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conditions, but returned to baseline 3 h later. Hepcidin levels 
significantly increased in both conditions  3  h post-exercise 
(p = 0.05), with no significant differences between trials. A 
significant treatment effect was observed between trials for 
sTfR (p = 0.01), but not iron and transferrin saturation.
Conclusion  Acute exercise in hypoxia did not influence 
post-exercise IL-6 production, hepcidin activity or iron 
metabolism compared with exercise at the same relative 
intensity in normoxia. Hence, acute exercise performed at the 
same relative intensity in hypoxia poses no further risk to an 
athlete’s iron status, as compared with exercise in normoxia.

Keywords  Intermittent hypoxic training · Altitude 
training · Iron deficiency · Hepcidin
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ANOVA	� Analysis of variance
CL	�C onfidence limit
CV	�C oefficient of variation

Abstract 
Purpose T his study measured the influence of acute 
hypoxic exercise on Interleukin-6 (IL-6), hepcidin, and iron 
biomarkers in athletes.
Methods  In a repeated measures design, 13 moderately 
trained endurance athletes performed 5 × 4 min intervals at 
90 % of their peak oxygen consumption velocity (vVO2peak)  
in both normoxic [NORM, fraction of inspired oxygen 
(FIO2) = 0.2093, 15.3 ± 1.7 km h−1] and simulated hypoxic 
(HYP, FIO2 = 0.1450, 13.2 ± 1.5 km h−1) conditions. Venous 
blood samples were obtained pre-, post-, and 3 h post-exer-
cise, and analysed for serum hepcidin, IL-6, ferritin, iron, 
soluble transferrin receptor (sTfR), and transferrin saturation.
Results  Peak heart rate was significantly lower in HYP 
compared with NORM (p  =  0.01); however, the rating of 
perceived exertion was similar between trials (p = 0.24). Fer-
ritin (p = 0.02), transferrin (p = 0.03), and IL-6 (p = 0.01) 
significantly increased immediately post-exercise in both 
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EPO	� Erythropoietin
FIO2	� Fraction of expired oxygen
GDF-15	�G rowth differentiation factor-15
GXT	�G raded exercise test
HIF	� Hypoxic inducible factor
HR	� Heart rate
HYP	� Hypoxic exercise trial
IL-6	� Interleukin-6
INT	� High-intensity interval running session
NORM	�N ormoxic exercise trial
RPE	�R ating of perceived exertion
SD	� Standard deviation
sTfR	� Soluble transferrin receptor
VO2peak	� Peak oxygen consumption
vVO2peak	� Velocity attained at peak oxygen 

consumption
VE(ATPS)	� Volume of expired gas (Atmospheric 

temperature and pressure saturated)
VE(STPD)	� Volume of expired gas (Standard  

temperature and pressure dry)
WCX-TOF MS	� Weak cation-exchange time-of-flight 

mass spectroscopy

Introduction

Athletes undertake acute (minutes to hours) and/or chronic 
(weeks) hypoxic exposure to enhance normoxic exercise 
performance. Chronic hypoxic exposure improves tissue 
oxygen transport and extraction by augmenting several 
haematological and non-haematological biomarkers (Gore 
et  al. 2007), which may translate into improved sea-level 
aerobic performance. Maintaining a healthy iron sta-
tus (serum ferritin >30  µg L −1) during hypoxic exposure 
ensures that bone marrow iron delivery sufficiently sup-
ports accelerated erythropoiesis, because iron is involved 
in haemoglobin and myoglobin synthesis whilst also play-
ing a key role in energy metabolism and cellular respira-
tion (Ackrell et  al. 1984; McLane et  al. 1981). However, 
low iron stores have been shown to compromise the hae-
matological adaptations associated with chronic hypoxic 
exposure; thus low iron stores may potentially reduce the 
effectiveness of this training method (Stray-Gundersen 
et al. 1992).

