
 

 

Exercise Induced Hemolysis, Inflammation 

and Hepcidin Activity in Endurance Trained 

Runners 

 

 

 

Peter Daniel Peeling  

Bachelor of Science (Honours) 

 

 

 

 

 

 

This Thesis is presented for the degree of Doctor of Philosophy at 

The University of Western Australia 

 

School of Sport Science, Exercise and Health 

2009 

 



i 

 

 

 

Well, we knocked the bastard off! 

Sir Edmund Hillary, on first climbing Mount Everest   



ii 

 

Statement of Candidate Contribution   

 

The work involved in designing and conducting the studies described in this thesis has 

been completed primarily by Peter Peeling (the candidate). The thesis outline and 

experimental design of the studies was developed and planned in consultation with 

Professor Brian Dawson, Dr Grant Landers and Dr Carmel Goodman (the candidates 

supervisors). All participant recruitment and management was carried out entirely by 

the candidate, along with the organisation, implementation and performance of every 

experimental trial. The assistance of Dr Dorine Swinkels and Erwin Wiegerinck from 

the Department of Clinical Chemistry (Radboud University, The Netherlands) was 

required to perform the urine analysis of hepcidin, since this laboratory is one of only 

two in the world to measure this hormone. The assistance of Associate Professor Debbie 

Trinder from the School of Medicine and Pharmacology (UWA) was required to gain 

grant funding and to set up this collaboration with the hepcidin analysis team in the 

Netherlands.  

 

Signed: 

 

Peter Peeling 

(Candidate) 

 

 



iii 

 

Executive Summary 

Iron is a trace mineral used by the body in many physiological processes that are 

essential to athletic performance. Commonly, the body‘s iron stores are compromised 

by exercise via several well established mechanisms. One such mechanism is the 

destruction of red blood cells (hemolysis), in response to the mechanical stress and 

circulatory strain of exercise. Although it appears that a force-dependent relationship 

between the heel-strike of the running gait and ground contact exists, the effects of the 

intensity trained at and the ground surface type trained upon have not been documented. 

Similarly, the effects of a cumulative training stress (i.e. multiple daily sessions) has not 

been examined. In addition to hemolysis, exercise also invokes an inflammatory 

response that results in an up-regulation of the cytokine interleukin-6 (IL-6). This 

cytokine is the primary mediator of hepcidin expression, a liver-produced hormone that 

regulates iron metabolism in the gut and in macrophages. The influence of exercise on 

hepcidin expression is relatively unknown, and as such it is possible that this hormone 

may be a mitigating factor implicated in athletic-induced iron deficiency.  

 

Therefore, the purpose of this thesis was to investigate the effect of different training 

frequencies, intensities and ground surfaces on the hemolytic response. In addition, the 

impact of exercise-induced inflammation on hepcidin expression in the 24 h post-

exercise was investigated, with the aim of determining whether this hormone may be a 

potential new mechanism associated with athletic-induced iron deficiency. Finally, an 

interaction between hemolysis and hepcidin activity was examined to investigate their 

potential combined effect on iron status in the 24 h post-exercise.  

 

Paper one of this thesis investigated the time course of inflammatory response, urinary 

hepcidin production and iron status changes in athletes during the initial 24 h after 
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endurance exercise. Eleven moderately trained athletes (6 male and 5 female) 

participated in three laboratory testing sessions, including a graded-exercise test for 

determination of peak oxygen consumption ( V O2peak) and peak heart rate (HRpeak), a 60 

min trial of running (RUN), including 15 min at 75-80% HRpeak and 45 min at 85-90% 

HRpeak, and a 60 min trial of seated rest (REST). Throughout the RUN and REST trials, 

venous blood and urine samples were collected pre- and immediately post-trial, and 

then at 3, 6 and 24 h of recovery. Serum samples were analysed for IL-6, C-Reactive 

Protein (CRP), serum iron and serum ferritin. Urine samples were analysed for urinary 

hepcidin activity.  

 

Blood data revealed that three participants were classified as stage 1 iron deficient, and 

consequently were removed from the analysis. For the remaining eight healthy iron 

status subjects, the immediate post-RUN levels of IL-6 and 24 h post-RUN levels of 

CRP were significantly increased from baseline, and also greater than measured in the 

REST trial (p<0.05). Hepcidin levels in the RUN trial after 3, 6 and 24 h of recovery 

were significantly greater than the pre- and immediate post-RUN levels (p<0.05), and 

also when compared to the 3 h time point of the REST trial (p<0.05). These results 

suggested that in healthy iron status subjects, high intensity exercise was responsible for 

a significant increase in hepcidin levels subsequent to significant increases in IL-6 

production, and it was suggested that chronic exposure to such a stimulus may 

potentially lead to the early stages of iron deficiency. 

 

The establishment of a time-course for hepcidin activity in response to exercise allowed 

for sampling of the most appropriate time points to show changes of this hormone in 

studies two and three. The aim of the second investigation was to assess the effects of 

training intensity and ground surface type on the amount of hemolysis, inflammation 
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and hepcidin activity experienced during running. For this study, ten highly endurance 

trained male athletes were required to complete a graded exercise test, a continuous 10 

km run on both a grass (GRASS) and bitumen road surface (ROAD) at 75-80% peak 

V O2 running velocity, and a 10 x 1 km intervals running session (INT) on grass at 90-

95% of the peak V O2 running velocity. During each session, venous blood and urine 

samples were collected pre and immediately post-exercise, and at 3 and 24 h of 

recovery. Serum samples were analysed for circulating levels of IL-6, free hemoglobin 

(Hb), haptoglobin (Hp), serum iron and ferritin. Urine samples were analysed for 

changes in hepcidin activity.  

 

After running, IL-6, free Hb and Hp levels were significantly greater than pre-exercise 

values in all three conditions (p<0.05). Additionally, IL-6 and the change in free Hb 

from baseline were significantly greater in the INT compared to the GRASS trial 

(p<0.05). No differences between the GRASS and ROAD training surfaces (p>0.05) 

were evident. Serum iron and ferritin were significantly increased post-exercise in all 

three conditions (p<0.05), but were not different between trials. As such, it was 

concluded that inflammation, hemolysis and hepcidin production are all evident at the 

conclusion of running, regardless of the surface trained upon, and that higher running 

intensities incur more inflammation and hemolysis than lower intensities. 

 

With the effect of running intensity and training surface established, the final study 

assessed the affect of two training sessions separated by 12 h on the amount of 

hemolysis, inflammation and hepcidin activity incurred. Ten well trained male athletes 

completed a two session training period (T2), comprising a continuous 10 km run at 

70% peak V O2 running velocity (T2LSD) and a 10 x 1 km intervals based session at 90% 

peak V O2 running velocity (T2INT) 12 h later. A control condition was also 
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implemented of a one session training period (T1), comprising the 10 x 1 km intervals 

session only (T1INT). Venous blood and urine samples were collected pre- and 

immediately post-exercise, and at 3 and 24 h of recovery. Samples were analysed for 

circulating levels of IL-6, free Hb, Hp, serum iron, ferritin and urinary hepcidin activity.   

 

At the conclusion of both the T1 and T2 interval runs, the free Hb and serum Hp were 

significantly increased (p<0.05) from pre-exercise levels. Furthermore, a cumulative 

effect of two running sessions was shown in the T2 trial, via a further significant fall in 

serum Hp. The IL-6 and hepcidin activity were significantly increased after each 

running session (p<0.05) with no cumulative effect seen. Serum iron and ferritin were 

significantly increased post-exercise after each interval run (p<0.05), but were not 

influenced by the addition of a prior LSD run 12 h earlier. As a result, this investigation 

showed a cumulative effect of consecutive training sessions on RBC destruction in male 

athletes. Furthermore, post-exercise increases to serum iron and hepcidin, and their 

interaction was suggested to have potential implications for an athlete‘s iron status.  

 

Overall, the findings of this thesis show that hemolysis is evident at the conclusion of 

endurance running, and is influenced by training intensity and frequency. The results 

enabled a time-line for hepcidin expression post-exercise to be established, and the 

implications of increases to the activity of this hormone, in association with the 

hemolytic changes seen with endurance exercise are discussed.   
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Chapter I 

 

 

Introduction 



2 

 

1.0  Introduction 

Iron is ubiquitous throughout the body, and is widely utilised in oxygen transport and 

energy production (Williams, 2005). As a result, efficient iron metabolism and optimal 

iron stores are essential to athletic performance (Schumacher et al., 2002). However, the 

mechanical impact and circulatory strain created by exercise (especially running) act to 

reduce the body‘s iron stores through a host of well established mechanisms. Since the 

body cannot produce iron, daily dietary intake and absorption is necessary to obtain and 

maintain the required amounts of this nutrient. As such, many athletes are commonly 

diagnosed with an iron deficiency, which left untreated can severely impact on athletic 

performance (Nelson et al., 1994; Schumacher et al., 2002). 

 

Exercise-induced iron losses have been shown to occur via a number of mechanisms 

such as hemolysis, hematuria, gastrointestinal bleeding and sweating (Babic et al., 2001; 

DeRuisseau et al., 2002; McInnis et al., 1998; Zoller & Vogel, 2004). Of these 

mechanisms, hemolysis appears to be the major contributor. Hemolysis occurs during 

exercise modalities such as swimming, cycling, rowing and resistance training (Selby & 

Eichner, 1986; Telford et al., 2003). However, the greatest degree of hemolysis is 

thought to occur from running-based exercise, due to the impact stress of heel strike, 

which acts to breach the integrity of the red blood cell (Telford et al., 2003).  

