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2.99  ±  2.02), but was not different between conditions. 
Hepcidin levels were significantly elevated (p  <  0.01) 
at 3  h post-exercise for both conditions when compared 
to baseline (NORM: 3.25 ±  1.23 to 7.40 ±  4.00) (HYP: 
3.24 ± 1.94 to 5.42 ± 3.20), but were significantly lower 
(p < 0.05) in the HYP trial compared to NORM. No sig-
nificant differences existed between HYP and NORM for 
erythropoietin, serum iron, or ferritin.
Conclusion  Simulated altitude exposure (~2,900  m) for 
3 h following intense interval running attenuates the peak 
hepcidin levels recorded at 3 h post-exercise. Consequently, 
a hypoxic recovery after exercise may be useful for athletes 
with compromised iron status to potentially increase acute 
dietary iron absorption.
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HAMP gene	� Hepcidin encoding gene
Hb	� Hemoglobin
Hct	� Hematocrit
HIF	� Hypoxic inducible transcription factors
HIF/HRE pathway	� Hypoxic inducible transcription 

factor/Hypoxic response element 
pathway

Abstract 
Purpose T o assess the influence of a simulated altitude expo-
sure (~2,900 m above sea level) for a 3 h recovery period fol-
lowing intense interval running on post-exercise inflammation, 
serum iron, ferritin, erythropoietin, and hepcidin response.
Methods  In a cross-over design, ten well-trained male 
endurance athletes completed two 8 × 3 min interval run-
ning sessions at 85  % of their maximal aerobic velocity 
on a motorized treadmill, before being randomly assigned 
to either a hypoxic (HYP: FIO2  ~0.1513) or a normoxic 
(NORM: FIO2 0.2093) 3 h recovery period. Venous blood 
was collected pre- and immediately post-exercise, and after 
3 and 24  h of recovery. Blood was analyzed for interleu-
kin-6, serum iron, ferritin, erythropoietin, and hepcidin.
Results  Interleukin-6 was significantly elevated (p < 0.01) 
immediately post-exercise compared to baseline (NORM: 
1.08  ±  0.061 to 3.12  ±  1.80) (HYP: 1.32  ±  0.86 to 
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Hp	� Haptoglobin
Hp-Hb	� Haptoglobin–Hemoglobin complex
HR	� Heart rate
HYP	� Hypoxic/simulated altitude trial
IL-6	� Interleukin-6
LSD	�L east significant difference
mRNA	� Messenger RNA
NORM	�C ontrol condition
O2	� Oxygen
RBC	�R ed blood cells (erythrocytes)
RPE	�R ating of perceived exertion
VO2 peak	� Peak oxygen consumption

Introduction

Adequate iron levels are essential for optimal cognitive 
and physical performance (Latunde-Dada 2013). How-
ever, exercise-induced iron deficiency is a common nutri-
tional disorder diagnosed in athletes (Beard and Tobin 
2000). Athletic-induced iron deficiency has been attributed 
to a number of mechanisms including sweating, gastroin-
testinal bleeding, hematuria, and hemolysis (Peeling et al. 
2008). However, more recent research has focused on the 
influence of exercise-induced increases in inflammatory 
cytokines and the iron regulatory hormone known as hep-
cidin (Peeling et al. 2009a; Sim et al. 2013), in an attempt 
to further elucidate the mechanisms that underlie iron defi-
ciency in athletes.

Hepcidin is a hepatocyte-derived peptide hormone 
encoded by the HAMP gene (Krause et al. 2000; Park et al. 
2001) which acts as the key regulator of iron metabolism 
through its interaction with the body’s only known cellu-
lar iron exporter, ferroportin (Fpn). These Fpn channels are 
expressed on a number of different cell types throughout 
the body, including duodenal enterocytes, macrophages, 
and hepatocytes (Nemeth et  al. 2004a, b). Hepcidin acts 
to internalize and degrade the Fpn export channels in the 
small intestine and on the surface of macrophages (Nem-
eth et al. 2004b; Nemeth and Ganz 2009), thereby inhibit-
ing the absorption of dietary iron in the gut and preventing 
the release of iron from the macrophages that have collected 
senescent red blood cells (Nemeth et al. 2004a, b). Clearly, 
such processes are incongruous to an athlete with compro-
mised iron stores. To date, post-exercise hepcidin regulation 
has been shown to be driven via the inflammatory response 
to exercise; and more specifically via the inflammatory 
cytokine interleukin-6 (IL-6) (Peeling et  al. 2009a, b; Sim 
et al. 2013). Recently, it was reported that peak post-exer-
cise hepcidin activity occurs ~3 h subsequent to the transient 
increase in IL-6 (Peeling et al. 2009a), which has been dem-
onstrated in both urine (Peeling et al. 2009a, b) and blood 
(Sim et al. 2013). Factors such as carbohydrate intake and 