Exercise transiently compromises iron metabolism in 
athletes via an Interleukin-6 (IL-6) mediated increase in 
the iron regulatory hormone, known as hepcidin, 3–6  h 
after exercise (Newlin et al. 2012; Peeling et al. 2009a, b, 
c; Sim et al. 2012, 2013). Elevated hepcidin levels reduce 
iron recycling from senescent erythrocytes and intestinal 
iron absorption by degrading ferroportin iron export chan-
nels, consequently blocking the efflux of iron contained 
on iron storage cells (Nemeth et  al. 2004) into the blood, 

which in turn decreases iron delivery to the bone marrow 
for erythropoiesis. As such, increased hepcidin activity dur-
ing post-exercise recovery, coupled with a transient reduc-
tion in dietary iron absorption, may contribute to the high 
incidence of deficient erythropoiesis reported in athletes 
(Peeling et al. 2008).

In addition to IL-6, serum iron concentration, hypoxia, 
and erythropoietic activity also regulate hepcidin syn-
thesis (Nicolas et  al. 2002). However, because IL-6 and 
hypoxia have opposite effects on hepcidin synthesis, 
the influence of exercise performed in hypoxia on post-
exercise iron metabolism is currently unclear. Indeed, 
although acute hypoxic-exercise augments IL-6 produc-
tion (Lundby and Steensberg 2004), continuous hypoxic 
exposure and an increase in erythropoietic activity have 
been shown to suppress hepcidin levels within 24–48  h 
(Ashby et  al. 2010; Robach et  al. 2009; Talbot et  al. 
2012). However, several other mechanisms, including an 
enhanced transcription of hypoxic inducible factor (HIF) 
1α and 2α (Kapitsinou et al. 2010; Mastrogiannaki et al. 
2012), an increase in serum erythropoietin (EPO) concen-
tration (Robach et  al. 2009, 2013), and an up-regulation 
of growth differentiation factor-15 (GDF-15) (Tanno et al. 
2007) or TWSG1 (Tanno et  al. 2009) may also suppress 
hepcidin expression.

Reduced hepcidin activity in hypoxic conditions 
enhances intestinal iron absorption and iron mobilisation 
from storage sites in the liver, macrophages, intestine, and 
skeletal muscle (Chaston et al. 2011; Hintze and McClung 
2011). Increased mobilisation improves iron delivery to 
the bone marrow for erythropoiesis during times of lim-
ited iron bioavailability, such as during hypoxic exposure, 
or when an individual is iron deficient. With this in mind, 
it is possible that a hypoxic-mediated reduction in hepci-
din expression during hypoxic training could improve the 
dietary iron absorption post-exercise, despite an exercise-
induced increase in IL-6 levels immediately post-exercise, 
thus enabling athletes to maintain a positive iron balance. 
Hence, for athletes undertaking chronic altitude training, 
reduced hepcidin levels during recovery from exercise 
may benefit haematological adaptations by improving 
dietary iron absorption and bone marrow iron delivery, 
regardless of an exercise-induced increase in IL-6 pro-
duction immediately post-exercise. However, whether 
hepcidin suppression occurs following an acute exercise 
session performed in hypoxic conditions is currently 
unknown.

Therefore, this study compared the influence of high-
intensity exercise performed in normoxic and hypoxic con-
ditions on post-exercise IL-6, hepcidin and iron responses. 
It was hypothesised that exercise in hypoxia would attenu-
ate hepcidin activity post-exercise, independent of elevated 
IL-6 levels.
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Methods

Participants

Thirteen (7 males, 6 females) moderately trained endurance 
runners (n =  9) or triathletes (n =  4) participated in this 
study (mean ± standard deviation for age: 28.8 ± 5.3 year, 
body mass: 63.9  ±  11.8  kg, peak oxygen consumption 
(VO2peak): males: 61.0  ±  6.3  mL  kg−1  min−1, females: 
55.0  ±  5.9  mL  kg−1  min−1). Prior to testing, written 
informed consent was obtained from each participant. The 
Human Research Ethics Committee at Edith Cowan Uni-
versity granted approval for this study in accordance with 
the Declaration of Helsinki.

