and, consequently, to an improvement in the exercise performance of athletes (Płoszczyca et al., 2018).
Since hepcidin suppression during erythropoiesis is mediated by ERFE (Kautz et al., 2014), we expected that decreased hepcidin levels would be accompanied by increased ERFE. On the contrary, we observed that immediately after LH-TL, ERFE levels were reduced and reached baseline levels after 3 days. Similar results were obtained earlier by Garvican-Levis et al. (2018), who showed that plasma ERFE did not change significantly immediately or 7 days after LH-TL in nonanemic, endurance-trained athletes, despite a downward trend in hepcidin. ERFE expression is regulated by EPO. When the release of EPO stimulates erythrocyte production, it also increases the synthesis of ERFE in bone marrow erythroblasts. In turn, EPO production remains under the control of the HIF-2 factor (Haase, 2013; Srole and Ganz, 2021). It has been shown that after the cessation of hypoxic stimulus, EPO and HIFs return to the pre-exposure levels or temporarily reach levels lower than the baseline (Robach et al., 2004; Lundby et al., 2009; Wiśniewska et al., 2020). The results of our present study indicate that after LH-TL, EPO levels were near baseline and HIF-2α decreased, accompanied by a transient decrease in ERFE levels. This supports the conclusion that the time course of EFRE resembles the kinetics of EPO and HIF changes in response to hypoxia.
The connection between oxygen homeostasis regulated by HIFs and iron metabolism is multi-faceted. HIFs play a key role in cellular adaptation to low oxygen levels. Several HIF target genes are involved in iron homeostasis. Furthermore, HIF activation is modulated by intracellular iron, through regulation of hydroxylase activity. Prolyl hydroxylase domain (PHD) mediates oxygen-dependent degradation of HIF α subunit. Under hypoxic conditions, PHD is inactivated and HIF is stabilized. HIF stabilization also occurs at low iron concentrations because PHD is an iron-dependent enzyme and its activity is attenuated when iron concentration is low. It has also been shown that HIF-2α translation is controlled by the activity of iron regulatory protein (IRP), which along with iron-responsive element (IRE), regulates iron absorption across the intestinal epithelium (Anderson et al., 2013; Hirota, 2019; Ogawa et al., 2023). Additionally, some metabolites of the gut microbiota are thought to be able to inhibit the absorption of iron from the intestinal lumen by inhibiting the activation of HIF-2α (Xiao et al., 2023).
HIF is also closely involved in the regulation of proteins and enzymes affecting iron metabolism. First, HIF via ERFE suppresses the production of hepcidin, and promotes Fpn synthesis, the cellular iron exporter located on the vascular side of intestinal cells, which is responsible for delivering iron to the plasma (Ganz and Nemeth, 2012; Ogawa et al., 2023). HIF-2α enhances Fpn synthesis also by direct action (Taylor et al., 2011). Furthermore, HIFs are involved in iron absorption from the intestinal tract by promoting the synthesis of divalent metal transporter 1 (DMT1), duodenal cytochrome b (DCYTB) and hemoxygenase. Studies have shown that HIF also promotes iron transport in the blood and iron uptake into hematopoietic cells through the induction of ceruloplasmin, transferrin (Tf) and transferrin receptor1 (TfR1) (Ogawa et al., 2023). In our study we analyzed changes in HIF-2α and Fpn after completion of a LH-TL protocol. Previous studies indicated that Fpn and HIF-2α increases during high altitude (∼4500 m) exposure (Robach et al., 2007; Goetze et al., 2013). Our research revealed for the first time that after LH-TL protocol, the reduction in HIF-2α levels is accompanied by a decrease in Fpn concentrations. The similar course of changes in HIF-2α and Fpn after LH-TL (reduction) with a simultaneous decrease in the hepcidin level (which should potentially result in a higher concentration of Fpn) may indicate a significant role of the direct effect of HIF-2α on Fpn synthesis during and immediately after hypoxic exposure.
Based on the obtained results, we can conclude that in the first days after the completion of LH-TL, favorable conditions for augmentation of iron availability no longer exist in the body. The cascade of changes in iron metabolism that starts when athletes are exposed to hypoxia stops immediately after hypoxia resolves. Our data show that immediately and 3 days after LH-TL, blood iron levels were not significantly different from baseline. This result is in line with previous studies involving athletes, where serum iron was not altered and remained within the normal range during and after altitude training (Roberts and Smith, 1992; Heinicke et al., 2005; Heikura et al., 2018). From a practical point of view, our results confirm that it is important to ensure sufficient iron stores in athletes’ bodies and to provide the right amount of iron with diet and supplementation before and during altitude training (see: Constantini et al., 2017) in order to make the most of a period of increased erythropoietic activity and facilitated conditions for iron turnover. It should be taken into account that during altitude training, erythroid iron demand increases three-to fivefold (Reynafarje et al., 1959); therefore, supplementation at a dose of even >200 mg elemental iron/day is recommended (Garvican-Lewis et al., 2016; Constantini et al., 2017).