exercise duration and/or modality are proposed to alter the 
magnitude and association between these responses (New-
lin et al. 2012; Robson-Ansley et al. 2011). However, some 
studies have reported minimal association between exercise-
induced inflammatory responses and serum hepcidin levels 
post-exercise, with Auersperger et  al. (2012) reporting no 
relationship between IL-6 and serum hepcidin concentra-
tion following 8 weeks of endurance training in female run-
ners. A similar result was also observed in female soldiers 
with iron deficiency anemia, but not in those with normal 
iron stores following 9  weeks of basic combat training 
(Karl et al. 2010). Of relevance, Peeling et al. (2009a) also 
observed that hepcidin responses were less pronounced in 
female participants with ferritin concentrations < 35 μg/L. 
As a result, it was suggested that the lack of serum hepci-
din changes in iron deplete or deficient athletes may be due 
to the homeostatic regulation of iron metabolism, where 
low hepatic iron concentrations potentially override inflam-
matory mediated changes in the hormone, resulting in a 
decreased hepcidin synthesis, which in turn increases iron 
absorption from dietary intake (Nicolas et al. 2002). How-
ever, it appears that athletes presenting with borderline iron 
stores may still have an elevated post-exercise hepcidin 
response, hence suggesting that this hormone is an impor-
tant mediator in exercise-associated iron deficiency.

In contrast to inflammation, hypoxia is suggested to 
result in an attenuation of hepcidin activity (Nicolas et  al. 
2002). Hypoxic inducible factors (HIF-1α and HIF-2α) 
can be viewed as iron sensors and regulators, which under 
conditions of sufficient iron and oxygen are virtually unde-
tectable; however, during conditions of iron deficiency and 
hypoxic exposure these HIF will accumulate (Piperno et al. 
2009). Cell cultured animal studies (genetic studies on iron-
deficient mice) have demonstrated that HIF activation in 
hepatocytes results in the suppression of hepcidin expres-
sion via the hypoxia response element (HRE)-dependent 
mechanism, thereby resulting in a reduction in hepcidin 
levels, which enables the mobilization of iron from sources 
required for erythropoiesis (Peyssonnaux et al. 2007). How-
ever, this model has recently been questioned, with the sug-
gestion that HIF activation does not function as a direct tran-
scriptional suppressor of hepcidin gene expression (Volke 
et al. 2009). Alternatively, recent research has indicated that 
erythropoiesis (Lui et al. 2012; Mastrogiannaki et al. 2012; 
Tanno et al. 2009), EPO itself (Robach et al. 2009), or iron 
signaling pathways (Babitt et  al. 2006; Nemeth and Ganz 
2009) may be responsible for triggering the suppression of 
the hepcidin gene expression. Regardless, the mechanisms 
seeking to explain the down-regulation of hepcidin under 
hypoxic stress appear increasingly complex and are cur-
rently subject to further investigations (Lui et al. 2012).

At moderate altitudes (2,200–3,500  m) the reduction 
of the partial pressure of O2 is sufficient to induce EPO 
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production in the kidneys (Huang et  al. 1998; Saunders 
et  al. 2009). Continuous exposure at this altitude will see 
peak EPO levels attained after 24–48 h of exposure (Gore 
et  al. 2001). Hepatic-derived HIF-2α (and not HIF-1α: 
Mastogiannaki et  al. 2009), appears to be the main regu-
lator for increases in erythropoietin (EPO) production 
(Haase 2010). Based on the findings of Huang et al. (1998), 
an acute hypoxic stimulus of 2  h may be long enough to 
extend the half-life of HIF-2α within the liver of mice, 
allowing for the accumulation of HIF-2α within oxygen-
deprived tissue. As a result, it is likely that the stabilization 
of HIF-2α resulting from an acute hypoxic exposure may 
result in the up-regulation of erythropoiesis signaling and 
EPO itself (Knaupp et al. 1992) and a possible correspond-
ing down-regulation of hepcidin levels in vivo. However, 
whether this occurs in the post-exercise period is yet to be 
established. Consequently, the aim of the current investi-
gation was to assess the effect of simulated post-exercise 
altitude exposure for 3 h on the subsequent IL-6 and hepci-
din levels in well-trained endurance athletes. It was hypoth-
esized that a simulated post-exercise altitude exposure 
(~2,900  m above sea level) for 3  h following an intense 
interval running session (performed in normoxia) would 
attenuate post-exercise hepcidin levels.