Experimental overview

Participants performed four exercise sessions, scheduled 
at least 7  days apart. The first two sessions were graded 
exercise tests (GXT), which were performed in a coun-
terbalanced order in either a normoxic (NORM, fraction 
of inspired oxygen (FIO2)  =  0.2093) or hypoxic (HYP, 
FIO2 = 0.1450) environment. This test determined the ath-
lete’s VO2peak, running velocity attained at VO2peak (vVO-
2peak), and peak heart rate (HRpeak) within each environ-
ment. The remaining two experimental sessions included a 
high-intensity interval run (INT) on a motorised treadmill 
in either NORM or HYP, in a counterbalanced order. These 
two interval sessions consisted of 5 × 4 min efforts at 90 % 
vVO2peak separated by 1.5 min of passive recovery. Before 
each INT session, a standardised 5  min treadmill-based 
running warm-up was conducted at 65 % vVO2peak, making 
the total session duration 31 min. During each INT session, 
venous blood samples were collected from a forearm ante-
cubital vein before, immediately after exercise, and after 
3 h of passive recovery in normoxic conditions.

Experimental procedures

Graded exercise test (GXT)

The GXT commenced at a speed of 10 km h−1 (females) 
or 12 km h−1 (males) in NORM, and at 8 km h−1 (females) 
or 10 km h−1 (males) in HYP at a 1 % gradient through-
out (Jones and Doust 1996). In a similar design to Blon-
del et al. (2001), the treadmill speed increased by 1 km h−1 
every 4 min, separated by 1 min of passive recovery until 
participants reached volitional exhaustion. During the 
GXT, VO2 for each workload was calculated based upon 
expired gas fractions and volumes. Briefly, expired gas vol-
umes were collected during the final 30 s of each workload 
into a Collins 120 L chain-compensated gasometer (Warren 
E Collins, Braintree, MA, USA) as per (Hart and Withers 

1996). Thereafter, expired gas fractions were determined 
by drawing an expirate sample out the gasometer into a 
2-L Douglas bag, which were analysed using a calibrated 
electrochemical oxygen analyser and an infrared carbon 
dioxide analyser (Ametek Gas Analyzers, Applied Electro-
chemistry, SOV S-3A/1 and COV CD-3A, Pittsburgh, PA). 
The vVO2peak was calculated as the peak running velocity 
attained during the last successfully completed 4 min work-
load, which was multiplied by 0.9 to calculate the velocity 
for the NORM and HYP sessions.

High‑intensity interval running session (INT)

Participants attended the laboratory having refrained from 
exercise and caffeine for 12 h. After collection of the pre-
exercise venous blood sample, participants performed a 
standardised warm-up of 5 min treadmill running at 65 % 
vVO2peak followed by 5 min of dynamic stretching. There-
after, participants ran 5 × 4 min intervals on a motorised 
treadmill in either NORM or HYP conditions. Addition-
ally, during each session, heart rate (HR) was recorded 
continuously and a rating of perceived exertion (RPE) was 
obtained at the conclusion of each interval.

Simulated altitude environment

Altitude was simulated through nitrogen injection (flow 
rate 270 L min−1, VPSA S325 V16, van Amerongen, Tiel, 
The Netherlands) in a 40 m3 environmental chamber (b-Cat 
BV S879, Tiel, The Netherlands). To simulate 3,000 m alti-
tude, the chamber was set at a FIO2 of 0.1450 because the 
chamber was located at sea-level (The University of West-
ern Australia; Perth, Australia).

Venous blood collection

After 10 min of supine rest to control for postural shifts in 
plasma volume (Ahlgrim et al. 2010), a venous blood sam-
ple was collected from a forearm antecuitbal vein using a 
22-gauge needle, filling two 8.5 mL blood collection tubes 
(SST II Gel; BD Vacutainer™, New Jersey, USA). These 
tubes then clotted at room temperature for 30 min before 
centrifugation at 10 °C and a speed of 1.1 r.c.f (3,000g) for 
10  min. After centrifugation, the serum supernatant was 
transferred into 4 × 1 mL aliquots and stored at −80 °C for 
batch analysis.