Additional hypoxic stimulation after the end of the LH-TL protocol should also be considered to maintain hematological effects. Our results revealed that immediately after the end of the hypoxic exposure, RBC, HGB and Hct levels were ∼5% higher than baseline, but already 3 days later, they decreased to initial values. Similar changes have been observed in earlier studies on the LH-TL protocol (Robach et al., 2006; Wehrlin et al., 2006; Schuler et al., 2007; Pottgiesser et al., 2012; Czuba et al., 2018). It is assumed that the average life span of erythrocyte is 120 days (Thiagarajan et al., 2021). However, the absence of hypoxic stress after the cessation of hypoxia accelerates neocytolysis, the destruction of the newly formed, youngest circulating RBC within a few days (Alfrey et al., 1997; Risso et al., 2014; Mairbäurl, 2018). It has been suggested that a drop in EPO might be responsible for erythrocyte destruction after removal of the hypoxic stimulus (Rice et al., 2001), so perhaps maintaining elevated serum EPO levels after altitude/hypoxic training might delay the decline in RBC. Recently, hypoxic re-exposure strategies have been proposed in the scientific literature, so as to sustain the hematological adaptations achieved. Pottgiesser et al. (2012) suggested that short-term hypoxia is a potential method to prevent a sudden decrease in EPO after altitude training. Turner et al. (2017) found that 2 h of normobaric hypoxic exposure at ∼4200 m and above is sufficient to increase EPO level. Yan et al. (2021) showed that 3 weeks (12h/day) of hypoxic re-exposure after return from natural altitude training prevented a drop in EPO and maintained the hematological adaptations in athletes over this period, whereas in subjects without additional hypoxic stimulus, Hbmass gain was lost 9 days after the intervention. The effectiveness of the hypoxia re-exposure strategy after the LH-TL protocol is unknown and this issue is worth considering in future research.
The fact that in our study the level of hepcidin maintained a downward trend until the third day after the end of hypoxia, despite the decrease in HIF-2, EPO and ERFE, may seem puzzling. It should be noted, however, that several previous studies have suggested a negative relationship between HGB levels and hepcidin (Uehata et al., 2012; Mercadal et al., 2014; Pan et al., 2016). Our results confirmed this relationship. In the group exposed to hypoxia, a high level of HGB immediately after LH-TL was accompanied by a low level of hepcidin both directly (r = −0.749; p < 0.05) and on the third day after the cessation of hypoxia (r = −0.759; p < 0.05). Secondly, ERFE is most probably not the only factor that suppresses hepcidin expression in response to hypoxic conditions. It is thought that hepcidin inhibition might occur through an interplay between factors directly activated by hypoxia and factors activated through hypoxia-induced erythropoiesis (Ravasi et al., 2014). It is proposed that, in addition to ERFE, other important regulators of hepcidin response to hypoxia are platelet-derived growth factor (PDGF), growth differentiation factor 15 (GDF15) and twisted gastrulation (TWSG1) (Tanno et al., 2009; Gassmann and Muckenthaler, 2015). Previous research has shown that in a hypoxic environment there is an increase in GDF15 and PDGF, accompanied by a decrease in hepcidin levels (Piperno et al., 2011; Talbot et al., 2012; Goetze et al., 2013; Altamura et al., 2015). Using correlation analysis, Sonnweber et al. (2014) found that PDGF is associated with hypoxia mediated hepcidin repression in humans. Interestingly, Zembroń-Łacny et al. (2020) recently showed that PDGF remained significantly higher 1 day after the passive 12-day intermittent hypoxic exposure, suggesting that PDGF could potentially have contributed to maintaining the downregulation of hepcidin observed in our study. However, we did not measure PDFG’s response to the LH-TL protocol–this is worth considering for future research. On the other hand, it is also suggested that PDGF and ERFE might be major factors involved only in the early phase of hepcidin suppression by hypoxia, whereas alternative but not yet well recognized mechanisms are proposed to regulate the later stages of hepcidin downregulation under hypoxic conditions (Ravasi et al., 2014; Sim et al., 2019). It should also be taken into account that, in our study, despite statistical significance, the differences between hepcidin levels before and after LH-TL were small or even trivial (ES: ≤0.21); therefore, the observed drop in hepcidin may not be of practical relevance. Thus this result should be considered with caution.