Methods

Participants

Ten well-trained male endurance runners and/or tri-
athletes with no recent exposure to hypoxic stress par-
ticipated in this study [Age: 26.6  ±  10.7  years; Height: 
173.4  ±  21.9  cm; Mass: 72.5  ±  10.5  kg; peak oxygen 
uptake (VO2peak): 63.3 ± 6.3 ml kg−1 min−1]. Determina-
tion of the sample size was attained via a power analysis 
using customized computer software (GPOWER Ver-
sion 3.1, Department of Psychology, Bonn University, 
Bonn Germany) with data from previous investigations 
that measured similar variables (Peeling et  al. 2009a, b). 
The power analysis suggested a sample size of 10, for an 
expected power of 0.89 with an alpha level of p ≤ 0.05. The 
study protocol was approved by the University of Western 
Australia’s Institutional Review Board, conforming to the 
Declaration of Helsinki on the use of human subjects. Writ-
ten informed consent was obtained from participants prior 
to commencing the investigation.

Experimental overview

Participants completed three separate running sessions in 
the exercise physiology laboratory of the Western Austral-
ian Institute of Sport. These sessions were separated by a 

minimum of 7 days, with each conducted at the same time-
of-day to minimize the influence of circadian variation. 
The initial testing session served as a familiarization trial 
for the participants to become accustomed to the labora-
tory environment and the equipment to be used during the 
experimental trials. This session concluded with a graded 
exercise test (GXT) to exhaustion, to determine each indi-
vidual’s VO2peak. Subsequently, the velocity corresponding 
to 85  % of this VO2peak (85  % vVO2peak) was established 
to determine the pace at which the two subsequent running 
sessions were performed.

Interval running trials were conducted using a repeated-
measure, counterbalanced, crossover design on a motor-
ized treadmill (HP/Cosmos/Venus, Germany). In each 
session, participants completed a 5-min warm-up at 60 % 
vVO2peak, followed by a 5-min period of dynamic stretch-
ing. Subsequently, the interval session commenced consist-
ing of 8 ×  3  min repeats at 85  % vVO2peak with 90  s of 
active recovery (60  % vVO2peak) between repetitions (i.e., 
a 2:1 work:rest ratio). This running session was established 
as a common endurance runner’s training set that would be 
utilized in the field. In addition, this session has prior prec-
edence from research investigating post-exercise hepcidin 
responses (Sim et al. 2013). Heart rate (HR) and ratings of 
perceived exertion (RPE) were recorded at the completion 
of each 3-min workload. After the final interval repetition, 
a capillary blood sample for lactate (BLa) analysis was 
taken, after which a 5-min cool-down run at 60 % vVO2peak  
was completed. Participants then rested for the next 3  h 
in the laboratory where they were either seated inside a 
simulated altitude tent [Colorado Altitude Training (CAT), 
CAT-430 Walk in Tent] set to  ~2,900  m above sea level 
(FIO2  ~0.1513 ±  0.426; HYP) or in an adjacent room at 
sea level (FIO2  ~0.2093; NORM). After the 3  h recovery 
period, participants left the laboratory, but returned 24  h 
later for a follow-up assessment.

During the HYP and NORM trials, venous blood sam-
ples were collected on arrival (baseline), at the conclu-
sion of the interval running (post-exercise) and after 3 and 
24 h of post-exercise recovery. In addition, body mass was 
recorded pre- and post-exercise. Participants were also 
provided with 400 ml of water to drink ad libitum during 
each running session to minimize any hemoconcentration 
effects. During the 3  h post-exercise HYP exposure, the 
FIO2 was recorded each hour using a hand-held oxygen 
sensor (Handi®+, Maxtech, UT, USA), and blood oxygena-
tion levels were monitored in the final 15 min of this recov-
ery period by pulse oximetry (SpO2) of the index finger 
(Fingertip Pulse Oximeter, CMS-50DLP, China).