 

In addition to hemolysis, the stress associated with exercise also induces an 

inflammatory mediated reaction known as the acute phase response (Fallon 2001; 

Margeli et al., 2005). This reaction causes the up-regulation of acute-phase proteins and 

cytokines that act to mediate the inflammatory process. Interleukin-6 (IL-6) is one such 

cytokine that is produced at the completion of exercise, increasing up to 100 times its 

resting levels (Helge et al., 2003). Interleukin-6 has also been recognised as one of the 
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precursors to increased liver production of the iron regulatory hormone hepcidin 

(Nemeth et al., 2004a). Other regulators of hepcidin activity include current iron status 

and the demand for erythropoiesis as sensed by liver oxygenation (Nemeth et al., 

2004b). Hepcidin acts negatively on iron metabolism by internalising the ferroportin 

iron transport channels (Fpn) on the duodenal enterocytes of the gut, and on the cell 

surface of macrophages (Nemeth et al., 2004a; Nemeth et al., 2004b). As a result, iron 

absorption from the diet and the recycling of iron from macrophages is reduced during 

periods of elevated hepcidin activity (Nemeth et al., 2004a; Nemeth et al., 2004b).  

 

Exercise is responsible for marked increases in IL-6 activity, in addition to acute 

changes in iron status. As such, it seems inevitable that an increased production of 

hepcidin would follow physical activity. Such a theory suggests a potential new 

mechanism behind iron deficiency in athletes. However, this hypothesis has only been 

tested by one research group (Roecker et al., 2005), with limited measured post-exercise 

time points, and no associated blood measures. Therefore, it is imperative that more 

research be conducted into exercise-induced acute-phase inflammatory and iron 

responses, to better understand the effects on an athlete‘s iron metabolism.  

 

1.1  Statement of the Problem 

Iron deficiency is commonly diagnosed in endurance athletes, since the mechanical 

impact and circulatory strain that occurs during exercise may cause iron to be lost from 

the body. Currently, hemolysis during running-based activity is considered the most 

dominant cause of exercise-induced iron loss (Telford et al., 2003), primarily due to the 

forces encountered at heel-strike (Miller et al., 1988; Telford et al., 2003). As a result, it 

is possible that the intensity at which athletes train; and the ground surfaces they choose 

to run on may further exacerbate iron loss via this mechanism. In addition, the number 
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of sessions completed in one day may have a cumulative effect on the hemolytic 

response. However, to date such hypotheses have not been tested. Therefore, the series 

of papers presented here are designed to examine any impact of training frequency, 

intensity, and ground surface on the hemolytic response to exercise, and hepcidin 

production post-exercise.  

 

In addition to the more commonly known mechanisms of exercise-induced iron loss, it 

has recently been reported that the iron regulatory hormone hepcidin is elevated at the 

conclusion of exercise (Roecker et al., 2005). Hepcidin is a relatively new hormone, 

discovered to be elevated in patients with chronic inflammatory disease (Nemeth et al., 

2003), and suppressed in patients with hemochromatosis (iron overload) (Goswami & 

Andrews, 2006). Hepcidin acts to internalise the Fpn transport channels, effectively 

trapping iron from senescent red blood cells inside of macrophages, and decreasing the 

absorption of dietary iron in the intestine (Nemeth et al., 2004b). Both responses are 

negative when applied to athletes struggling to maintain a healthy iron balance. Despite 

Roecker et al., (2005) establishing that hepcidin was increased at the conclusion of 

exercise, no research has explored the time course of activity, or the response to 

different training intensities or training frequency. Therefore, the response of hepcidin 

to exercise is a potential new mechanism behind exercise-induced iron deficiency that 

warrants further detailed analysis.  

 

1.2  Aims 

The primary aim of this thesis was to investigate the acute inflammatory and hormonal 

responses to endurance and interval running exercise, and their effect on the acute iron 

status of athletes. Furthermore, this series of investigations explored the degree of 

hemolysis incurred from the training surface, the training intensity and the training 
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frequency. The results of these investigations may provide new insights into the 

mechanisms behind exercise-induced iron deficiency.  

 

Specifically, the aims of this thesis were to investigate; 

 

 The response of urinary hepcidin activity during the initial 24 h following high 

intensity endurance exercise. 

 

 The degree of hemolysis incurred in male athletes during endurance running on 

two commonly used training surfaces and intensities. 

 

 The cumulative effect in male athletes of two running-based endurance training 

sessions within 12 h on hemolysis, inflammation and hepcidin activity. 

 

1.3  Research Hypotheses 

 

 High intensity exercise will result in an increased urinary hepcidin level, 

occurring subsequent to an exercise-mediated increase in serum iron and IL-6. 

  

 A greater amount of hemolysis will be seen after running on a road surface when 

compared to grass. 

 

 A greater amount of hemolysis will be seen after high intensity running when 

compared to low intensity running. 
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 Hemolysis, inflammation and hepcidin responses will be greater after two training 

sessions that are completed within 12 h, when compared to a single training 

session.   

 

1.4  Organisation and Structure of the Thesis 

This thesis is organised as a series of chapters, based on papers submitted for 

publication in peer-reviewed journals. Following this chapter (Introduction) is the 

Literature Review (Chapter 2), which aims to provide a basis of current knowledge in 

this area, whilst highlighting the areas that have to date been unexplored. Subsequently, 

there are three original investigations (Chapters 3, 4 and 5) which address the effect of 

training surface, training intensity, and training frequency on the inflammatory, 

hormonal and hemolytic response to running. Finally, the Summary and Conclusions 

section (Chapter 6), attempts to integrate the findings of this thesis and present 

conclusions, implications and directions for future research. 

  

1.5  Significance of the Study 

The results and conclusions of this research are applicable to athletes that are 

susceptible to compromised iron stores during periods of heavy training or competition. 

The outcomes may provide sports physicians, sports physiologists and athletic coaches 

with information that relate to better training strategies and dietary management for 

such athletes. The ultimate goal of this research is to better understand the mechanisms 

involved in athletic-induced iron deficiency, and to provide new information about the 

role of inflammation and hormones in this process, to assist in preventing a decrement 

to athletic performance. 
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Chapter II 

 

 

Athletic Induced Iron Deficiency: New Insights into the Role of 

Inflammation, Cytokines and Hormones 
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deficiency: new insights into the role of inflammation, cytokines and hormones. Eur J 
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2.0  Abstract 

Iron is utilised by the body for oxygen transport and energy production, and is therefore 

essential to athletic performance. Commonly, athletes are diagnosed as iron deficient, 

however, contrasting evidence exists as to the severity of deficiency and the effect on 

performance. Iron losses can result from a host of mechanisms during exercise such as 

hemolysis, hematuria, sweating and gastrointestinal bleeding. Additionally, recent 

research investigating the anemia of inflammation during states of chronic disease has 

allowed us to draw some comparisons between unhealthy populations and athletes. The 

acute-phase response is a well-recognised reaction to both exercise and disease. 

Elevated cytokine levels from such a response have been shown to increase the liver 

production of the hormone Hepcidin. Hepcidin up-regulation has a negative impact on 

the iron transport and absorption channels within the body, and may explain a potential 

new mechanism behind iron deficiency in athletes. This review will attempt to explore 

the current literature that exits in this new area of iron metabolism and exercise. 

 

 

Keywords 

Iron Deficiency, Interleukin-6, Hepcidin, Athlete. 
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2.1  Introduction 

Iron is the functional component of hemoglobin (Hb) and myoglobin, making it an 

essential nutrient for optimal oxygen delivery to the body‘s tissues. Furthermore, iron 

plays a key role in the electron transport chain, since mitochondrial enzymes and 

cytochromes are heme containing proteins that promote oxidative phosphorylation 

within the mitochondria (Williams, 2005). Therefore, insufficient iron stores may lead 

to a decline in not only health and well-being, but also athletic performance 

(Schumacher et al., 2002; Wilkinson et al., 2002). Athletes are commonly diagnosed 

with iron deficiency, particularly those involved in endurance sports (Beard & Tobin, 

2000; Zoller & Vogel, 2004). A number of exercise-generated mechanisms are 

proposed to influence the iron status of an athlete including hemolysis, hematuria, 

sweating and gastrointestinal bleeding (Babic et al., 2001; DeRuisseau et al., 2002; 

McInnis et al., 1998; Zoller & Vogel, 2004). It is possible that frequent losses of iron 

from such mechanisms over the duration of a training program or competitive season 

may negatively affect iron status. Although these more traditional explanations of iron 

deficiency in athletes are commonly accepted, recent research investigating the 

influence of cytokines and hormones on the anemia of chronic disease may hold an 

interesting application to sports medicine, providing new explanations regarding 

potential mechanisms causing iron deficiency in athletes.    

 

2.2  Iron Metabolism 

Approximately 3-5 g of iron is normally contained within the human body, of which 1-2 

mg is lost daily (Nielsen & Nachtigall, 1998). Iron losses are recovered by absorption of 

dietary iron within the small intestine. To maintain sufficient stores of iron, it is 

generally recommended that the daily intake (RDI) of dietary iron is 8 mg per day for 

adult men and 18 mg per day
 
for adult women (Food and Nutrition Board, Institute of 
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Medicine, Washington DC, 2001). The higher RDI for women comes as a result of 

menstrual blood loss, which is estimated to equate to 1.5-2.1 mg per day of iron loss 

(Cole et al., 1971). The body absorbs approximately 6-12% of the total dietary iron 

consumed daily (Adamson, 1999). Within the diet, iron is present in two forms, 

including non-heme (inorganic) and heme iron. Non-heme iron is derived from plant 

foods, and accounts for approximately 80% of the iron consumed within the standard 

diet (Craig, 1994). The remaining ~20% of iron intake is comprised of heme iron, which 

is derived primarily from the hemoglobin and myoglobin of meat. The mechanism by 

which heme iron is absorbed differs to that of non-heme iron, making its absorption 

much more efficient and less affected by accompanying dietary factors. As such, 

approximately 5-35% of heme iron is absorbed from a single meal, as opposed to non-

heme iron, where only 2-20% is absorbed (Beard & Tobin, 2000). 