Our research also provides data on the response of hepcidin and ERFE to 3 weeks of normoxic training. Previous studies indicate that hepcidin increases in response to acute endurance exercise (Peeling et al., 2014; Larsuphrom and Latunde-Dada, 2021). However, currently there is little data on the cumulative effects of regularly performed exercise training on the expression of iron regulatory factors. Our results revealed that hepcidin increased after 3 weeks of training in normoxia. This is in line with results from Ishibashi et al. (2017), who observed elevated hepcidin during an intensified training period in female long-distance runners. Contrarily, Moretti et al. (2018) demonstrated the reduction of hepcidin levels after 3 weeks of exercise training in recreational male runners. The increase in hepcidin levels under the influence of exercise in normoxia is mainly explained in terms of inflammation with increases in IL-6 (Ruchala and Nemeth, 2014) and it depends on the training intensity and adaptation to training loads. Zügel et al. (2020) found that resting hepcidin concentrations were elevated in rowers at the beginning of the high load training phase and returned to baseline within a few days of training camp. The authors conclude that the return of hepcidin to the baseline reflected an adaptation to high workloads in rowers. It is possible that in our study, the increasing training workload in the following weeks of intervention did not allow adaptation to be achieved, hence the persistently high level of hepcidin.
It has previously been found that after 3 weeks of exercise training in normoxia, ERFE remained at an unchanged low level in male runners and it did not correlate with hepcidin levels (Moretti et al., 2018). Our results confirmed these reports: in our study, ERFE was not affected by 3 weeks of training in normoxia and there was no significant relationship between ERFE and hepcidin. Additional research is likely to provide more clarification on the biological role of ERFE for iron status and its association with hepcidin under training conditions.
Finally, it is worth noting the reverse trend of changes in hepcidin in normoxic and hypoxic conditions, which we demonstrated in our study. Hepcidin levels increased in the group that trained and stayed in normoxia, possibly due to an increase in inflammation induced by exercise workloads (Peeling et al., 2014; Domínguez et al., 2018). Factors involved in inflammation, such as IL-6, act as a signaling molecules for hepcidin synthesis, causing functional iron deficiency, inhibition of EPO production and suppresses erythropoiesis (Vyoral and Petrák, 2005; Eisenstaedt et al., 2006; Icardi et al., 2013). In contrast to inflammation, hypoxia is a potent suppressor of hepcidin and promotes increased transport of iron from its storage sites, which facilitates erythropoiesis in the bone marrow (del Campo and Zamarrón, 2015; Kiers et al., 2019). Kiers et al. (2019) demonstrated that hypoxia partially attenuates the inflammation-induced increase in hepcidin levels and mitigates the decline in serum iron, likely through increased synthesis of EPO and ERFE. Our data partially confirm these reports. In the group of athletes exposed to hypoxia, hepcidin levels decreased, despite the fact that the training program was identical as for the normoxic group, and so exercise-induced inflammation probably was similar. This finding suggests that the effect of hypoxia on hepcidin regulation during altitude training had a dominant role over the influence of pro-inflammatory cytokines, which were increased by exercise-induced inflammation. However, in this study we did not analyze the indicators of the inflammatory response, so the above relationship is conjectural. Future studies should consider assessing the relationship between hypoxia, inflammation, hepcidin and ERFE in athletes, because it may be of practical importance not only for the effectiveness of altitude training, but also for athletes whose regular physical exercise leads to a decrease in iron stores.
LIMITATIONS
Our study has several limitations. First, due to the nature of the intervention, we could not conduct the study with a crossover design, so we cannot completely rule out the possibility of a confounding effect of individual response. Secondly, we did not determine ferritin concentration in the subjects before the experiment. It is possible that, much like what happens in response to acute exercise, an athlete’s iron stores may influence the baseline hepcidin levels and the magnitude of post-exercise hepcidin response. Low serum ferritin levels are associated with the absence of hepcidin response to exercise (Peeling et al., 2014; Tomczyk et al., 2020). In our study, for all pre- and post-intervention athletes, serum iron was in the normal range, but in future research, serum ferritin should be included in the measurements. Similarly, it would also be helpful to determine the level of transferrin as an indicator of iron availability and the concentration of soluble transferrin receptor (sTfR), which enables the detection of a recent high erythropoietic