To ensure that a consistent nutritional intake was 
obtained before and after the conclusion of each trial, par-
ticipants completed a 24 h food recall diary leading up to 
the first interval running session, and then replicated this 
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for the second session. In addition, a standardized snack 
was provided during the 3 h post-exercise recovery period, 
which included 1  ×  600  mL sports drink (Gatorade©, 
Schweppes Australia), 750 mL of plain water, 2 × 31.3 g 
muesli bars (Chewy Muesli bars, Uncle Tobys, Australia), 
and 1 × 250 mL milk drink (Up and Go, Sanitarium, Aus-
tralia). The total nutritional intake by participants per ses-
sion was ~2,523 kJ, comprising of 106 g of carbohydrates, 
13 g of protein and 9 g of fat.

Experimental procedures

Graded exercise test (GXT)

The GXT was completed on a motorized treadmill at a 
constant gradient of 1  % (Jones and Doust 1996) using 
3  min exercise and 1  min rest periods. The initial speed 
was 12 km h−1, with subsequent increments of 2 km h−1 
until a speed of 16 km h−1 was reached. Subsequently, the 
speed increments were increased by 1  km  h−1 until vol-
untary exhaustion. Throughout the GXT, expired air was 
continuously collected and analyzed for concentrations of 
O2 and CO2 via a commercial gas analysis system (True-
One 2,400 Parvo Medics, Utah, USA). The gas analyzers 
were calibrated pre-test and verified post-test with certified 
gravimetric gas mixtures. During the test, ventilation was 
recorded at 15  s intervals via the Parvo Medics pneumo-
tach, which was also calibrated before and verified after 
exercise using a 3 L syringe in accordance with the manu-
facturer’s specifications. The data obtained from the GXT 
was analyzed for VO2peak by summing the four highest con-
secutive 15 s VO2 values obtained throughout the test.

Blood collection and analysis

Capillary blood samples for BLa analysis were collected 
from the earlobe (initial drop discarded) into a Lactate Pro 
Analyzer (Arkray, Japan). In addition, venous blood sam-
ples were collected from an antecubital vein in the forearm 
with the athlete lying supine for 10 min prior to sampling 
in order to control for any postural-induced shifts in plasma 
volume. These samples were collected using a 21-gauge 
needle into two 8.5 mL SST Gel separator tubes, and one 
4  ml EDTA collection tube (BD vacutainer, Australia). 
Immediately after collection, the fresh plasma samples 
from the EDTA tubes were taken to the Royal Perth Hos-
pital pathology laboratory to be analyzed for hemoglobin 
concentration and hematocrit. This data was used for the 
determination of percentage changes in plasma volume 
as a result of the exercise task (Dill and Costill 1974). 
The serum samples were allowed to clot for 60  min at 
room temperature, before subsequently being centrifuged 

at 10  °C and 3,000  rpm for 10  min. The serum superna-
tant was divided into 1 mL aliquots and stored at −80 °C 
until further analysis. Once all samples were collected, the 
frozen serum was also taken to the Royal Perth Hospital 
pathology laboratory to be analyzed for circulating levels 
of IL-6, EPO, serum iron, ferritin, and transferrin. In addi-
tion, the remaining frozen serum samples were sent to Rad-
boud University Medical Centre (Nijmegen, The Nether-
lands) for serum hepcidin-25 analysis.