 

2.3  Iron Absorption, Transport and Storage 

Iron is absorbed by duodenal enterocytes that line the absorptive villi close to the 

gastroduodenal junction (Andrews, 2000). The apical surfaces of mature enterocytes 

contain an enzymatic ferric reductase, known as Duodenal cytochrome b (Dcytb) 

(McKie et al., 2001), which reduces Ferric iron (Fe
3
) to its Ferrous form (Fe

2
). Once in 

this ferrous form, the iron is transported across the brush border membrane and into the 

cytoplasm of the enterocyte by the protein divalent metal transporter 1 (DMT1) 

(Andrews, 1999). Subsequently, the iron must pass through the enterocyte to the 

basolateral surface and
 
into the circulation. This export pathway requires the protein 

transporter ferroportin, and a membrane-bound ferroxidase called Hephaestin 

(Wessling-Resnick, 2006). The free iron that enters the plasma has a reduction-

oxidation (redox) potential, which promotes free radical formation as a result of Fenton 

and Harber-Weiss reactions (Risom et al., 2005). Such reactions result in oxidative 
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damage to tissues. Therefore, it is imperative that iron is transported around the body in 

a redox inactive form. For this to occur, iron is bound to a monomeric glycoprotein 

known as transferrin, which maintains the iron as soluble and non-toxic, and is therefore 

unable to engage in Fenton and Harber-Weiss reactions (Gomme et al., 2005). 

 

Once bound to transferrin, iron is transported from the bloodstream to be released into a 

variety of cells. This is accomplished by iron loaded transferrin binding to one of two 

specific cell surface receptors. These receptors include transferrin receptor 1 (TfR1), 

commonly found on red blood cells, erythroid cells, hepatocytes, monocytes and the 

blood-brain barrier, or transferrin receptor 2 (TfR2), expressed predominately on liver 

cells (Gomme et al., 2005). The transferrin-transferrin receptor (Tf-TfR) complex 

undergoes endocytosis, allowing iron to be released from transferrin and transported 

across the endosomal membrane by DMT1 (Papanikolaou & Pantopoulos, 2005). A 

number of factors regulate the conformational changes of transferrin that are critical to 

iron release. These include receptor binding, temperature, chelator concentration, ionic 

composition of the supporting buffer and pH (Qing-Yu et al., 2000; Zak et al., 1997). 

Once inside the cell, iron is incorporated into iron-containing proteins, and excess 

intracellular iron is converted into Ferritin, a stored form of iron .   

 

2.4  Iron Deficiency and Athletic Performance 

Peeling et al., (2007) suggested that iron deficiency can be categorised into three stages 

of severity: Stage One - Iron Depletion: Iron stores in the bone marrow, liver, and 

spleen are depleted (serum ferritin: <35 µg.L
-1

, Hb: >115 g.L
-1

, Transferrin Saturation: 

>16%). Stage Two - Iron Deficient Erythropoiesis: Erythropoiesis diminishes as the 

iron supply to the erythroid marrow is reduced (serum ferritin: <20 µg.L
-1

, Hb: >115 

g.L
-1

, Transferrin Saturation: <16%). Stage Three - Iron Deficient Anemia: hemoglobin 
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production falls, resulting in anemia (serum ferritin: <12 µg.L
-1

, Hb: <115 g.L
-1

, 

Transferrin Saturation: <16%). It has been well established that the more severe cases of 

iron deficiency, resulting in anemia are responsible for a decline in work capacity 

(Nelson et al., 1994; Schumacher et al., 2002) as a result of a decreased hemoglobin 

concentration and associated oxygen carrying capacity to the working skeletal muscles 

(Lukaski et al., 1991). However, the effect of iron deficiency without anemia (Stage 

one, which is more common in endurance athletes than iron deficiency-anemia) is 

unclear.  In order to investigate how this less severe form of insufficient tissue iron store 

affects exercise performance, many studies have utilised a period of iron 

supplementation. By implementing pre- and post-exercise tests, comparisons of athletic 

performance of both iron deficient and iron replete populations, which act as their own 

control have been possible. However, much debate still exits as to whether tissue iron 

deficiency without anemia actually affects performance. 

 

For example, past findings from our own research group have shown that a course of 

intramuscular iron injections (5 x 2 ml of Ferrum H over an 8 day period) significantly 

increased the serum ferritin levels from 22 µg.L
-1

 to 61 µg.L
-1

, with no effect on the 

performance of a vertical jump test, a 5 x 6 s cycle ergometer repeat sprint test, or a 20 

m multistage shuttle run in elite female netballers (Blee et al., 1999). Although these 

results showed no effect of iron supplementation on athletic performance, the exercise 

tests used were primarily tests of anaerobic power, and possibly not sensitive, or 

specific enough to exploit the potential benefits of iron supplementation on athletic 

performance. It would be expected that any changes in performance would be most 

apparent in exercise tasks that predominately utilise the aerobic energy system. 

However, the results do show that iron supplementation might not enhance tasks that 

stress the anaerobic energy system.  
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Given these outcomes, a further study by our research group (Peeling et al., 2007) 

assessed the effect of a similar iron injection protocol (5 x 2 ml of Ferrum H over a 10 

day period) on sub-maximal economy, V O2max, and time to fatigue at the V O2max 

intensity in 16 iron deficient, non-anemic, female runners. Again, a significant increase 

in serum ferritin levels (from 19 µg.L
-1

 to 65 µg.L
-1

) was seen, however the increase in 

body iron stores had no beneficial effect on the tests of aerobic capacity implemented. 

Despite this outcome, it was postulated that although the increased ferritin levels did not 

seem to benefit the aerobic running performance of iron depleted women, 

supplementation should not be discouraged since the decline of iron stores beyond that 

of stage one iron depletion, may be attenuated (Peeling et al., 2007).   

 

These findings support those of Klingshirn et al., (1992) who also showed that 8 weeks 

of oral iron supplementation (100 mg of ferrous sulfate per day) significantly improved 

serum ferritin levels in 18 iron deficient, non-anemic female runners, but with no 

improvements in run time to exhaustion during a constant speed treadmill run (which 

was run at a speed 2-3% lower than each subjects most recent 10 km race time). 

However, it should be considered that in both the Peeling et al., (2007) and the 

Klingshirn et al., (1992) investigations, a running test timed to exhaustion might not be 

an appropriate test of performance, since athletic performance is often based on time to 

complete a given task, rather than how long an athlete can continue exercising for. 

Secondly, in the case of the Klingshirn et al., (1992) study only, it should be noted that 

despite a significant increase in serum ferritin within the supplemented group, the post-

supplementation value for this variable was still only 23.44 µg·L
-1

. Although this value 

is above that characterised by the authors as iron deficient (<12 µg·L
-1

), previous 

research has used serum ferritin cut-off values for athletes between 12 and 40 µg·L
-1

 to 
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characterise iron deficiency (Blee et al., 1999; Fogelholm et al., 1992; Hinton et al., 

2000; Klingshirn et al., 1992; Peeling et al., 2007). Furthermore, it has been 

recommended that oral iron supplementation should be prescribed for athletes when 

their serum ferritin levels fall below 35 µg·L
-1

 (Nielsen and Nachtigall 1998), 

suggesting that the iron needs of an athlete are possibly greater than those of the normal 

population. Hence, the lack of effect of supplementation on performance seen in many 

studies may be a result of the duration of supplementation, and an inadequate increase 

in iron to levels which could affect performance. 

 

In contrast, Zhu and Haas, (1998) showed that 8 weeks of oral iron supplementation 

(135 mg of ferrous sulphate per day) in 37 iron deficient, non-anemic, physically active 

women, was able to significantly increase the serum ferritin levels from 14.3 to 36.9 

µg.L
-1

. The result of this positive change in iron status showed a decrease in the energy 

expended (by 2.0 kJ·min
-1

) and the fractional utilisation of peak oxygen consumption 

(by 5.1%) during a 15 km running time trial performance, when compared to a placebo 

controlled group. Additionally, Hinton et al., (2000) showed that 6 weeks of iron 

supplementation (100 mg ferrous sulphate per day) in 42 iron deficient, non-anemic, 

physically active women was enough to significantly increase serum ferritin levels from 

10.4 to 14.5 µg.L
-1

, and serum iron from 12.2 to 19.4 µmol.L
-1

. As a result of such 

improvements, the authors saw not only an increased energy efficiency of performance 

by 0.6 kJ.W
-1

, but also significantly improved the performance time of a 15 km cycle 

time trial by 6.7%.  

 

Although a positive finding, the improvements in exercise efficiency found by Zhu and 

Haas, (1998) are better explained by the changes occurring in the placebo, rather than 

the supplemented group. The energy expenditure during the time-trial remained the 
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same from pre to post-supplementation testing in the iron-supplemented group, but 

significantly increased in the placebo group over the course of the intervention. To help 

explain this finding, it should also be noted that the placebo group showed a significant 

5.1 g·L
-1

 decrease in Hb concentration from baseline to post-treatment blood analysis. 

The significance of such an outcome is explained by the study of Hinton et al., (2000), 

who showed total energy expended during the time-trial was significantly and 

negatively associated with changes in Hb concentration. They reported that for every 1 

g·L
-1

 increase in Hb, there is a 1.04 kcal decrease in energy expenditure. As a result, the 

5.1 g·L
-1

 decrease in the placebo groups Hb concentration in the Zhu and Haas study 

would have been equal to a 5.3 kcal increase in exercise energy expenditure. Hence, the 

between group differences in exercise efficiency are more likely due to the responses of 

the control group, rather than iron supplementation. However, it is possible that such an 

outcome indicates the iron supplementation may have been responsible for avoiding 

such a negative Hb response in the iron supplemented group. As such it is evident that 

iron supplementation in stage one iron deficient athletes should occur to prevent the 

progression of the problem to more advanced stages, even if the current research is 

equivocal on athletic performance during stage one.     