activity at a time when EPO is blunted (Robach et al., 2004), as in our study after completion of the LH-TL protocol. For a complete view of changes in iron regulatory factors, additional measurements would be advisable during the LH-TL procedure (for example, after 1, 3, 7 and 14 days of exposure), and not only after its completion. However, for organizational reasons, we did not have such an opportunity. We relied on knowledge of changes in hepcidin and ERFE concentrations in the early stage of hypoxic exposure from studies conducted by other authors (Talbot et al., 2012; Goetze et al., 2013; Govus et al., 2017; Garvican-Lewis et al., 2018). Finally, our subjects had an average level of fitness (VO2max ∼56 mL kg-1∙min-1), thus our results should not be extrapolated to elite athletes or untrained subjects, nor to iron-deficient athletes or female athletes.
CONCLUSION
In conclusion, we found that 3 weeks of normobaric hypoxic exposure to 2000 m simulated altitude by 11–12h/day (LH-TL protocol) suppresses resting hepcidin and ERFE levels in trained endurance athletes. Three days after cessation of hypoxia, hepcidin remains at a reduced level, but ERFE returns to baseline. Our results indicate that ERFE is probably not the only factor that suppresses hepcidin expression in response to moderate hypoxic conditions, especially in later stages of hepcidin downregulation. After the cessation of the hypoxic stimulus, the favorable conditions for augmentation of iron availability used to produce functional hemoglobin during erythropoiesis are no longer present (decreased ERFE, Fpn and HIF-2α). Three days after LH-TL protocol, hematologic variables that increased immediately after the intervention (RBC, HGB and Hct) decreased to baseline values. From a practical point of view, it seems worth considering the introduction of additional hypoxic stimulation after the LH-TL protocol to maintain hematological effects in athletes. In addition, our results revealed an inverse trend of changes in hepcidin levels after the implementation of the training program with and without exposure to hypoxia. This finding points to the probable dominant role of erythropoietic activity caused by hypoxia exposure over the effect of inflammation on hepcidin concentration changes.
DATA AVAILABILITY STATEMENT
The raw data supporting the conclusion of this article will be made available by the authors, without undue reservation.
ETHICS STATEMENT
The studies involving humans were approved by bioethics Committee of the Medical University of Bialystok, Poland (No. R-I-002/325/2019). The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study.
AUTHOR CONTRIBUTIONS
KP: Conceptualization, Data curation, Formal Analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Writing–original draft, Writing–review and editing. MCz: Conceptualization, Funding acquisition, Investigation, Methodology, Resources, Supervision, Writing–review and editing. MCh: Data curation, Investigation, Methodology, Writing–review and editing. KW: Data curation, Resources, Writing–review and editing. MB: Funding acquisition, Investigation, Methodology, Resources, Supervision, Writing–review and editing.
FUNDING
The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was supported by the grant 2018/31/B/NZ7/02543 from the National Science Centre, Poland and statutory funds of the Institute of Sport–National Research Institute, Warsaw, Poland.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Alfrey C. P., Rice L., Udden M., Driscoll T. (1997). Neocytolysis: physiological down-regulator of red-cell mass. Lancet 349, 1389–1390. doi:10.1016/S0140-6736(96)09208-2
 Altamura S., Bärtsch P., Dehnert C., Maggiorini M., Weiss G. Theurl I., et al. (2015). Increased hepcidin levels in high-altitude pulmonary edema. J. Appl. Physiol. 118 (3), 292–298. doi:10.1152/japplphysiol.00940.2014
 Álvarez-Herms J., Julià-Sánchez S., Hamlin M. J., Corbi F., Pagès T., Viscor G. (2015). Popularity of hypoxic training methods for endurance-based professional and amateur athletes. Physiol. Behav. 143, 35–38. doi:10.1016/j.physbeh.2015.02.020
 Anderson S. A., Nizzi C. P., Chang Y. I., Deck K. M., Schmidt P. J. Galy B., et al. (2013). The IRP1-HIF-2α axis coordinates iron and oxygen sensing with erythropoiesis and iron absorption. Cell. Metab. 17 (2), 282–290. doi:10.1016/j.cmet.2013.01.007
 Chapman R. F., Karlsen T., Resaland G. K., Ge R. L., Harber M. P. Witkowski S., et al. (2014). Defining the "dose" of altitude training: how high to live for optimal sea level performance enhancement. J. Appl. Physiol. 116 (6), 595–603. doi:10.1152/japplphysiol.00634.2013
 Cheng B., Kuipers H., Snyder A. C., Keizer H. A., Jeukendrup A., Hesselink M. (1992). A new approach for the determination of ventilatory and lactate thresholds. Int. J. Sports Med. 13 (7), 518–522. doi:10.1055/s-2007-1021309
 Constantini K., Wilhite D. P., Chapman R. F. (2017). A clinician guide to altitude training for optimal endurance exercise performance at sea level. High. Alt. Med. Biol. 18, 93–101. doi:10.1089/ham.2017.0020