Serum hepcidin

Serum hepcidin measurements were performed (Testing 
lab: Hepcidinanalysis.com, Nijmegen, The Netherlands) 
by a combination of weak cation exchange chromatogra-
phy and time-of-flight mass spectrometry (WCX-TOF MS) 
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using an internal standard (synthetic hepcidin-24; custom 
made Peptide International Inc.) for quantification (Kroot 
et al. 2010; Swinkels et al. 2008). Peptide spectra were gen-
erated on a Microflex LT matrix-assisted laser desorption/
ionisation TOF-MS platform (Bruker Daltonics). Serum 
hepcidin-25 concentrations were expressed as nmol L −1 
[nM]. The lower limit of detection of this method was 
0.5 nM. The median reference level of serum hepcidin-25 
(Dutch population) is 4.5 nM for men, 2.0 nM for premen-
opausal women, and 4.9  nM for postmenopausal women. 
The reference levels for the WCX-TOF MS method are 
derived from those of our enzyme method (Galesloot et al. 
2011), based on the regression line between the Enzyme 
Linked Immunosorbent Assay (ELISA) and WCX-TOF 
MS results obtained for the same samples from patients 
without hepcidin isoforms. Details on the WCX-TOF MS 
reference values for hepcidin in adults can be found at 
www.hepcidinanalysis.com.

Serum interleukin‑6

Serum IL-6 was analysed using a commercially available 
ELISA kit (Quantikine, HS, R & D Systems, Minneapolis, 
USA) with an assay range of 0.447–9.96 ng L−1.

Iron studies

Serum ferritin concentration was analysed on an Architect 
i4000SR analyser (Abbott Diagnostics, Abbott Laborato-
ries, Abbott Park, IL 60064 USA) using Chemolumines-
ence Microparticle Immunoassay (CMIA) technology. 
Serum iron and transferrin were measured on the Architect 
analyser (c1600210, Abbott Diagnostics, Abbott Laborato-
ries, Abbott Park, IL 60064, USA). Serum iron levels were 
measured using spectrophotometry after adding an iron rea-
gent (Sentinel Diagnostics, Milan, Italy). Serum transfer-
rin levels were measured using immunoturbidimetry after 
adding transferrin antibodies (Abbott Diagnostics, Abbott 
Laboratories, Abbott Park, IL 60064 USA). Additionally, 
transferrin saturation was calculated by dividing serum iron 
by the total iron binding capacity. Soluble transferrin recep-
tor (sTfR) was measured by latex enhanced immunoturbi-
dimetry via Tina Quant® (Roche Diagnostics GmbH, Man-
nheim, Germany) on a Cobas Integra 800 modular system 
(Roche Diagnostics GmbH) with absorbance measured at 
583 nM.

Statistical analysis

A 2 ×  2 repeated measures ANOVA analysed the effects 
of Time (2 levels: pre-exercise, post-exercise) and Treat-
ment (2 levels: NORM, HYP) on IL-6 and hepcidin levels. 
Additionally, a 3 × 2 ANOVA analysed the effects of Time 

(3 levels: pre-exercise, post-exercise, 3  h post-exercise), 
Treatment (2 levels: NORM, HYP), and their interaction on 
the abovementioned iron parameters. In the event of a sig-
nificant main or interaction effects, a post hoc Bonferroni 
correction for multiple comparisons was applied to adjust 
the family-wise error rate. Significance was set at an alpha 
level of p ≤ 0.05.

Data were also analysed via a contemporary statistical 
approach using standardised mean differences as a Cohen’s 
d effect size (Hopkins et al. 2009). To calculate the standard-
ised mean difference, the mean difference between pre-exer-
cise and post-exercise values was divided by the standard 
deviation of the pre-exercise value. Effect sizes were then 
interpreted using Cohen’s Scale for Effect Sizes (Cohen 
1988) with the following qualitative descriptors: “small” 
(0.2–0.6), “moderate” (0.6–1.2), “large” (1.2–2.0), “very 
large” (2.0–4.0). Additionally, 90  % confidence intervals 
were used to ascertain the certainty with which the effects 
occurred. Situations where the confidence limits simultane-
ously overlapped positive and the negative thresholds were 
deemed unclear.