 

Additionally, Friedmann et al., (2001) showed that the V O2max and sub-maximal V O2 

(measured on a separate days) of 40 iron deficient, junior elite athletes from a range of 

sports (such as swimming, triathlon, athletics and rowing) were improved during a 

incremental exercise test to exhaustion and a maximal accumulated oxygen deficit 

(MAOD) test respectively, after 12 weeks of iron supplementation (2 x 100 mg of 

ferrous-glycine-sulfate per day). The iron supplement period was responsible for raising 

the serum ferritin levels from 15.8 to 35.9 µg.L
-1

, and decreasing the transferrin levels 

from 2.8 to 2.6 g.L
-1

. However, these improvements in performance occurred without 
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any significant increases to red blood cell volume. It was concluded that the maximal 

aerobic capacity of elite athletes could be improved through iron supplementation 

without increasing oxygen-carrying capacity. The supplementation was proposed to be 

responsible for an increase in muscle oxidative capacity (although not measured), and it 

was therefore suggested that the improvements might occur at the level of the 

mitochondria rather than as a result of improved oxygen transport. However, such a 

proposition is yet to be verified since no research to date has looked at the effect of iron 

supplementation at the muscle level. 

 

Finally, Lukaski et al., (1991) induced 11 healthy female volunteers into a state of iron 

deficiency (without anemia), over an 80-day period through the administration of a low 

iron diet and phlebotomy. During this iron depletion phase, the participants serum 

ferritin status was taken from 26.0 to 6.0 µg.L
-1

, however, Hb levels were a healthier 

120 g.L
-1

. Prior to and at the completion of the iron depletion phase, participants 

undertook a continuous graded exercise test to exhaustion with O2 consumption and 

CO2 output determined via indirect calorimetry with an automated Sensormedic system. 

Subsequent to this, all subjects underwent a 100 day iron repletion phase, with a diet 

containing 0.25 mmol
-1

 of iron for each 8.3 MJ of food consumed, and an additional 

ferrous sulfate supplement of 0.9 mmol
-1

 of iron during the last 14 days. At the 

completion of this repletion phase, ferritin levels were returned to 10.0 µg.L
-1

, and Hb 

to 126 g.L
-1

, and a final graded exercise test was completed.  

 

The results of this investigation showed no impairment to exercise duration, V O2peak, or 

cardiovascular function as a result of tissue iron deficiency. However, there was a 

significant increase in peak CO2 production and respiratory exchange ratio, as well as 

reductions in the rate of O2 utilisation, total oxygen uptake and energy output during 
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exercise. Furthermore, tissue iron deficiency showed reduced oxygen uptake and 

utilisation, in association with a significant increase in post-exercise blood lactate 

concentration, indicating a greater dependence on glycolytic metabolism (Lukaski et al., 

1991). Although this investigation highlights a mix of positive and negative results, one 

may argue that the lack of impairment to V O2peak and exercise duration may have been 

a result of the pre-investigation serum ferritin levels being low enough to be considered 

as stage 1 iron deficient before depletion phase even began, and that the iron-repletion 

protocol had little effect on improving the iron status of the participants. As such, the 

authors were likely comparing an already iron deficient population to a further iron 

deficient group, rather than one that was fully iron loaded initially.   

 

The results of the research presented above suggest that tissue iron deficiency without 

anemia may have a negative impact on both oxygen transport and utilisation, which in 

turn might influence athletic performance. However, contrasting results between a 

number of investigations do not allow conclusive statements to be made, highlighting 

the importance of continued research in this field. Furthermore, it is also important that 

we understand the mechanisms by which athletes lose iron during exercise so as to 

possibly reduce the severity of this condition. 

 

2.5  Avenues of Iron Loss During Exercise 

Iron has many important roles that have direct application to athletic performance. As 

such, a significant loss of this mineral commonly occurs with exercise. Despite this, the 

body has no innate mechanism to replace the iron losses incurred by physical activity; 

thereby a sufficient dietary intake is essential for athletes in periods of heavy training. 

The mechanisms of exercise-induced iron loss include such processes as hemolysis, 

hematuria, sweating and gastrointestinal bleeding (Babic et al., 2001; DeRuisseau et al., 
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2002; McInnis et al., 1998; Zoller & Vogel, 2004), and may also now extend to 

inflammation and hormone activity, based on recent research (Roecker et al., 2005).  

 

2.5.1  Gastrointestinal Bleeding 

During exercise, blood flow to the gastrointestinal tract (GIT) is sacrificed for increased 

blood flow to the muscles and skin (Otte et al., 2001; Peters et al., 2001). The visceral 

blood flow can be reduced up to 56% during exercise, resulting from an increased 

sympathetic nervous system activity that is driven by exercise intensity (Osada et al., 

1999; Rowell, 1974). As a result, the epithelial cells of the GIT may be deprived of 

oxygen and metabolic substrates, leading to necrosis and mucosal bleeding (Peters et 

al., 2001). It is possible that gastric lesions may in part explain the occurrence of GI-

bleeding. In fact, pre- and post-run endoscopic examination of long-distance runners 

completing a moderate paced (exact intensity was not quantified) endurance run 

(ranging from 18-50 km) showed a high incidence of histological lesions to the gastric 

antrum mucosa (Gaudin et al., 1990). The observed gastric lesions were of two types, 

including those possibly due to hemodynamic changes in the gastric wall, and lesions 

occurring as a result of a decrease in mucosal secretions (Gaudin et al., 1990). 

Therefore, repeated episodes of training and competition induced blood loss through the 

GIT may contribute to iron deficiency and anemia within the athlete (Nielsen and 

Nachtigall 1998). 

 

2.5.2  Hematuria 

Hematuria is the presence of blood in the urine, and is found to occur as a result of 

physical activity. It is suggested that mechanical trauma and hemolysis are indicated in 

the glomerulus (McInnis et al., 1998), since the resultant excess of Hb is lost in the 

urine (Rosse & Gutterman, 1970). Furthermore, the movement of the bladder during 
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running activities may cause bleeding due to microscopic lesions of the interior wall 

(Blacklock, 1977). McInnis et al., (1998) suggest that the intensity of exercise is the 

causal mechanism underlying hematuria, since renal blood flow is decreased 

proportionally to exercise intensity, resulting in an increased filtration fraction and 

glomerular filtration rate.   

 

2.5.3 Sweating  

Exercise promotes the up-regulation of sweating as a mechanism to assist in 

thermoregulation. However, sweating is also a mechanism by which the body may lose 

iron. The average sweat iron concentration of a combined male and female population 

during cycling for 60 min at 50% V O2max in a temperature controlled environment was 

0.22 mg·L
-1

 (Waller & Haymes, 1996). However, it was also found that the sweat rates 

during the first 30 min of exercise were significantly greater than that of the second 30 

min (0.31 mg·L
-1

 and 0.14 mg·L
-1

, respectively). Therefore, sweat iron concentration 

may decline over time, possibly due to the washing of cellular debris and external 

contamination from the sweat pores into the initial sweat collected (Waller & Haymes, 

1996). Iron losses from the skin are a result of sweat and desquamated epithelial cells; 

hence, sweat may be contaminated by iron that originates from the ducts of the sweat 

glands, cellular debris, and external contamination (Brune et al., 1986; Waller & 

Haymes, 1996). As a result, to determine sweat iron losses with minimal contamination 

from external sources, an extensive skin cleaning procedure in association with a period 

of profuse sweating is commonly used prior to collecting sweat samples for analysis 

(Brune et al., 1986). As such, the sweat iron concentration reported during the second 

30 min of exercise during the Waller and Haymes, (1996) investigation is possibly more 

representative of the average iron loss through sweating during exercise. With this in 

mind, it is possible that 0.14 mg.L
-1

 of iron in sweat may not be a significant enough 
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amount to explain an athlete‘s iron deficiency. However, athletes exercising for 

prolonged time periods, over multiple training sessions in the heat may incur a 

cumulative debt, which could ultimately impact on body iron status. 

 

2.5.4  Hemolysis 

Exercise has been shown to increase the rate of red blood cell (RBC) destruction, 

otherwise known as exercise-induced hemolysis (Miller et al., 1988; Telford et al., 

2003). Hemolysis has been reported during a range of exercise modalities such as 

swimming, cycling and resistance training (Selby & Eichner, 1986; Telford et al., 

2003). During these non-weight bearing activities, it is suggested that the hemolysis 

may result from the compression of the blood vessels caused by the vigorous 

contraction of the muscles involved in performance (Selby & Eichner, 1986). However, 

the high-impact, weight bearing nature of running is associated with the greatest degree 

of hemolytic activity, due primarily to the impact forces that result from foot-strike 

(Telford et al., 2003). Hemolysis is implicated as a mechanism of iron loss, since the 

destruction of a RBC‘s membrane allows the Hb and associated iron held within the 

cell, to be released into the surrounding plasma, which may then cause oxidative tissue 

damage (Reeder & Wilson, 2005). To ensure this oxidative potential is limited, the 

glycoprotein haptoglobin (Hp), with its strong affinity for free Hb, is utilised to ‗clean 

up‘ the lost contents of a hemolysed RBC (Giblett, 1968). As such, the result of a 

hemolytic episode would be demonstrated in human blood via an increased plasma free 

Hb concentration, in association with a decline in serum Hp levels.  