 Czuba M., Fidos-Czuba O., Płoszczyca K., Zajac A., Langfort J. (2018). Comparison of the effect of intermittent hypoxic training vs. the live high, train low strategy on aerobic capacity and sports performance in cyclists in normoxia. Biol. Sport 35, 39–48. doi:10.5114/biolsport.2018.70750
 Czuba M., Zając A., Cholewa J., Poprzęcki S., Waśkiewicz Z., Mikołajec K. (2009). Lactate threshold (D-max method) and maximal lactate steady state in cyclists. J. Hum. Kinet. 21 (1), 49–56. doi:10.2478/v10078-09-0006-5
 del Campo F., Zamarrón C. (2015). Hepcidin: inflammation versus hypoxia. Sleep. Breath. 19 (2), 735–736. doi:10.1007/s11325-014-1052-3
 Domínguez R., Sánchez-Oliver A. J., Mata-Ordoñez F., Feria-Madueño A., Grimaldi-Puyana M. López-Samanes Á., et al. (2018). Effects of an acute exercise bout on serum hepcidin levels. Nutrients 10 (2), 209. doi:10.3390/nu10020209
 Duarte T. L., Talbot N. P., Drakesmith H. (2021). NRF2 and hypoxia-inducible factors: key players in the redox control of systemic iron homeostasis. Antioxid. Redox Signal. 35 (6), 433–452. doi:10.1089/ars.2020.8148
 Eisenstaedt R., Penninx B. W., Woodman R. C. (2006). Anemia in the elderly: current understanding and emerging concepts. Blood Rev. 20 (4), 213–226. doi:10.1016/j.blre.2005.12.002
 Emrich I. E., Scheuer A., Wagenpfeil S., Ganz T., Heine G. H. (2021). Increase of plasma erythroferrone levels during high-altitude exposure: a sub-analysis of the TOP OF HOMe study. Am. J. Hematol. 96 (5), E179–E181. doi:10.1002/ajh.26130
 Ganz T., Nemeth E. (2012). Hepcidin and iron homeostasis. Biochim. Biophys. Acta 1823 (9), 1434–1443. doi:10.1016/j.bbamcr.2012.01.014
 Garvican-Lewis L. A., Govus A. D., Peeling P., Abbiss C. R., Gore C. J. (2016). Iron supplementation and altitude: decision making using a regression tree. J. Sports Sci. Med. 15 (1), 204–205.
 Garvican-Lewis L. A., Vuong V. L., Govus A. D., Peeling P., Jung G. Nemeth E., et al. (2018). Intravenous iron does not augment the hemoglobin mass response to simulated hypoxia. Med. Sci. Sports Exerc. 50 (8), 1669–1678. doi:10.1249/MSS.0000000000001608
 Gassmann M., Muckenthaler M. U. (2015). Adaptation of iron requirement to hypoxic conditions at high altitude. J. Appl. Physiol. 119 (12), 1432–1440. doi:10.1152/japplphysiol.00248.2015
 Goetze O., Schmitt J., Spliethoff K., Theurl I., Weiss G. Swinkels D. W., et al. (2013). Adaptation of iron transport and metabolism to acute high-altitude hypoxia in mountaineers. Hepatology 58, 2153–2162. doi:10.1002/hep.26581
 Govus A. D., Peeling P., Abbiss C. R., Lawler N. G., Swinkels D. W. Laarakkers C. M., et al. (2017). Live high, train low - influence on resting and post-exercise hepcidin levels. Scand. J. Med. Sci. Sports 27 (7), 704–713. doi:10.1111/sms.12685
 Haase V. H. (2013). Regulation of erythropoiesis by hypoxia-inducible factors. Blood Rev. 27 (1), 41–53. doi:10.1016/j.blre.2012.12.003
 Heikura I. A., Burke L. M., Bergland D., Uusitalo A. L., Mero A. A., Stellingwerff T. (2018). Impact of energy availability, health, and sex on hemoglobin-mass responses following live-high–train-high altitude training in elite female and male distance athletes. Int. J. Sports Physiol. Perform. 13 (8), 1090–1096. doi:10.1123/ijspp.2017-0547
 Heinicke K., Heinicke I., Schmidt W., Wolfarth B. (2005). A three-week traditional altitude training increases hemoglobin mass and red cell volume in elite biathlon athletes. Int. J. Sports Med. 26 (5), 350–355. doi:10.1055/s-2004-821052
 Hintze K. J., McClung J. P. (2011). Hepcidin: a critical regulator of iron metabolism during hypoxia. Adv. Hematol. 2011, 510304. doi:10.1155/2011/510304
 Hirota K. (2019). An intimate crosstalk between iron homeostasis and oxygen metabolism regulated by the hypoxia-inducible factors (HIFs). Free Radic. Biol. Med. 133, 118–129. doi:10.1016/j.freeradbiomed.2018.07.018
 Hopkins W. G., Marshall S. W., Batterham A. M., Hanin J. (2009). Progressive statistics for studies in sports medicine and exercise science. Med. Sci. Sports Exerc. 41 (1), 3–13. doi:10.1249/MSS.0b013e31818cb278
 Icardi A., Paoletti E., De Nicola L., Mazzaferro S., Russo R., Cozzolino M. (2013). Renal anaemia and EPO hyporesponsiveness associated with vitamin D deficiency: the potential role of inflammation. Nephrol. Dial. Transpl. 28 (7), 1672–1679. doi:10.1093/ndt/gft021
 Ishibashi A., Maeda N., Sumi D., Goto K. (2017). Elevated serum hepcidin levels during an intensified training period in well-trained female long-distance runners. Nutrients 9 (3), 277. doi:10.3390/nu9030277
 Kautz L., Jung G., Valore E. V., Rivella S., Nemeth E., Ganz T. (2014). Identification of erythroferrone as an erythroid regulator of iron metabolism. Nat. Genet. 46 (7), 678–684. doi:10.1038/ng.2996
 Kiers D., van Eijk L. T., van der Hoeven J. G., Swinkels D. W., Pickkers P., Kox M. (2019). Hypoxia attenuates inflammation-induced hepcidin synthesis during experimental human endotoxemia. Haematologica 104 (6), e230–e232. doi:10.3324/haematol.2018.202796
 Larsuphrom P., Latunde-Dada G. O. (2021). Association of serum hepcidin levels with aerobic and resistance exercise: a systematic review. Nutrients 13 (2), 393. doi:10.3390/nu13020393