Serum IL-6 was analyzed using a commercially avail-
able ELISA (Quantikine HS, R&D Systems, Minneapolis, 
USA) with an assay range of 0.38–10  ng L −1. The coef-
ficient of variation (CV) for IL-6 determination at 0.49 
and 2.78  ng L −1 was 9.6 and 7.2  %, respectively. Serum 
iron was measured using the Architect (c1600210) ana-
lyzer. Serum iron levels were determined using an iron 
reagent (Sentinel Diagnostics, Milano, Italy). The CV 
for iron determination at 12.01 and 43.35 μmol L −1 was 
1.7 and 0.6  %, respectively. Serum ferritin levels were 
determined using an Architect analyzer (1SR06055) and 
a Ferritin Reagent (Abbott Diagnostics, Illinois, USA). 
The CV for ferritin determination at 28.62, 223.05, and 
497.85 μg L−1 was 4.6, 4.5, and 4.4 %, respectively. Serum 
EPO was analyzed using a solid phase two-site sequential 
chemiluminescent enzyme-labeled immunometric assay 
[Immunlite 2,000 XPi EPO kit (Siemens Medical Solutions 
Diagnostic, 5210 Pacific Concourse Drive, Los Angeles, 
CA 90045-6900-USA)], via a Immunite 2,000 XPi Ana-
lyzer. The CV for EPO determination at 18.2  mU L −1, 
79.5  mU L −1, and 161  mU L −1 was 9.8, 8.7, and 9.6  %, 
respectively. Serum hepcidin-25 measurements were per-
formed (http://www.hepcidinanalysis.com, Nijmegen, The 
Netherlands) by a combination of weak cation exchange 
chromatography and time-of-flight mass spectrometry 
(WCX-TOF MS) (Kroot et al. 2010). An internal standard 
(synthetic hepcidin-24; Peptide International Inc.) was used 
for quantification (Swinkels et  al. 2008). Peptide spectra 
were generated on a Microflex LT matrix-enhanced laser 
desorption/ionization TOF MS platform (Bruker Dalton-
ics). Serum hepcidin-25 concentrations were expressed 
as nmol L−1. The lower limit of detection of this method 
was 0.5 nM; average coefficients of variation were 2.7 % 
(intra-run) and 6.5  % (inter-run) (Kroot et  al. 2010). The 
median reference level of serum hepcidin-25 is 4.5 nM for 
men, with a range of 0.5–14.7 nM (Galesloot et al. 2011; 
http://www.hepcidinanalysis.com Accessed on 2 June 
2013).

Measurement of heart rate and perceived exertion

Throughout the experimental trials, HR was measured con-
tinuously via a Polar HR monitor (Polar 625X, Finland), 
and RPE recorded using the Borg perceptual scale (Borg 

http://www.hepcidinanalysis.com
http://www.hepcidinanalysis.com
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1982) encompassing the anchor points 6 (very, very light) 
through 20 (maximal exertion).

Statistical analysis

Results are presented as mean and standard deviation 
(±  SD) unless otherwise stated. Results were analyzed 
in the IBM Statistical Package for Social Sciences (IBM 
SPSS version 19.0). A repeated-measure ANOVA was used 
to analyze the time, trial and time × trial effects of HYP vs. 
NORM exposures on the subsequent inflammatory, hepci-
din, EPO, and iron-related responses. Post-hoc, least signif-
icant differences paired samples t tests were used to deter-
mine where specific trial differences existed. The alpha 
level was accepted at p ≤ 0.05. Where appropriate, Cohen’s 
d effect sizes were calculated to suggest data trends and 
were interpreted as d < 0.39 (small); d = 0.40–0.69 (mod-
erate); d ≥ 0.7 (large). Only moderate and large effect sizes 
are presented below.

Results

Physiological responses during running trials and 3 h 
recovery period post‑exercise

The overall mean values of HR, RPE, and BLa recorded 
during the interval running trials are presented in Table 1. 
The percentage changes in plasma volume recorded 

immediately post-exercise were not statistically different 
between the HYP and NORM conditions (Table 1).

Interleukin‑6, EPO, and hepcidin

There were no trial effects for differences in levels of IL-6 
between the two conditions (p = 0.86) (Table 2). However, 
a significant time effect (p = 0.01) showed that IL-6 levels 
were elevated immediately post-run in both conditions as 
compared to baseline (HYP: p = 0.01; NORM p = 0.01). 
The pre-exercise and 3  h post-exercise serum EPO data 
showed no significant time (p =  0.42) or trial (p =  0.17) 
effects (Table 2). In addition, no significant time effect was 
seen for the relative change (p = 0.19) of serum EPO from 
pre-exercise to 3 h post-exercise between conditions (HYP: 
3.4 ± 7.3 mU L−1; NORM 0.94 ± 3.34 mU L−1). Signifi-
cant time (p  =  0.01) and interaction effects (p  =  0.049) 
were recorded between the HYP and NORM hepcidin lev-
els (Table 2). Specifically, the time effect showed hepcidin 
was elevated in both conditions from baseline to 3 h post-
exercise (HYP and NORM, p =  0.01). However, in both 
conditions at 24 h post-exercise, the levels had returned to 
baseline (HYP p = 0.46, NORM p = 0.23). No significant 
differences were evident between HYP and NORM trials 
at baseline (p = 0.49) or at 24 h post-exercise (p = 0.20); 
however, a moderate effect (d = 0.45) suggested a trend for 
lower 24 h post-exercise hepcidin levels in the HYP trial. 
In addition, the hepcidin levels recorded at 3 h post-exer-
cise were significantly lower in HYP compared to NORM 