 

Such blood profile responses are common in runners, and have led to a number of 

conclusions with respect to running and hemolysis over the past three decades. For 

example, Hanson et al., (1978) suggested that occult hemolysis was a common response 
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to recreational running, as marked by a decrease of serum Hp levels in physically active 

males, after a three-week period of alternate day running on a concrete surface at 75% 

V O2max, to levels similar of that seen in well-trained distance runners. It is plausible to 

suggest that the change in serum Hp levels seen by Hanson and colleagues may have 

been due to plasma volume expansion resulting as a training effect in the recreational 

running group. However, a number of more recent studies have also shown the same 

response of serum Hp to exercise in trained populations. For instance, Miller et al., 

(1988) showed a force dependent relationship between heel-strike and the degree of 

hemolysis experienced during running. Significantly greater changes to serum Hp and 

plasma free Hb levels were noted during downhill running when compared to an 

equivalent duration and gradient uphill run. Supporting such findings, Telford et al., 

(2003) showed that an acute, 1 h bout of continuous running at 75% peak V O2, was 

responsible for a four-fold increase in the levels of plasma free Hb when compared to an 

intensity and duration equivalent bout of cycling. After accounting for such factors as 

circulatory stress, these authors concluded that heel strike was the major cause of 

hemolysis during running.  

 

To this end, it is possible that a force-dependent relationship between heel-strike and 

hemolysis may be directly affected by the ground surface type that the athlete is training 

on, or the intensity at which the session is completed at, since these variables are 

subjected to differing levels of ground impact force upon heel-strike. However, no 

research group has directly explored the effect of these variables on hemolysis. 

Furthermore, little is known about the effect of such a stimulus over the course of 

multiple training sessions, but it has been suggested that a chronic hemolytic stimulus 

(i.e. consecutive training bouts) might have a cumulative effect on hemolysis and iron 

deficiency (Telford et al., 2003).  
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2.6  Hormones and Cytokines and the Inflammatory Response 

The aforementioned mechanisms of exercise-induced iron loss are well established. As 

such, during periods of heavy training demand, these avenues may pose a significant 

challenge to an athlete‘s iron status. However, recent advances in iron metabolism and 

chronic disease have uncovered a new iron-regulatory hormone called Hepcidin, which 

may have an impact on iron metabolism at the conclusion of an exercise bout (Roecker 

et al., 2005). 

 

2.6.1  Hepcidin  

Hepcidin is a liver produced, 20-, 22-, or 25-amino acid peptide that is derived from a 

larger precursor protein of 84-amino acids (Nicolas et al., 2002a). Hepcidin was 

discovered by two independent research groups that were able to isolate this hormone in 

blood (Krause et al., 2000) and in urine (Park et al., 2001). Since its discovery, 

techniques have advanced via the ability to measure Hepcidin through surface-enhanced 

laser desorption / ironisation time-of-flight mass spectrometry (SELDI-TOF-MS) in 

urine and plasma (Kemna et al., 2005b; Kemna et al 2007).  

 

Hepcidin is recognised as a key regulator of iron metabolism, with its levels regulated 

by iron status, the demand for erythropoiesis sensed by liver oxygenation, and in 

response to inflammation (Nemeth et al., 2004b). In fact, it is suggested that the 

inflammatory mediated rises in hepcidin ultimately result in rapid decreases in plasma 

iron concentrations, creating a bottleneck for Hb synthesis that can eventually result in 

anemia (Nemeth et al., 2004a). Hepcidin regulates iron metabolism through its 

interaction with the body‘s only known cellular iron exporter, Ferroportin (Fpn). 

Ferroportin channels are expressed in a number of cell types, such as duodenal 



24 

 

enterocytes, hepatocytes and reticuloendothelial macrophages (Lymboussaki et al., 

2003; Nemeth et al., 2004b). The function of these channels is to transport iron across 

the cell membrane during such processes as intestinal iron absorption and macrophage 

iron release (Lymboussaki et al., 2003). Hepcidin acts to internalise and degrade the 

Fpn export channels, ultimately by inhibiting the absorption of iron from the diet at the 

site of the duodenal enterocytes, and by blocking the release of iron from macrophages 

that have collected senescent erythrocytes (Nemeth et al., 2004a) (Figure 2.1).  

 

Figure 2.1 The Action of Hepcidin on Ferroportin Iron Export Channels (Source: 

http://bvs.sld.cu/revistas/hih/vol21_3_05/hih03305.htm).  

 



25 

 

Recent literature would suggest that the primary mediator for the up-regulation of 

hepcidin activity is the inflammatory cytokine Interleukin-6 (IL-6) (Nemeth et al. 2003; 

Nemeth et al., 2004a). To emphasise the role of this cytokine, Nemeth et al., (2004a) 

compared the effect of an inflammatory stimulus in healthy human subjects to IL-6 

deficient mice. The healthy subjects were injected with recombinant human IL-6 at a 

rate of 30 µg.hr
-1

, which resulted in a 7.5 fold increase in urinary hepcidin excretion. 

However, the IL-6 knockout mice were injected with a turpentine solution to produce 

the same inflammatory response, which resulted in the suppression of hepcidin mRNA. 

Nemeth and colleagues suggested that the attenuation of hepcidin mRNA in the absence 

of IL-6 was possibly due to suppressive effects on hepcidin by other acute-phase 

cytokines stimulated by the inflammation. To further explore how IL-6 influences 

hepcidin activity, Kemna et al., (2005a) traced the time course of cytokine, acute phase 

protein and hepcidin activity in 10 healthy individuals injected with Lipopolysaccharide 

(LPS) at a rate of 2 ng.kg
-1

 of body mass to produce an inflammatory response. These 

authors showed that the peak in urinary hepcidin occurred approximately 6 h post-LPS 

injection, which lagged the peak response time of IL-6 by 3 h. Additionally, Kemna et 

al., (2005a) showed that the acute phase C-reactive protein (CRP) peaked 22 h after the 

LPS injection, in conjunction with a significant decline in serum iron.    

 

Current research investigating the role of hepcidin in iron metabolism is primarily 

focused in the area of chronic disease and the anemia of inflammation. For instance, 

hemochromatosis patients suffer a chronic mal-accumulation of iron within various 

tissues of the body (Goswami & Andrews, 2006). Explanations suggest that a lack of 

hepcidin expression may be
 
responsible for the increased intestinal iron absorption and a 

reduced
 
macrophage iron store, which results in plasma

 
iron increases greater than the 

transferrin binding capacity. Non-transferrin-bound
 
iron will then accumulate in various 
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tissues, including the heart and the pancreas (Nicolas et al., 2001). Conversely, urinary 

analyses of patients with chronic infections or severe inflammatory diseases have shown 

up to 100-fold increases in the excreted levels of hepcidin (Nemeth et al., 2003). The 

result of this infection / inflammatory-mediated up-regulation in hepcidin levels is for 

iron sequestration in macrophages and decreases in the absorption of iron from the 

small intestine (Ganz, 2003), eventually resulting in anemia.  

 

Through such epidemiological studies and mouse-model investigations, there has been a 

rapidly growing understanding of how hepcidin operates in the metabolism of iron, but 

to date, only one attempt to consider the function of this hormone in response to 

exercise has occurred (Roecker et al., 2005). It is possible that hepcidin might be a new 

mechanism behind the high incidence of iron deficiency amongst athletes. However, the 

dearth of research is surprising, since long duration, or high intensity exercise 

commonly results in a high degree of inflammation, and as previously mentioned, 

inflammation is a key regulator of hepcidin activity (Nemeth et al., 2004b). To 

understand how hepcidin may be up-regulated in response to exercise, the inflammatory 

process that is evoked by physical activity must be considered.  

 

2.6.2  Inflammation: Cytokine and Acute-phase Proteins 

Inflammation is an acute phase response of the body to stressful stimuli (Kataranovski 

et al., 1999). Acute-phase inflammation is characterised by an increased blood flow, in 

association with the accumulation of fluid, leukocytes, and inflammatory mediators 

known as cytokines and acute phase proteins (Feghali, 1997; Gabay & Kushner, 1999). 

Acute-phase proteins are distinguished by plasma protein concentration increases 

(positive acute-phase proteins) or decreases (negative acute-phase proteins) of at least 

25% during inflammatory disorders (Morley & Kushner, 1982). Such proteins are 
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produced by hepatocytes in the liver, and function in many mechanisms of innate 

immunity, such as pro- and anti-inflammatory activity, wound healing and phagocytic 

activity (Ceciliani et al., 2002). Common acute-phase proteins measured during 

inflammation include CRP, Serum amyloid A, α1 Antitrypsin, Fibrinogen and the 

previously mentioned Hp (Gabay & Kushner, 1999; Semple et al., 2006). Cytokines on 

the other hand, are a group of cell-derived polypeptides that exhibit both pro- and anti-

inflammatory characteristics to mediate the inflammatory response (Feghali & Wright, 

1997). Cytokines are produced by a variety of cells, and act as signalling compounds by 

binding to high-affinity cell surface
 
receptors at the site of inflammation (Chung, 2001). 

These proteins react in both an autocrine (acting on itself and similar cell types) and a 

paracrine (acting on local surrounding cells) fashion that produce effects on various 

target cells (Feghali & Wright, 1997). Several cytokines are important in mediating 

acute inflammatory reactions, such as interleukin (IL)-1, IL-6, IL-8 and tumour necrosis 

factor alpha (TNFα) (Feghali & Wright, 1997). 

 

The acute-phase response involves the production and distribution of cytokines into the 

site of inflammation, which in turn facilitates the influx of lymphocytes, leukocytes and 

other antigen clearing cells (Ostrowski et al., 1999; Pedersen & Hoffman-Goetz, 2000). 