 Lundby C., Calbet J. A., Robach P. (2009). The response of human skeletal muscle tissue to hypoxia. Cell. Mol. Life Sci. 66 (22), 3615–3623. doi:10.1007/s00018-009-0146-8
 Mairbäurl H. (1994). Red blood cell function in hypoxia at altitude and exercise. Int. J. Sports Med. 15, 51–63. doi:10.1055/s-2007-1021020
 Mairbäurl H. (2018). Neocytolysis: how to get rid of the extra erythrocytes formed by stress erythropoiesis upon descent from high altitude. Front. Physiol. 9, 345. doi:10.3389/fphys.2018.00345
 Mercadal L., Metzger M., Haymann J. P., Thervet E., Boffa J. J. Flamant M., et al. (2014). The relation of hepcidin to iron disorders, inflammation and hemoglobin in chronic kidney disease. PLoS One 9 (6), e99781. doi:10.1371/journal.pone.0099781
 Michalczyk M., Czuba M., Zydek G., Zając A., Langfort J. (2016). Dietary recommendations for cyclists during altitude training. Nutrients 8, 377. doi:10.3390/nu8060377
 Moretti D., Mettler S., Zeder C., Lundby C., Geurts-Moetspot A. Monnard A., et al. (2018). An intensified training schedule in recreational male runners is associated with increases in erythropoiesis and inflammation and a net reduction in plasma hepcidin. Am. J. Clin. Nutr. 108 (6), 1324–1333. doi:10.1093/ajcn/nqy247
 Nemeth E., Tuttle M. S., Powelson J., Vaughn M. B., Donovan A. Ward D. M., et al. (2004). Hepcidin regulates cellular iron efflux by binding to ferroportin and inducing its internalization. Science 306 (5704), 2090–2093. doi:10.1126/science.1104742
 Ogawa C., Tsuchiya K., Maeda K. (2023). Hypoxia-inducible factor prolyl hydroxylase inhibitors and iron metabolism. Int. J. Mol. Sci. 24 (3), 3037. doi:10.3390/ijms24033037
 Pan X., Lu Y., Cheng X., Wang J. (2016). Hepcidin and ferroportin expression in breast cancer tissue and serum and their relationship with anemia. Curr. Oncol. 23 (1), e24–e26. doi:10.3747/co.23.2840
 Peeling P., Sim M., Badenhorst C. E., Dawson B., Govus A. D. Abbiss C. R., et al. (2014). Iron status and the acute post-exercise hepcidin response in athletes. PLoS One 9 (3), e93002. doi:10.1371/journal.pone.0093002
 Piperno A., Galimberti S., Mariani R., Pelucchi S., Ravasi G. Lombardi C., et al. (2011). Modulation of hepcidin production during hypoxia-induced erythropoiesis in humans in vivo: data from the HIGHCARE project. Blood 117 (10), 2953–2959. doi:10.1182/blood-2010-08-299859
 Płoszczyca K., Jazic D., Piotrowicz Z., Chalimoniuk M., Langfort J., Czuba M. (2020). Comparison of maximal lactate steady state with anaerobic threshold determined by various methods based on graded exercise test with 3-minute stages in elite cyclists. BMC Sports Sci. Med. Rehabil. 12 (1), 70. doi:10.1186/s13102-020-00219-3
 Płoszczyca K., Langfort J., Czuba M. (2018). The effects of altitude training on erythropoietic response and hematological variables in adult athletes: a narrative review. Front. Physiol. 9, 375. doi:10.3389/fphys.2018.00375
 Pottgiesser T., Garvican L. A., Martin D. T., Featonby J. M., Gore C. J., Schumacher Y. O. (2012). Short-term hematological effects upon completion of a four-week simulated altitude camp. Int. J. Sport Physiol. 7, 79–83. doi:10.1123/ijspp.7.1.79
 Ravasi G., Pelucchi S., Greni F., Mariani R., Giuliano A. Parati G., et al. (2014). Circulating factors are involved in hypoxia-induced hepcidin suppression. Blood Cells Mol. Dis. 53 (4), 204–210. doi:10.1016/j.bcmd.2014.06.006
 Renassia C., Peyssonnaux C. (2019). New insights into the links between hypoxia and iron homeostasis. Curr. Opin. Hematol. 26 (3), 125–130. doi:10.1097/MOH.0000000000000494
 Reynafarje C., Lozano R., Valdivieso J. (1959). The polycythemia of high altitudes: iron metabolism and related aspects. Blood 14 (4), 433–455. doi:10.1182/blood.v14.4.433.433
 Rice L., Ruiz W., Driscoll T., Whitley C. E., Tapia R. Hachey D. L., et al. (2001). Neocytolysis on descent from altitude: a newly recognized mechanism for the control of red cell mass. Ann. Intern. Med. 134, 652–656. doi:10.7326/0003-4819-134-8-200104170-00010
 Risso A., Ciana A., Achilli C., Antonutto G., Minetti G. (2014). Neocytolysis: none, one or many? A reappraisal and future perspectives. Front. Physiol. 5, 54. doi:10.3389/fphys.2014.00054
 Robach P., Cairo G., Gelfi C., Bernuzzi F., Pilegaard H. Viganò A., et al. (2007). Strong iron demand during hypoxia-induced erythropoiesis is associated with down-regulation of iron-related proteins and myoglobin in human skeletal muscle. Blood 109 (11), 4724–4731. doi:10.1182/blood-2006-08-040006
 Robach P., Fulla Y., Westerterp K. R., Richalet J. P. (2004). Comparative response of EPO and soluble transferrin receptor at high altitude. Med. Sci. Sports Exerc. 36 (9), 1493–1498. doi:10.1249/01.mss.0000139889.56481.e0
 Robach P., Gammella E., Recalcati S., Girelli D., Castagna A. Roustit M., et al. (2021). Induction of erythroferrone in healthy humans by micro-dose recombinant erythropoietin or high-altitude exposure. Haematologica 106 (2), 384–390. doi:10.3324/haematol.2019.233874