Table 1   Heart rate, rating of perceived exertion (RPE), and blood lactate responses during the running trials, and the percentage change in 
plasma volume from baseline to immediately post-exercise in the normoxic (NORM) and hypoxic (HYP) conditions

Results are presented as mean (SD)

Heart rate (bpm) RPE Blood lactate (mmol/L) Changes in plasma volume (%)

Normoxia (FIO2 ~0.2093) 175 (14) 13 (2) 4.5 (2.9) −3.7 (5.9)

Hypoxia (FIO2 ~0.1513) 176 (13) 13 (2) 4.6 (2.9) −2.8 (2.1)

Table 2   Interleukin-6 (IL-6), hepcidin-25, serum erythropoietin (EPO), iron and ferritin levels at baseline, post-run, 3 and 24 h post-run in the 
normoxic (NORM) and hypoxic (HYP) conditions

Results are presented as mean (SD)
†  Significantly different (p < 0.05) from baseline

* Significantly different (p < 0.05) from HYP

Blood parameter Normoxic (FIO2 ~0.2093) Hypoxic (FIO2 ~0.1513)

Baseline Post-run 3 h post-run 24 h post-run Baseline Post-run 3 h post-run 24 h post-run

Serum IL-6 (pg mL−1) 1.08 (0.61) 3.12† (1.80) – – 1.32 (0.86) 2.99† (2.02) – –

Hepcidin-25 (nM) 3.25 (1.23) – 7.40†,* (4.00) 4.23 (4.15) 3.24 (1.94) – 5.42† (3.20) 3.14 (2.42)

Serum EPO (mU L−1) 8.49 (3.97) – 9.43 (5.64) – 8.21 (4.13) – 11.56 (8.77) –

Serum iron (μmol L−1) 19.1 (5.2) 21.8 (5.7) 19.1 (4.0) 16.9 (2.6) 16.5 (5.2) 18.3 (5.2) 16.5 (4.7) 17.6 (4.9)

Serum ferritin (μg L−1) 105.7 (55.9) 111.7† (57.0) 108.9 (60.8) 105.5 (51.9) 108.4 (55.2) 114.3† (57.5) 108.9 (56.5) 109.9 (59.9)
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(p = 0.047). The change in hepcidin levels over time (from 
baseline) was also analyzed, showing a significant dif-
ference between the two conditions at 3  h post-exercise 
(HYP = 2.18 nM; NORM = 4.15 nM, p = 0.02).

Serum iron and serum ferritin

No significant trial (p =  0.14) or time (p =  0.07) effects 
were recorded for serum iron between the HYP and NORM 
trials (Table 2). In addition, there was no trial (p = 0.50) 
effect for differences in serum ferritin levels between 
the two conditions; however, a significant time effect 
(p = 0.04) indicated that these levels were elevated imme-
diately post-run in both trials, as compared to baseline 
(HYP: p = 0.01; NORM: p = 0.02).

Discussion

Previously, it has been suggested that hypoxia may attenu-
ate the activity of the iron regulatory hormone hepcidin; 
however, a number of suggested in vivo pathways for such 
an outcome have been proposed, and are still subject to 
debate (Lui et  al. 2012). As a result, this study aimed to 
determine whether acute hypoxic exposure in the post-
exercise recovery period would attenuate the subsequent 
increases commonly seen in the hepcidin response. Our 
data demonstrated that hepcidin levels were elevated in 
both of the tested conditions at the 3 h post-exercise time 
point; however, these levels were significantly lower in the 
HYP trial when compared to NORM. This outcome was 
further supported by a smaller relative change to hepcidin 
levels in the HYP condition.