Additionally, leukocytes such as neutrophils and monocytes have the ability to 

synthesize large quantities of cytokines and growth factors that modulate the 

inflammatory response (Cassatella, 1999; Zallen et al., 1999). As such, the increased 

number of leukocytes and macrophages at the site of inflammation further increases the 

production of cytokines, which in turn stimulate an increase in the level of acute-phase 

protein production by hepatocytes (Gabay & Kushner, 1999). To this end, the severity 

of inflammation can be detected in the blood through the measurement of plasma 

cytokines and positive acute-phase proteins.  
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A commonly measured cytokine in the assessment of inflammation is IL-6. The 

production of this cytokine is generated by a number of different cell types, inclusive of 

other cytokines, monocytes and macrophages at the site of inflammation (Gabay, 2006). 

Interleukin-6 plays a number of pro- and anti-inflammatory roles throughout the body 

(Villarino et al., 2004). The pro-inflammatory activity of IL-6 incurs T-cell activation, 

B-cell differentiation, and the stimulation of acute-phase protein production by the 

hepatocytes in the liver (Heinrich et al., 1990; Van Snick, 1990). Conversely, IL-6 is 

anti-inflammatory in nature since it directly inhibits the expression of the pro-

inflammatory cytokines IL-1β and TNFα (Pedersen et al., 2001). Furthermore, IL-6 

indirectly inhibits the activity of IL-1, a pro-inflammatory cytokine that promotes the 

production of inflammatory mediators (Biasucci et al., 1999), by stimulating the 

production of IL-1 receptor antagonist (IL-1Ra), which binds to IL-1 cell surface 

receptors without activating target cells (Arend, 1991; Biasucci et al., 1999). To this 

end, it is the multi-factorial function of IL-6 that makes its presence during periods of 

inflammation so abundant and thereby a logical measure to quantify the severity of 

inflammation. 

 

2.6.3  Inflammatory Response to Training  

Endurance exercise has been shown to evoke an acute-phase response resulting in post-

exercise cytokine levels comparable to those seen during bacterial infection, surgery, 

burns and inflammatory disease (Fallon, 2001; Margeli et al., 2005). As such, it is 

suggested that strenuous exercise induces a 2-3 fold increase in the pro-inflammatory 

cytokines TNF-α and IL-1β (Ostrowski et al., 1999), and a dramatic increase in the 

inflammation responsive cytokine IL-6 (Pedersen & Hoffman-Goetz, 2000). In fact, IL-

6 is said to be the largest contributor to this systemic cytokine increase (Pedersen et al., 
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2001), with plasma levels rising up to 100-times greater than that recorded pre-exercise 

(Helge et al., 2003).  

 

With this in mind, the acute-phase response to exercise has recently been studied in a 

number of investigations. For instance, Ostrowski et al., (1998b) showed that at the 

completion of a competitive marathon (mean run time of 3h:17min:03sec ± 

0h:07min:39sec), there was a significant increase in the circulating levels of TNF-α (2-

fold increase) and IL-1β (1.5-fold increase), in association with a 63-fold increase in 

plasma IL-6, and a 10-fold increase in the muscle enzyme Creatine Kinase (an indicator 

of muscle damage). Further to this, these authors also showed that IL-6 mRNA was 

detectable in post-exercise muscle biopsies, leading to the conclusion that IL-6 is 

produced locally in the skeletal muscle in response to prolonged exercise with a large 

eccentric component. More recently however, it has been suggested that eccentric 

exercise is not associated with a more marked increase to plasma IL-6 levels when 

compared concentric muscle contractions, and that it is the combination of exercise 

mode, intensity and duration that determines the magnitude of the increase in plasma 

IL-6 (Fischer, 2006). In support of these findings, Helge et al., (2003) had their 

participants perform knee extension exercise using both legs at 25% of maximal power 

for 45 min, and then simultaneously with one leg at 65% and the other leg at 85% of 

maximal power for 35 min. Their results also showed that IL-6 was released from the 

working muscle, and that the rate of cytokine production was related to the intensity of 

exercise.  

 

In addition to intensity, repeated bouts of exercise completed on the same day have also 

been shown to influence the inflammatory response. Ronsen et al., (2002) compared a 

training day that included two cycling sessions separated by 3 h, to that of a single 
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session day. The cycling exercise was the same for each training bout, and included 65 

min of work at 70% of the V O2max intensity. The results showed that IL-6 was 

significantly (69%) more pronounced after the second bout of training during the two 

session day than after a single bout of exercise during the one session day. It was 

suggested that the increased cytokine levels were likely due to the limited amount of 

time (3 h) for muscle glycogen resynthesis between the two sessions (Ronsen et al., 

2002), since it has been established that IL-6 production in the contracting muscle 

increases when in a glycogen depleted state (Steensberg et al., 2001).  

 

As a further part of this investigation, Ronsen and colleagues, (2002) also looked at the 

effect of two training sessions in the one day, separated by 6 h recovery, rather than just 

3 h. In this instance, it was found that the IL-6 levels were not significantly more 

elevated than they were after only 3 h of recovery. In fact, it was shown that the 

elevated post-exercise IL-6 levels had returned to baseline levels after 4 h of recovery. 

The results of this investigation are very applicable to high level athletes, since multiple 

training sessions in the one day are common practice. However, it is rare that the 

exercise intensity and even modality between the two sessions is the same. Furthermore, 

the duration of time between sessions may also extend over 8 to 12 h. As such, further 

research is warranted into the effect of multiple daily training sessions on the 

inflammatory response. 

 

When considering the abovementioned research detailing the response of inflammation 

to exercise, it is plausible to suggest that the exercise-induced rise in IL-6 may have an 

effect on the up-regulation of hepcidin. Should this occur, iron uptake by macrophages 

in response to hemolysis would not be retainable due to the internalisation of the 

macrophage surface Fpn channels. Furthermore, the absorption of iron from post-
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exercise feedings may be limited for a prolonged time period, as a result of the effect on 

duodenal enterocytes within the gut. Therefore, it is possible that exercise-induced, 

inflammatory up-regulation of hepcidin activity might potentially be a new mechanism 

causing iron deficiency in athletes.   

 

2.6.4  Hepcidin and Exercise  

To date, only one investigation has explored the influence that exercise may have on the 

expression of hepcidin in humans. Roecker et al., (2005), collected urine samples from 

14 female runners prior to, at the completion of, and at 24 and 72 h following a 

competitive marathon (42.2 km). The mean data of the group showed that the urinary 

levels of hepcidin at 24 h post-run were significantly (2.5 fold) greater than those 

measured pre-race, and at 72 h post-race. The authors suggested that a possible increase 

in inflammatory cytokines and CRP, caused by the trauma of running for a prolonged 

period of time were the predominant mechanisms behind the increase in hepcidin levels, 

but these blood markers were not measured. Furthermore, a closer analysis of the results 

showed that only 8 of the 14 subjects responded with an increase in their urinary 

hepcidin levels at the 24 h post-exercise time point, and that 6 of the subjects were 

classed as ‗non-responders‘. Caution should be applied when interpreting such results, 

since the frequency of urine measurement does not consider what might be occurring 

during this initial 24 h period. Hence, it is possible that the hepcidin levels of those 

athletes classed as ‗non-responders‘ may have peaked and recovered earlier than those 

that were classified as ‗responders‘. Roecker et al., (2005) concluded from this 

investigation that in some female athletes, chronic increases in hepcidin could 

potentially lead to the development of iron deficiency. 
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Although the investigation by Roecker and colleagues was not thorough in the 

frequency of urine collection or the blood markers measured, the outcome was positive 

in showing an effect of exercise on hepcidin activity, and therefore a possible effect on 

the iron status of an athlete. Research to accurately describe the time course activity of 

hepcidin within the initial 24 h of exercise cessation is needed, since it has been shown 

that peak hepcidin activity occurs 3 h after the peak in IL-6 activity (Kemna et al., 

2005a). Furthermore, blood markers such as IL-6 and CRP need to be measured post-

exercise to gauge the degree of inflammation associated with the exercise-induced rises 

in hepcidin. Additionally, the effect of hepcidin activity on serum iron 24 h post 

exercise should be evaluated. Finally, the intensity of exercise and the number of 

training sessions completed in a given period of time need to be controlled to accurately 

assess the effect of this hormone.    

 

2.7  Conclusion  

Iron is an essential dietary element, responsible not only for the efficient delivery of 

oxygen to the working muscle, but also for the production of energy at the level of the 

mitochondria. These roles of iron are critical to athletic performance, however it is 

common for athletes to be iron deficient as a result of iron losses occurring during 

training from hemolysis, hematuria, sweating and gastrointestinal bleeding (Babic et al., 

2001; DeRuisseau et al., 2002; McInnis et al., 1998; Zoller & Vogel, 2004). In addition 

to these well known mechanisms of iron loss, it is also possible that the activity of the 

inflammatory driven, iron regulatory hormone, hepcidin may have an impact on the iron 

status of an athlete. It is well known that during chronic disease, the circulating levels of 

IL-6 are increased, resulting in an up-regulation of hepcidin activity and subsequent 

decreases in serum iron levels that may eventually lead to anemia (Nemeth et al., 

2004a). Since the inflammatory symptoms experienced after high intensity exercise are 
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similar to those seen during chronic disease (Fallon, 2001; Margeli, 2005), it is possible 

that the hepcidin activity is also similar, thereby providing new insights into athletic-

induced iron deficiency. However, to date, only one investigation has attempted to show 

such an association (Roecker et al., 2005), yet in doing so, these authors failed to 

consider a number of associated variables. As a result, a more accurate observation of 

hepcidin activity is required within the 24 h post-exercise, in addition to the associated 

blood profiles of IL-6, CRP and serum iron. Furthermore, the effect of training 

intensity, duration and number of sessions completed should be assessed. Finally, the 

association between hepcidin activity and exercise induced hemolysis should be 

considered, since the iron lost from senescent RBC‘s may be lost to macrophages as a 

result of the hepcidin activity on ferroportin channels. In light of such conclusions, it is 

evident that a great deal of research is required to shed light on this currently grey area 

of iron metabolism in athletes.  
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3.0  Abstract 

Inflammatory markers and urinary hepcidin production in athletes during the 24 h after 

exercise were examined. Eleven moderately trained athletes completed a 60-min trial of 

running (RUN) and a 60-min trial of seated rest (REST). Venous blood and urine 

samples were collected pre-trial, immediately post-trial, and at 3, 6 and 24 h post-trial. 