 Robach P., Schmitt L., Brugniaux J. V., Nicolet G., Duvallet A. Fouillot J. P., et al. (2006). Living high–training low: effect on erythropoiesis and maximal aerobic performance in elite Nordic skiers. Eur. J. Appl. Physiol. 97, 695–705. doi:10.1007/s00421-006-0240-7
 Roberts D., Smith D. J. (1992). Training at moderate altitude: iron status of elite male swimmers. J. Lab. Clin. Med. 120 (3), 387–391.
 Ruchala P., Nemeth E. (2014). The pathophysiology and pharmacology of hepcidin. Trends Pharmacol. Sci. 35 (3), 155–161. doi:10.1016/j.tips.2014.01.004
 Rusko H. K., Tikkanen H. O., Peltonen J. E. (2004). Altitude and endurance training. J. Sport. Sci. 22, 928–944. doi:10.1080/02640410400005933
 Schuler B., Thomsen J. J., Gassmann M., Lundby C. (2007). Timing the arrival at 2340 m altitude for aerobic performance. Scand. J. Med. Sci. Sport 17, 588–594. doi:10.1111/j.1600-0838.2006.00611.x
 Sim M., Garvican-Lewis L. A., Cox G. R., Govus A., McKay A. K. A. Stellingwerff T., et al. (2019). Iron considerations for the athlete: a narrative review. Eur. J. Appl. Physiol. 119 (7), 1463–1478. doi:10.1007/s00421-019-04157-y
 Sonnweber T., Nachbaur D., Schroll A., Nairz M., Seifert M. Demetz E., et al. (2014). Hypoxia induced downregulation of hepcidin is mediated by platelet derived growth factor BB. Gut 63 (12), 1951–1959. doi:10.1136/gutjnl-2013-305317
 Srole D. N., Ganz T. (2021). Erythroferrone structure, function, and physiology: iron homeostasis and beyond. J. Cell. Physiol. 236 (7), 4888–4901. doi:10.1002/jcp.30247
 Talbot N. P., Lakhal S., Smith T. G., Privat C., Nickol A. H. Rivera-Ch M., et al. (2012). Regulation of hepcidin expression at high altitude. Blood 119 (3), 857–860. doi:10.1182/blood-2011-03-341776
 Tanno T., Porayette P., Sripichai O., Noh S. J., Byrnes C. Bhupatiraju A., et al. (2009). Identification of TWSG1 as a second novel erythroid regulator of hepcidin expression in murine and human cells. Blood 114 (1), 181–186. doi:10.1182/blood-2008-12-195503
 Taylor M., Qu A., Anderson E. R., Matsubara T., Martin A. Gonzalez F. J., et al. (2011). Hypoxia-inducible factor-2α mediates the adaptive increase of intestinal ferroportin during iron deficiency in mice. Gastroenterology 140 (7), 2044–2055. doi:10.1053/j.gastro.2011.03.007
 Thiagarajan P., Parker C. J., Prchal J. T. (2021). How do red blood cells die?Front. Physiol. 12, 655393. doi:10.3389/fphys.2021.655393
 Tomczyk M., Kortas J., Flis D., Kaczorowska-Hac B., Grzybkowska A. Borkowska A., et al. (2020). Marathon run-induced changes in the erythropoietin-erythroferrone-hepcidin Axis are iron dependent. Int. J. Environ. Res. Public Health 17 (8), 2781. doi:10.3390/ijerph17082781
 Turner G., Gibson O. R., Watt P. W., Pringle J. S. M., Richardson A. J., Maxwell N. S. (2017). The time course of endogenous erythropoietin, IL-6, and TNFα in response to acute hypoxic exposures. Scand. J. Med. Sci. Sports 27 (7), 714–723. doi:10.1111/sms.12700
 Uehata T., Tomosugi N., Shoji T., Sakaguchi Y., Suzuki A. Kaneko T., et al. (2012). Serum hepcidin-25 levels and anemia in non-dialysis chronic kidney disease patients: a cross-sectional study. Nephrol. Dial. Transpl. 27 (3), 1076–1083. doi:10.1093/ndt/gfr431
 Vyoral D., Petrák J. (2005). Hepcidin: a direct link between iron metabolism and immunity. Int. J. Biochem. Cell. Biol. 37 (9), 1768–1773. doi:10.1016/j.biocel.2005.02.023
 Wagner P. D. (2007). Pulmonary gas exchange. Respirology 12, 6–8. doi:10.1111/j.1440-1843.2007.01068.x
 Wehrlin J. P., Zuest P., Hallén J., Marti B. (2006). Live High-Train Low for 24 days increases hemoglobin mass and red cell volume in elite endurance athletes. J. Appl. Physiol. 100, 1938–1945. doi:10.1152/japplphysiol.01284.2005
 Wiśniewska A., Płoszczyca K., Czuba M. (2020). Changes in erythropoietin and vascular endothelial growth factor following the use of different altitude training concepts. J. Sports Med. Phys. Fit. 60 (5), 677–684. doi:10.23736/S0022-4707.20.10404-3
 Xiao L., Tang R., Wang J., Wan D., Yin Y., Xie L. (2023). Gut microbiota bridges the iron homeostasis and host health. Sci. China Life Sci. 66 (9), 1952–1975. doi:10.1007/s11427-022-2302-5
 Yan B., Ge X., Yu J., Hu Y., Girard O. (2021). Hypoxic re-exposure retains hematological but not performance adaptations post-altitude training. Eur. J. Appl. Physiol. 121 (4), 1049–1059. doi:10.1007/s00421-020-04589-x
 Zembron-Lacny A., Gramacki A., Wawrzyniak-Gramacka E., Tylutka A., Hertmanowska N. Kasperska A., et al. (2020). Intermittent hypoxic exposure with high dose of arginine impact on circulating mediators of tissue regeneration. Nutrients 12 (7), 1933. doi:10.3390/nu12071933
 Zügel M., Treff G., Steinacker J. M., Mayer B., Winkert K., Schumann U. (2020). Increased hepcidin levels during a period of high training load do not alter iron status in male elite junior rowers. Front. Physiol. 10, 1577. doi:10.3389/fphys.2019.01577
Conflict of interest: 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 © 2023 Płoszczyca, Czuba, Chalimoniuk, Witek and Baranowski. 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-14-1279827-t002.jpg
Sil S2