Results

Interval running session

There was no significant difference in ambient temperature 
(NORM: 22.2 ±  1.4  °C, HYP: 22.9 ±  1.3  °C, p =  0.12) 
or barometric pressure (NORM: 759.5  ±  9.41  mmHg, 
HYP: 758.1 ± 3.1 mmHg, p = 0.52) between the NORM 
or HYP sessions. The FIO2 was 0.2081  ±  0.0026 and 
0.1450  ±  0.0005 for NORM and HYP, respectively. The 
relative running velocity (90 % vVO2peak) and HRpeak were 
significantly lower during HYP as compared to NORM 
(vVO2peak: p = 0.01, HRpeak: p = 0.01); however, there was 
no significant difference (p = 0.24) in RPE between trials 
(Table 1).

Serum interleukin‑6

Baseline IL-6 rose significantly post-exercise in both con-
ditions (p = 0.01); however, there were no significant treat-
ment (p = 0.60) or interaction effects (p = 0.48) (Table 2). 
The significant time effect was supported by moderate 
(d = 0.60) and large (d = 1.49) effect sizes for NORM and 
HYP, respectively (Table 2).

Hepcidin

A significant time effect indicated that serum hepcidin 
increased from baseline levels at 3 h post-exercise in both 
conditions (p  =  0.05). This time effect was supported 

http://www.hepcidinanalysis.com
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by moderate effect sizes in both the NORM and HYP 
(Table  2). No treatment (p  =  0.66) or interaction effect 
(p =  0.39) was present in NORM and HYP, respectively 
(Table 2).

Iron parameters

Iron parameters are presented in Table  3. No significant 
time (p = 0.27), treatment (p = 0.49) or interaction effect 
(p = 0.62) was present for serum iron concentration. How-
ever, a significant time effect existed for serum ferritin 
(p  =  0.03) and transferrin concentrations (p  =  0.01) in 
both conditions. These parameters significantly increased 
from baseline levels immediately post-exercise (serum fer-
ritin: p =  0.04, serum transferrin: p =  0.08) but returned 
to baseline levels by 3  h post-exercise (serum ferritin: 
p = 0.05, serum transferrin: p = 0.02). Serum sTfR showed 
a significant treatment effect (p = 0.01), corresponding to a 
trivial effect in the NORM (d = 0.08) and HYP conditions 
(d = 0.14) (Table 3), but no significant time (p = 0.07) or 
interaction effect (p  =  0.06) existed. No significant time 
(serum iron: p  =  0.27, transferrin saturation: p  =  0.65), 
treatment (serum iron: p  =  0.49, transferrin saturation: 
p = 0.62) or interaction effect (serum iron: p = 0.62, trans-
ferrin saturation: p = 0.72) existed for serum iron or trans-
ferrin saturation.

Discussion

To our knowledge, this is the first study to examine the rela-
tionship between IL-6, hepcidin, and iron metabolism after 
acute exercise conducted in hypoxia. We hypothesised that 
acute exercise in hypoxia, performed at the same relative 
intensity as exercise in normoxia, would attenuate hepcidin 
activity 3 h after passive recovery in normoxia. Our find-
ings did not support this hypothesis, with similar responses 
in IL-6 and hepcidin reported following interval exercise in 
both conditions. Furthermore, no differences in post-exer-
cise iron biomarkers were observed between the two condi-
tions, indicating a similar iron response between trials.

Exercise intensity and duration are key moderators of 
the IL-6 response, which has recently been proposed as 
the main mechanism responsible for elevated hepcidin 
levels 3–6  h after exercise in normoxic conditions (New-
lin et al. 2012; Peeling et al. 2009a, b, c; Sim et al. 2012, 
2013). As such, the matched relative exercise intensity 
may account for the similarity of the post-exercise bio-
marker responses between the two conditions observed in 
the present study, since the overall mechanical work per-
formed during the hypoxic session was less than that per-
formed during the normoxic session. Indeed, exercise 
intensity, rather than hypoxic exposure itself, may be a 
greater mediator of IL-6 production after an acute exer-
cise session in hypoxia. Similar to our findings, compara-
ble IL-6 production immediately after 60 min of cycling in 
both a normoxic (FIO2 = 0.2093) and hypoxic environment 
(FIO2 = 0.1240) at a matched relative intensity of ~45 % 
VO2max has previously been reported (Lundby and Steens-
berg 2004), although cycling at the same absolute intensity 
(154 W, ~54  % VO2max) in hypoxia augmented IL-6 pro-
duction post-exercise. Thus, performing an acute exercise 
session at the same absolute exercise intensity may aug-
ment rather than suppress hepcidin production after exer-
cise, owing to an augmented IL-6 response immediately 
after exercise, which may impair post-exercise iron absorp-
tion. However, further research is required to compare the 
hepcidin and iron biomarker response between hypoxic and 