Samples were analysed for levels of Interleukin-6 (IL-6), C-Reactive Protein (CRP), 

serum iron, serum ferritin, and urinary hepcidin. Blood analysis revealed that three 

participants were classified as stage 1 iron deficient, and were as such removed from the 

analysis. For the remaining eight healthy iron status subjects, the immediate post-RUN 

levels of IL-6 and 24 h post-RUN levels of CRP were significantly increased from 

baseline, and when compared to the REST trial (p<0.05). Hepcidin levels in the RUN 

trial after 3, 6 and 24 h of recovery were significantly greater than the pre- and 

immediate post-RUN levels (p<0.05), and when compared to the 3 h time point of the 

REST trial (p>0.05). With respect to the iron deficient subjects, it would seem that this 

increase in hepcidin was attenuated. It is concluded that in healthy iron status subjects, 

high intensity exercise was responsible for a significant increase in hepcidin levels 

subsequent to a significant increase in IL-6 and serum iron post-exercise. Chronic 

exposure to such a stimulus may potentially lead to the early stages of iron deficiency. 

 

Key Words  

Inflammation, Iron deficient, Cytokines, High intensity running. 
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3.1  Introduction  

Despite the important roles played by iron in oxygen delivery and energy production, it 

is the world‘s most common diet-scarce nutrient (Umbreit, 2005), and iron deficiency is 

a frequent diagnosis amongst athletes, particularly those that are involved in endurance 

sports (Beard & Tobin, 2000; Zoller & Vogel, 2004). Low body iron stores have been 

linked to a reduced hemoglobin concentration, a decreased red cell volume and a 

reduction in myoglobin levels (Beard & Tobin, 2000). Combined, these limitations to 

the oxygen transport / delivery system are potentially detrimental to work capacity and 

athletic performance. 

 

It is proposed that during exercise, iron losses may result from several mechanisms, 

including hemolysis, hematuria, sweating and gastrointestinal bleeding (McInnis et al., 

1998; Babic et al., 2001; DeRuisseau et al., 2002; Zoller & Vogel, 2004). Over time, the 

cumulative effect of such mechanisms, may increase the incidence of iron deficiency 

should the ingestion and absorption of dietary iron not meet the levels needed to 

replenish depleted stores.  

 

In addition to such avenues of iron loss, activity of the hormone hepcidin might be a 

potential new mechanism leading to iron deficiency in athletes. Hepcidin is a peptide 

produced in the liver, which is the key regulator of iron metabolism (Nicolas et al., 

2002b). Hepcidin acts to internalise and degrade the ferroportin iron transport channels 

in the intestine and on the surfaces of macrophages, ultimately reducing the absorption 

of iron from the duodenum, and the release of iron recycled from senescent red blood 

cells (Nemeth et al., 2004a; Nemeth et al., 2004b). The expression of hepcidin is tightly 

controlled by a number of factors, including body iron levels, erythropoiesis, hypoxia, 
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and of particular relevance to exercise, to inflammatory responses (Nicolas et al., 

2002a).  

 

To date, only one investigation has explored the influence of exercise on hepcidin 

activity in humans. Roecker et al., (2005) collected urine samples from 14 female 

runners prior to, immediately after a competitive marathon run, and at 24 and 72 h of 

recovery. Urinary hepcidin levels were significantly increased at 24 and 72 h after the 

42.2 km run when compared to pre-exercise levels. It was proposed that the increased 

hepcidin levels were driven by an increase in circulating inflammatory cytokines. 

However, no blood analysis of serum inflammatory cytokines or iron levels was 

conducted during this investigation. Additionally, Roecker and colleagues reported that 

only 8 of the 14 subjects responded with increased urinary hepcidin levels at 24 h post-

exercise. The remaining 6 subjects were classified as ‗non-responders‘. Caution should 

be applied when interpreting these outcomes, since results were not compared with 

hepcidin levels in this population when rested, nor were urinary hepcidin levels 

measured in samples collected in the period between the completion of exercise, and 24 

h later. Kemna et al., (2005a) showed that urinary hepcidin levels peaked after 6 h in 

healthy subjects intravenously injected with a bolus of lipopolysaccharide, whereafter 

the urinary hormone levels began to fall. Therefore, it is possible that the urinary 

hepcidin concentrations of the ‗non-responders‘ indicated by Roecker et al., (2005), 

might have peaked and recovered prior to the 24 h sample being taken. 

 

Therefore, it is possible that exercise-induced inflammatory increases in hepcidin levels 

may have an impact on the iron levels of athletes. However, the response of hepcidin 

levels during the initial 24 h period post-exercise has yet to be conclusively 

investigated. Therefore, it was the aim of this study to examine the time course of 
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inflammation and hepcidin levels, and any effect on serum iron during the 24 h after 

high-intensity endurance exercise.   

 

3.2  Methods 

3.2.1  Subjects 

Eleven moderately trained endurance runners (6 male and 5 female) were recruited for 

participation in this study (Table 3.1). All subjects were briefed on the purpose, 

requirements and risks involved with participation, and were required to provide written 

informed consent prior to commencement (Appendix A). Ethical approval for this study 

was granted by the Human Ethics Committee of The University of Western Australia. 
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Table 3.1 Subject characteristics (n=11) for age, height, mass, peak oxygen consumption ( V O2peak) and peak heart rate (HRpeak). Results are expressed 

as mean (+SEM). 

 

Age Height Mass VO2peak HRpeak

(y) (m) (kg) (mL.kg-1.min-1) (bpm)

25.5 1.77 68.1 51.9 188

(1.1) (0.03) (3.3) (1.5) (2)

 

. 
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3.2.2 Experimental Overview 

Participants were required to attend three laboratory testing sessions during the 

experimental period, each separated by a minimum of 28 days. During each visit, the 

female participants were between days 1-7 (follicular phase) of the menstrual cycle and 

no birth control medication was being taken. Furthermore, no participants were taking 

iron supplements. In the 24 h prior to each testing day, participants were instructed to 

refrain from any form of structured exercise. 

 

The first visit to the laboratory involved an initial familiarisation to the treadmill and 

metabolic cart, and was concluded with a graded-exercise test (GXT), used to determine 

each individual‘s peak oxygen uptake ( V O2peak) and peak heart rate (HRpeak) (Table 

3.1). The subsequent two testing sessions were applied in a counterbalanced, 

randomised order, and included a 60-min running trial (RUN) and a 60-min trial of 

seated rest (REST). Both the RUN and REST trials were followed by 6 h of monitored 

rest, and a 24 h follow up appointment.  

 

On the RUN and REST days, participants were required to attend the laboratory at 

0630. During the initial 30 min, baseline urine and blood samples were collected. At 

0700, the participants began either the 60 min of running or seated rest. The RUN 

included a 15 min warm up at 75-80% HRpeak (9.6 + 0.2 kph), followed by 45 min at 85-

90% HRpeak (12.0 + 0.3 kph). Immediately on completion of the 60 min RUN or REST 

period, venous blood and urine samples were collected. Over the next 6 h, all 

participants remained in a rested state at the laboratory. During this time, venous blood 

and urine were collected at the 3 and 6 h time points. Subsequently, all participants were 

permitted to leave the laboratory, and returned at 0800 the following day to provide a 
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final 24 h post-intervention venous blood and urine sample. The participants performed 

no exercise during this 24 h post-intervention period.  

 

3.2.3  Experimental Procedures 

Graded Exercise Test (GXT) 

The GXT was conducted on a motorised treadmill (NuryTech VR3000, Germany) 

utilising 4 min work and 1 min rest periods. The initial workload was 8 km.h
-1

, with 

subsequent 1 km.h
-1

 increments over each work period until volitional exhaustion. Over 

the duration of the GXT the treadmill was set to a gradient of 1% in order to simulate 

conditions commonly encountered outside of the laboratory (Jones & Doust, 1996). 

During the GXT, expired air was analysed for concentrations of O2 and CO2 (Ametek 

Gas Analysers, Applied Electrochemistry, SOV S-3A/1 and COV CD-3A, Pittsburgh, 

PA). The gas analysers were calibrated pre-test and verified post-test with certified 

gravimetric gas mixtures (BOC Gases, Chatswood, Australia). Ventilation was recorded 

at 15 s intervals via a turbine ventilometer (Morgan, 225 A, Kent, England), which was 

calibrated before, and verified after exercise using a 1 L syringe in accordance with the 

manufacturer‘s specifications. The V O2peak was determined by summing the four 

highest consecutive 15 s V O2 values.  

 

Urine 

Urine samples were collected into a 75 ml, sterilised container and were 

subsequentlycentrifuged at 10°C and 3000 rpm for 10 min. The supernatant was divided 

into aliquots and stored at –80°C until analysis. Urinary hepcidin-25 was measured at 

the Department of Clinical Chemistry, Radboud University Nijmegen Medical Centre, 

the Netherlands, as described previously (Kemna et al., 2007; Swinkels et al., 2008). In 

brief,  5 µL (0.3 µM)  of the solution of the lyophilized internal standard (synthetic 
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hepcidin-24, Peptide Int., Louisville KY)  in distilled water was added to 495 

µL urine before hepcidin was extracted from the sample with the use of Macro-Prep 

CM support beads (Biorad Laboratories) as previously described (Park et al., 2001). 