Before training After training 3 days after training

EPO (mlU/mL) LH-TL 7.93 £ 1.89 857 +274 741 £ 1.69
NORM 834 1.63 [ 847 £ 163 [ 823129
RBC (min/uL) LH-TL 499 £ 0.26 5220+ 037 5.06 £ 0.29
NORM 455 £ 032 459 £ 033 453 £025

HGB (g/dL) LH-TL | 1486 £ 0.77 1560° + 0.98 | 1520 + 074
NORM | 1387 £ 070 13.98 = 0.80 1386 £ 074

7 HCT (%) | LH-TL I 4344 %134 4543+ 219 I 4455 £ 1.73
NORM 40.66 + 1.89 4114 £2.15 4074 = 1.80
Ret (%) LH-TL 1184 £2.89 1355 £ 3.42 1343 407
NORM 1422 £ 638 1744 £ 7.80 1500 = 4.03

Fe (pg/dL) LH-TL | 101.67 + 44.51 [ 106.30 + 52.35 [ 117.89 + 48.60
NORM 11367 £ 4229 [ 95.10 = 28.03 [ 9921 £ 48.18

0o DiB—atweeticilly ipnificanit difecsnios: fro besaling (515





OPS/xhtml/nav.xhtml
Contents

		Cover

		Hepcidin and erythroferrone response to 3 weeks of exposure to normobaric hypoxia at rest in trained cyclists		Introduction

		Materials and methods		Participants

		Study design

		Blood sampling and determination of Hepcidin, Erythroferrone, Ferroportin, HIF-2α and Erythropoietin

		Statistical analysis





		Results

		Discussion

		Limitations

		Conclusion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-14-1279827-g001.gif





OPS/images/fphys-14-1279827-t001.jpg
Day Week 1 Week 2 Week 3

1 100% WRyr for 30 min + 2 h endurance training | 100% WRy for 35 min + 2 h endurance training | 100% WRy for 40 min + 2 h endurance training
(60%-75% of WRy 1) (60%-75% of WRy7) (60%-75% of WRy)

2 3-4 h of endurance training 60%-75% of WRyy with | 3-4 h of endurance training 60%-75% of WRyr with | 3-4 h of endurance training 60%-75% of WRy 1 with

high-speed intervals (2 x 6 x 10 s-max) high-speed intervals (2 x 6 x 10 s-max) high-speed intervals (2 x 6 x 10 s-max)
3 100% WRy for 30 min + 2 h endurance training | 100% WRyy for 35 min + 2 h endurance training | 100% WRy for 40 min + 2 h endurance training
(60%-75% of WRy1) (60%-75% of WRy1) (60%-75% of WRy)
4 Strength endurance (gym) Strength endurance (gym) Strength endurance (gym)
Upper body Upper body Upper body
5 100% WRyr for 30 min + 2 h endurance training | 100% WRyy for 35 min + 2 h endurance training | 100% WRy for 40 min + 2 h endurance training
(60%-75% of WRy1) (60%-75% of WRy1) (60%-75% of WRyr)

6 3-4 hofendurance training 60%-75% of WRLT with | 3-4 h of endurance training 60%-75% of WRLT with | 3-4 h of endurance training 60%-75% of WRLT
high-speed intervals (2 x 6 x 10 s-max) high-speed intervals (2 x 6 x 10 s-max) with high-speed intervals (2 x 6 x 10 s-max)

7 Day off Day off Day off

Wit Lnchite threihold workisadl delesiined vader nommomie::









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