Table 1   Response of common physiological variables to a 5 × 4 min 
interval running session at 90  % of the peak oxygen consumption 
velocity (vVO2peak)

Data are expressed as mean (standard deviation)

* Significantly different to normoxic condition (p < 0.05)

** Significantly difference different to normoxic condition (p < 0.01)

Normoxia Hypoxia

vVO2peak (km h−1) 17.0 (1.9) 14.7** (1.7)

90 % vVO2peak (km h−1) 15.3 (1.7) 13.2** (1.5)

Peak heart rate (beats min−1) 173 (9) 168** (11)

Rating of perceived exertion 15.0 (1.5) 15.0 (2.0)

Table 2   Interleukin-6 and hepcidin response to a 5 × 4 min interval running session at 90 % of peak oxygen consumption velocity performed in 
normoxic and hypoxic conditions

Data are expressed as mean (standard deviation); Cohen’s d effect sizes are expressed with 90 % confidence limits

* Significantly different to baseline (p < 0.05)

** Significantly different to baseline (p < 0.01)

Interleukin-6 (ng mL−1) Hepcidin (nmol L−1)

Pre Post Effect size Pre 3 h post Effect size

Normoxia 0.50 (0.34) 1.11** (0.43) 0.61 [0.39, 0.89] 3.32 (2.48) 4.17* (2.94) 0.84 [0.13, 1.56]

Hypoxia 0.56 (0.46) 1.24** (0.56) 1.49 [1.15, 1.82] 2.85 (2.01) 4.33* (3.29) 0.74 [0.19, 1.29]
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normoxic exercise performed at a matched absolute, rather 
than a relative intensity.

The length of hypoxic exposure in this study (~31 min) 
may have been insufficient to up-regulate EPO, suppress 
hepcidin synthesis or affect iron uptake kinetics. Hepci-
din suppression occurs within 24–48  h when induced by 
low- and high-dose EPO administration (Ashby et al. 2010; 
Lainé et al. 2011; Robach et al. 2009, 2013), blood removal 
(Ashby et al. 2010), or chronic hypoxic exposure (Piperno 
et  al. 2010; Talbot et  al. 2012). Although EPO concen-
tration was not measured in the current study, Rodríguez 
et  al. (1999) previously observed a significant increase in 
EPO after 90 min of hypoxic exposure at a simulated alti-
tude of 5,500 m (540 hPa). Furthermore, Mackenzie et al. 
(2008) reported a significant increase in EPO levels asso-
ciated with 90 min of hypoxic exposure (FIO2 =  0.1480) 
preceding a 30-min treadmill run at 50 % VO2max, although 
Knaupp et  al. (1992) observed no increase in EPO after 
~120 min of hypoxic exposure (FIO2 = 0.1050). Consider-
ing that the duration of the hypoxic exposure used in these 
studies was 3–4 times greater than ours, but no clear or 
consistent increase in EPO levels were present, the length 
of hypoxic exposure in the current study was likely insuffi-
cient to up-regulate EPO synthesis, thus having little influ-
ence on hepcidin synthesis and iron metabolism. However, 
these protocols were performed at a lower intensity than 

that used in the current study and do not represent a typi-
cal intermittent hypoxic interval training session utilised 
by endurance athletes. From a practical perspective, further 
research may be required to elucidate the response of these 
biomarkers during exercise recovery when manipulating 
the frequency, duration or intensity of hypoxic exercise.