The inflammatory response for the current study dem-
onstrated a significant increase in IL-6 immediately post-
exercise as compared with baseline; however, no differ-
ences were found in the post-exercise responses between 
the two trials. The IL-6 increases seen here support previ-
ous research (Peeling et al. 2009b), where strenuous inter-
val running (10 × 1 km at 90–95 % of VO2max) resulted in 
a ~five-fold increase in IL-6 levels recorded at the comple-
tion of exercise. The IL-6 response in the current study is 
therefore characteristic of the typical post-exercise acute-
phase inflammatory response, demonstrating an exponen-
tial rise in IL-6 during exercise, with peak levels obtained 
at the immediate completion of the work bout (Peeling et al. 
2009b). In addition, previous research has also shown that 
inflammatory cytokines are able to affect ferritin mRNA 
translation, resulting in an increased ferritin synthesis (Kal-
antar-Zadeh et  al. 2004). Such observations likely explain 
the increased serum ferritin levels seen within the current 
study immediately post-exercise compared to baseline, 3 
and 24  h post-exercise. As previously suggested, IL-6 has 

been shown to be one of the primary regulators of hepci-
din activity within the body (Nemeth et  al. 2004b). How-
ever, since the exercise intensity and IL-6 production in both 
trials were similar here, the subsequent comparison of the 
hepcidin responses to the intervention is novel and exciting.

The hepcidin levels in the current study were signifi-
cantly elevated at the 3 h post-exercise time point for both 
the HYP and NORM trials. This finding is consistent with 
previous clinical studies demonstrating an increased hep-
cidin activity 3  h subsequent to the peak activity of IL-6 
induced by lipopolysaccharide injection (Kemna et  al. 
2005). In addition, Peeling et  al. (2009a) demonstrated 
increases in hepcidin levels 3  h post-exercise following 
a  ~seven-fold increase in IL-6 immediately post-exercise, 
as compared to both baseline and resting control group val-
ues. Therefore, it is likely that the IL-6 increases caused by 
the strain of the interval running session implemented here 
(~45 min at 85 % vVO2peak) may be the primary mechanism 
for the increase in hepcidin levels in the 3 h post-exercise 
period. In accordance with previous research (Peeling et al. 
2009a), hepcidin levels at 24 h post-exercise had returned 
to baseline levels for both conditions.

Regardless of the inflammatory response, the novel 
data from this investigation is that the hepcidin levels at 
3  h post-exercise were significantly lower for HYP com-
pared to NORM. This finding matches that of Nicolas 
et  al. (2002) who first reported that hepcidin expression 
was reduced during hypoxic exposure. To date, the mecha-
nism explaining hepcidin down-regulation in response to a 
hypoxic stimulus is not completely established; recent ani-
mal studies indicate that the decrease in hepcidin expres-
sion following induced anemia was largely dependent on 
erythropoiesis, and not directly regulated by EPO, anemia, 
or tissue hypoxia (Pak et  al. 2006; Vokurka et  al. 2006). 
However, research in humans is yet to highlight the eryth-
roid protein responsible for the attenuation of hepcidin 
expression, although recent results have demonstrated a 
gradual suppression of hepcidin under hypoxic stress, indi-
cating a possible mediation by circulating factors released 
during erythropoietic activity (Piperno et al. 2011). Regard-
less, current theories for reduced hepcidin activity under 
hypoxic stress include the influence of HIF transcription 
factors. Research that has used a genetic approach to sep-
arate the HIF activation under hypoxic stress from EPO 
synthesis found that HIF-mediated suppression of the hep-
cidin gene requires erythropoiesis (Lui et al. 2012). When 
erythropoiesis was pharmacologically inhibited, the hepci-
din gene expression was no longer suppressed despite large 
increases in serum EPO. This final result is similar to that 
of an associated study (Mastrogiannaki et al. 2012), which 
found that by ceasing erythropoiesis, hepcidin gene mRNA 
levels were increased within cell cultured animals. There-
fore, it is proposed that under hypoxic stress, hepcidin gene 
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suppression will occur via the stimulation of erythropoie-
sis as a result of indirect signaling of HIFs, resulting in a 
reduction of hepcidin levels within the system (Lui et  al. 
2012; Mastrogiannaki et  al. 2012). In addition, GDF-15 
has also been identified as a possible erythropoietic regu-
lator of hepcidin activity (Tanno et  al. 2007), since it has 
been proposed to increase during erythropoiesis and may 
promote the secretion of this erythroblast-derived factor, 
which has also been associated with the suppression of the 
hepcidin gene (Tanno et al. 2007). The current study sup-
ports the results of this previous research, since no changes 
were seen in serum EPO itself; however, a reduction in 
serum hepcidin was recorded under the HYP trial. Poten-
tially, this may indicate that the acute hypoxic stimulus of 
the HYP condition (3  h at  ~2,900  m; FIO2  ~0.1513) was 
sufficient enough to enable the stabilization of HIF-2α or 
the accumulation of erythroid proteins that may be released 
from the stimulus for increased erythropoietic activity, 
which may have resulted in the suppression of hepcidin. 
However, the lack of erythroid protein and transcriptional 
factor measurement remain a limitation of this study, and 
future research should look to acquire tissue samples for 
the measurement of HIF-2α and GDF-15 in order to draw 
definitive conclusions here.