Whilst athletes do not typically recover in hypoxic con-
ditions after intermittent hypoxic training (IHT) protocols 
(Humberstone-Gough et al. 2013), it is unlikely that recov-
ering in normoxia affected the iron biomarker responses 
seen here. Recovering in hypoxia would have extended 
the total hypoxic dose to ~3.5  h, which is still consider-
ably less than the 24–48 h reportedly required to suppress 
hepcidin activity (Ashby et  al. 2010; Piperno et  al. 2010; 
Robach et  al. 2013; Talbot et  al. 2012) and lower than 
that experienced by athletes during chronic altitude train-
ing (21 days, 14 h day−1). Nevertheless, Badenhorst et al. 
(2014) showed that hepcidin levels were ~27 and ~34  % 
lower, respectively, 3  h and 24  h after interval exercise 
(8  ×  3  min at 85  % vVO2peak) when athletes recovered 
for 3  h in hypoxia (FIO2 =  0.1508) as compared to nor-
moxia (FIO2 = 0.2093). However, a similar iron biomarker 
response existed 3 and 24  h post-exercise between these 
two recovery conditions. Hence, athletes who recover in 
hypoxic conditions may experience lower hepcidin levels, 
which may promote iron mobilisation from storage sites 

Table 3   Response of iron parameters to a 5 × 4 min interval running session at 90 % of velocity attained at maximal oxygen consumption in 
normoxic and hypoxic conditions

Data are expressed as mean (standard deviation); Cohen’s d effect sizes are expressed with 90 % confidence limits

* Significantly different to baseline (p < 0.05)
†  Significantly different from post-exercise (p < 0.05)
^  Significantly different between trials (p < 0.05)

Serum iron 
parameters

Normoxia (n = 13) Hypoxia (n = 13)

Pre Post 3 h Effect size  
(Pre vs. post)

Effect size  
(Pre vs. 3 h)

Pre Post 3 h post Effect size (Pre 
vs. post)

Effect size  
(Pre vs. 3 h)

Iron (µmol L−1) 16.75 17.14 16.21 0.38 −0.55 15.48 16.24 15.59 0.22 0.03

(3.80) (3.97) (4.43) [−0.03, 0.80] [−1.66, 0.56] (3.43) (3.58) 5.23 [0.09, 0.35] [−0.49, 0.56]

Ferritin (µg L−1) 75.67 81.72* 74.42† 0.10 −0.02 73.88 80.35* 74.20† 0.11 0.01

(61.87) (66.93) (61.05) [0.04, 0.15] [−0.15, 0.10] (57.08) (60.51) (58.54) [0.04, 0.18] [−0.06, 0.07]

Transferrin 
(mg L−1)

31.57 32.34* 31.13† 0.15 −0.25 30.91 31.51* 30.65† 0.01 −0.05

(5.00) (4.90) (4.68) [0.06, 0.25] [0.08, 0.17] (5.59) (5.37) (5.49) [0.04, 0.17] [−0.13, 0.04]

Transferrin satu-
ration (%)

26.89 26.89 26.33 0.00 −0.56 25.3 26.02 25.34 0.14 0.01

(6.57) (7.02) (8.04) [0.00, 0.00] [−2.55, 1.99] (5.13) (5.10) (6.50) [0.00, 0.28] [−0.58, 0.59]

sTfR (mg L−1) 2.94^ 2.97 2.88 0.08 −0.19 2.74^ 2.79 2.7 0.14 −0.11

(0.35) (0.37) (0.30) [−0.04, 0.20] [−0.64, 0.25] (0.37) (0.40) (0.39) [0.02, 0.25] [−0.27, 0.05]

Haemoglobin 
concentration 
(g L−1)

139 141* 138 0.20 −0.02 136 140* 135 0.34 −0.04

108 102 95 [0.01, 0.39] [−0.31, 0.26] 141 127 113 [0.16, 0.51] [−0.25, 0.17]

Haematocrit 
(L L−1)

0.40 0.41 0.40 0.15 −0.02 0.39 0.40* 0.38 0.19 −0.19

0.00 0.00 0.00 [−0.02, 0.32] [−0.32, 0.27] 0.00 0.00 0.00 [0.04, 0.34] [0.41, 0.03]
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and improve dietary iron absorption. Conceivably, recov-
ering in hypoxic conditions could assist athletes to main-
tain a healthy iron status throughout competitive season by 
transiently improving iron absorption from post-exercise 
meals.