Notwithstanding, it is widely acknowledged that living 
and training under hypoxic stress may lead to improved ath-
letic performances at sea level (Gore et al. 2001). However, 
only recently has research focused on the effect that living 
and training at altitude may have on hepcidin regulation 
and the subsequent iron metabolism response. At high alti-
tude, the partial pressure of oxygen is reduced, which acti-
vates erythropoietic processes resulting in an increased iron 
demand (Robach et al. 2007). Robach et al. (2009) showed 
that healthy volunteers treated with recombinant erythro-
poietin for 1 month efficiently increased erythropoiesis and 
stimulated bone marrow iron use, which was associated 
with a prompt and considerable decrease in urinary hepci-
din. In addition, research on chronic hypoxic exposure has 
demonstrated a significant decrease in hepcidin expression, 
accompanied by a subtle systemic inflammatory response 
(increase in IL-6) (Goetze et al. 2013; Piperno et al. 2011). 
Despite these observed increases in IL-6, the elevation of 
this prominent up-regulator of hepcidin activity did not 
appear to counteract hepcidin suppression during chronic 
altitude exposure (Goetze et al. 2013; Piperno et al. 2011). 
This further suggests that hypoxia-induced erythropoiesis 
may be an overriding negative regulatory pathway of hep-
cidin activity as compared to inflammatory driven increases 
(Robach et  al. 2009). During acute hypoxic exposure (as 
demonstrated with the current study), significantly lower 
levels of hepcidin would likely mean a more rapid return 
to baseline levels of this hormone in comparison to the 
higher levels seen in the NORM trial. Increases in hepcidin 

levels degrade and internalize the Fpn export channels on 
the cell surfaces of duodenal enterocytes and macrophages 
(Nemeth et al. 2004b). During periods of elevated hepcidin 
activity, the body may be susceptible to reductions in iron 
absorption and recycling, which over time, is likely to com-
promise the individuals’ ability to replenish adequate iron 
for optimal athletic performance. Hence, reduced hepcidin 
levels in the HYP trial may also attenuate the degradation 
of Fpn channels throughout the body, potentially reducing 
the impact on dietary iron absorption in the post-exercise 
period. For athletes prone to exercise-induced anemia, the 
strategy of acute hypoxic environment exposure may possi-
bly enable greater iron absorption from meals consumed in 
the early post-exercise period, providing a novel method for 
potentially improving iron metabolism in the athletic pop-
ulation. In addition, elite athletes traveling to altitude for 
a prolonged period of time should continue to be encour-
aged to use iron supplements during their trip, in order to 
ensure a maximum absorption of iron while hepcidin levels 
are reduced, likely enhancing the erythropoietic process. 
Regardless, further research utilizing similar strategies is 
required to elucidate the potential benefits suggested here.

Conclusion

The recovery from high-intensity exercise efforts under 
a hypoxic stimulus of  ~2,900  m simulated altitude 
(FIO2 ~0.1513) for 3 h was effective in attenuating the 3 h 
post-exercise hepcidin response, possibly via the HIF/HRE 
pathway of erythropoiesis stimulation and hepcidin gene 
attenuation. The reduced hepcidin response seen after the 
hypoxic stimulus might increase an athlete’s ability to 
absorb iron from any meals consumed subsequent to the 
training stimulus as a result of a likely reduction to the dis-
ruption of the Fpn iron exporters in the gut. Nevertheless, 
post-exercise hypoxic exposure in the recovery period after 
training in athletes with compromised iron stores should 
be further explored as a potential strategy to minimize the 
impact of elevated hepcidin levels on disruptions to iron 
absorption.
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