Athletes may recover in hypoxic conditions after exer-
cise during simulated and natural live high, train low 
(LHTL) and live high, train high (LHTH) protocols; thus 
hepcidin expression after exercise in these protocols is 
likely to be lower than compared to acute IHT, owing to a 
larger total time spent in hypoxia. Indeed, from a practical 
perspective, Saunders (2009) recommended that athletes 
avoid interval exercise upon initial exposure to moderate 
(2,000–3,000 m) and high altitudes (>3,500 m) to reduce 
the effect of an exercise-induced increase in haemolysis 
or inflammatory cytokines, and an impairment in EPO 
production resulting from the acidic nature of high-inten-
sity exercise. Thus, given that high-intensity exercise is 
unlikely to be performed in the first 24–48  h of hypoxic 
exposure during LHTL and LHTH protocols, it is probable 
that hepcidin levels would already be suppressed if exer-
cise were performed on the third or fourth day of chronic 
hypoxic exposure. If so, then recovering in hypoxic con-
ditions may lower hepcidin activity during recovery from 
exercise, thus improving iron absorption from post-exer-
cise meals and its mobilisation from storage sites, conse-
quently providing the bone marrow with sufficient iron to 
cope with accelerated erythropoiesis in hypoxia. However, 
whether the cumulative hypoxic exposure experienced 
during chronic intermittent hypoxic training protocols 
similarly influences post-exercise hepcidin expression or 
not is currently unknown.

Iron parameters

In the current investigation, serum ferritin and transferrin 
concentrations significantly increased from baseline levels 
post-exercise in both trials, but returned to baseline lev-
els within 3 h of recovery. However, serum iron, transfer-
rin saturation, and soluble transferrin receptor concentra-
tions did not significantly increase above baseline levels 
at any time point in either exercise trial. The rise in IL-6 
and serum ferritin immediately post-exercise in the cur-
rent study are analogous to an acute-phase response (Fallon 
et al. 2001), which serves to reduce the availability of iron 
to invading pathogens in a process known as iron withhold-
ing. Serum iron, ferritin and transferrin saturation are posi-
tive acute-phase reactants (Epstein et  al. 1999), although 
an increase in serum iron and transferrin saturation may 
also result from exercise-related haemolysis. Our findings 
are comparable to Sim et al. (2012) who also reported an 
increase in serum ferritin and transferrin in male endurance 
athletes immediately after a 90-min treadmill run at 75 % 

vVO2peak. Whilst transferrin is considered a negative acute-
phase protein (Epstein et  al. 1999), a small increase (Sim 
et  al. 2012) or no change in this biomarker (Schumacher 
2002) has been reported after acute exercise. Indeed, as 
Gimenez et al. (1988) proposed, haemoconcentration could 
explain the elevation in transferrin after high-intensity 
exercise seen in the current study. In contrast to Sim et al. 
(2012), sTfR was not significantly elevated post-exercise 
in either condition. An elevation in sTfR reflects increased 
bone marrow iron requirements associated with accelerated 
erythropoiesis (Beguin 2003), which is known to occur 
during prolonged hypoxic exposure (Clark et  al. 2009; 
Garvican et al. 2010). However, in this study, an exercise-
induced increase in inflammatory cytokines and/or haemol-
ysis rather than hypoxic exposure was likely the key driver 
of changes in these markers of iron status after exercise.

Conclusion

Acute (~31  min) interval exercise performed in hypoxic 
conditions did not attenuate post-exercise hepcidin activ-
ity or alter iron metabolism as compared to exercise per-
formed at the same relativity intensity in normoxic con-
ditions. Such an outcome was most likely a result of the 
short-duration hypoxic exposure. Thus, from a practical 
perspective, whilst exercising in acute hypoxic conditions 
may not negatively affect dietary iron absorption after 
exercise, it may not improve it either. However, future 
research is required to determine the effect of manipulat-
ing the frequency, duration, and intensity of exercise per-
formed in hypoxic conditions on the hepcidin and iron bio-
marker responses after exercise. Additionally, investigating 
the influence of chronic (several weeks), intermittent, and 
continuous hypoxic training on hepcidin activity and iron 
metabolism could also improve our understanding of how 
iron balance is maintained during training that utilises such 
environmental manipulation, which may enable sports sci-
entists to maximise the haematological adaptations associ-
ated with hypoxic exposure.
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