Next, 1 µL of the extract of hepcidin was applied to a normal phase chip (NP20; Bio-

Rad Laboratories, Hercules, CA) followed by the addition of energy absorbing matrix 

(Kemna et al., 2007), all in a nitrogen atmosphere. Hepcidin quantification via surface-

enhanced laser desorption/ionisation time-of-flight mass spectrometry (SELDI-TOF-

MS) has been described previously (Kemna et al., 2005b; Kemna et al., 2007). The 

standard curve of hepcidin-25 that was constructed by exploiting hepcidin-24 as the 

internal standard and by serially diluting hepcidin-25 in tubes with blank urine from a 

patient with juvenile hemochromatosis (Van Dijk et al., 2007),  was linear (R
2
 > 0.99). 

In addition, spiking of both hepcidin isoforms in different concentration combinations 

to blank urine revealed no influence of the internal standard hepcidin-24 to the peak 

height and position of the human hepcidin-25. Hepcidin results are expressed here 

relative to urinary creatinine levels. The lower limit of detection with this method is 

0.05 nM with an intra-run variation of 3.0% at 3.3 nM and 9.9 nM, and an inter-run 

variation of 12.6% at 1.5 nM, and 10.2% at 9.1 nM.  

 

Blood 

Venous blood was collected via venepuncture of an antecubital vein in the forearm. An 

8.5 ml SST II gel vacutainer was filled and allowed to clot for 60 min at room 

temperature. Subsequently, the sample was centrifuged at 10°C and 3000 rpm for 10 

min. Serum supernatant was then divided into 1 ml aliquots and stored at -80°C until 

further analysis. Serum IL-6, CRP, iron and ferritin were measured at the Sir Charles 

Gairdner Hospital Pathology Laboratory (Perth, Western Australia).  
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Serum IL-6 was measured using a commercially available ELISA (Quantikine HS, 

R&D Systems, Minneapolis, USA) with an assay range of 0.38-10 ng.L
-1

. The 

analytical coefficient of variation (CV) for IL-6 determination at 0.49 and 2.78 ng.L
-1

 

was 9.6% and 7.2% respectively. The CRP was measured using a Roche CRPLX 

particle enhanced immunoturbidimetric assay kit with an analytical CV of 1.8%. Iron, 

transferrin and ferritin were measured on the Roche Modular System (Roche 

Diagnostics, Switzerland). Iron levels were determined using FerroZineÒ reagent and 

absorbance was measured at 570 nm. The analytical CV for iron determination at 13 

and 43.5 mmol.L
-1

 was 1.4% and 0.9% respectively. Ferritin levels were determined 

using a sandwich IRMA assay (Roche Diagnostics). The analytical CV for ferritin 

determination at 30.7 and 232 µg.L
-1

 was 2.9% and 3.2% respectively.  

 

3.2.4  Statistical Analysis 

The following data set is presented as mean (+SEM). Blood analysis showed that three 

of the participants tested portrayed serum ferritin levels characteristic of stage 1 iron 

deficiency (<35 µg.L
-1

) (Nielsen & Nachtigall, 1998; Peeling et al., 2007). As such, 

these three participants were excluded from the main analysis, and the results are 

relevant only to athletes with healthy iron levels (n=8). A repeated measures ANOVA 

for time, trial and time*trial effects was conducted between the RUN and REST 

conditions. Post-hoc, paired samples t-tests were performed in the event of a main 

effect. The alpha level was accepted at p<0.05. The results of the iron deficient group 

(Table 3.2) were not excluded from presentation in this paper, since observations from 

their data provided interesting insights to suggest a possible effect of iron status on 

hepcidin production. However, since the group is small, no statistical analysis has been 

carried out on this data.  
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Table 3.2 Effect of 60 min RUN or 60 min REST trial on levels of Interleukin-6 (IL-6), C-reactive protein (CRP), urinary hepcidin, serum iron and 

serum ferritin for the iron deficient participants (n=3). Results are expressed as mean (+SEM). 

Variable
REST RUN 

Pre Post 3 h post 6 h post 24 h post Pre Post 3 h post 6 h post 24 h post

IL-6 0.40 0.32 0.36 0.42 0.28 0.41 1.99 0.47 0.38 0.36

(pg.mL-1) (0.06) (0.08) (0.09) (0.02) (0.11) (0.05) (0.14) (0.05) (0.04) (0.06)

CRP 0.27 0.23 0.23 0.17 0.20 0.30 0.37 0.37 0.20 0.47

(µg.L-1) (0.18) (0.03) (0.14) (0.03) (0.06) (0.06) (0.09) (0.03) (0.01) (0.17)

Hepcidin 0.04 0.03 0.06 0.05 0.18 0.02 0.05 0.08 0.03 0.09

(nM.mmol

Creatine-1) 
(0.01) (0.01) (0.01) (0.01) (0.13) (0.01) (0.03) (0.01) (0.01) (0.08)

Serum Iron 10.10 9.87 12.00 12.33 14.80 10.30 13.47 13.57 12.73 11.40

(µmol.L-1) (4.08) (3.41) (3.18) (2.63) (2.33) (3.03) (4.17) (4.54) (4.73) (4.42)

Serum Ferritin 17.35 16.96 17.80 18.91 18.33 18.48 20.52 19.19 20.66 18.72

(µg.L-1) (4.38) (3.59) (4.10) (5.78) (6.29) (5.91) (6.78) (5.97) (7.06) (6.65)
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3.3  Results 

3.3.1  Run 

The HR recorded during the 15 min warm up was 151 (+ 4) bpm (80 + 2% HRpeak). 

During the 45 min at 85-90% HRpeak, the HR was 166 (+ 2) bpm (88 + 1% HRpeak). The 

running velocity during the 15 min warm up was 9.6 (+ 0.2) km.h
-1

. This velocity was 

subsequently increased for the remaining 45 min to 12.0 (+ 0.3) km.h
-1

. 

 

3.3.2  Interleukin-6 

There were significant time (p=0.0001), trial (p=0.005) and time*trial (p=0.0001) 

effects for IL-6 differences between the RUN and REST conditions of the healthy iron 

status group (Figure 3.1). The IL-6 recorded immediately post-RUN (p=0.002), and 3 h 

post-RUN (p=0.010) were significantly greater than at the same time points of the 

REST trial. The time effect showed that the immediate post-RUN levels were 

significantly greater than pre-RUN (p=0.001), but had returned to baseline levels by 3 h 

of recovery.  

 

3.3.3  C-Reactive Protein 

Significant time (p=0.015), and time*trial (p=0.015) effects for the healthy iron status 

groups CRP levels between the RUN and REST conditions were found (Figure 3.1). 

Here, the 24 h post-RUN levels were significantly greater (p=0.049) than those recorded 

at 24 h in the REST condition, The time effect showed that the 24 h post-RUN levels 

were significantly greater than at 6 h post-RUN and at pre-RUN (p=0.041 and p=0.022, 

respectively).  
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Figure 3.1 Effect of 60 min RUN (□) or 60 min REST (■) trial on (a) Interleukin-6 and 

(b) C-Reactive Protein for the healthy iron status group (n=8). Results are expressed as 

mean (+SEM). *Indicates a significant difference to the REST trial (p<0.05). ‡Indicates 

a significant difference to the pre-RUN time point (p<0.05). †Indicates a significant 

difference to the previous time point (p<0.05). 



48 

 

3.3.4  Hepcidin 

The healthy iron status group showed significant time (p=0.011) and time*trial 

(p=0.049) effects for the hepcidin levels between the RUN and REST conditions 

(Figure 3.2). Specifically, the 3 h post-RUN hepcidin levels were significantly greater 

than in the REST condition (p=0.048), in addition to a strong effect size (ES=0.80) for 

greater hepcidin levels in the RUN condition at the 6 h time point. The time effect 

showed that the 3 h post-RUN hepcidin levels were significantly greater than those 

recorded immediately post-RUN (p=0.012) and the 6 and 24 h post-RUN levels were 

significantly greater than the pre-RUN values (p=0.028 and p=0.030, respectively). The 

time effect also showed that the 6 h hepcidin value in the REST trial was significantly 

greater than at 3 h (p=0.046).  

 

3.3.5  Serum Iron 

The healthy iron status group showed significant time (p=0.003), trial (p=0.036) and 

time*trial (p=0.013) effects for differences between the RUN and REST conditions 

(Figure 3.2). The trial effect showed that the 6 h and the 24 h post-RUN serum iron was 

significantly lower than in the REST trial (p=0.001; p=0.009, respectively). The time 

effect showed the post-RUN serum iron to be significantly increased from baseline 

(p=0.0001), which fell back to baseline by 3 h post-RUN.  
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Figure 3.2 Effect of 60 min RUN (□) or 60 min REST (■) trial on (a) Urinary Hepcidin 

and (b) Serum Iron for the healthy iron status group (n=8). Results are expressed as 

mean (+SEM). *Indicates a significant difference to the REST trial (p<0.05). ‡Indicates 

a significant difference to the pre-RUN time point (p<0.05). †Indicates a significant 

difference to the previous time point (p<0.05). 
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3.3.6  Serum Ferritin  

The range of serum ferritin in the healthy iron status group was 131 + 19 µg.L
-1

 to 134 

+ 18 µg.L
-1

 in the REST condition, and 133 + 25 µg.L
-1

 to 144 + 26 µg.L
-1

 in the RUN 

trial. There were no significant time (p=0.536), trial (p=0.860) or time*trial (p=0.861) 

effects for serum ferritin in the healthy iron status group.  

 

3.4  Discussion 

The findings of this study show that a 60 min period of high intensity running, in 

moderately endurance trained participants with healthy iron stores will increase 

circulating levels of IL-6 and serum iron immediately post-exercise, and increase levels 

of CRP 24 h later. Subsequent to this response, urinary hepcidin levels were 

significantly increased over time when compared to pre-RUN levels, and when 

compared to a resting control condition at 3 h post-exercise. It was noted that the 

hepcidin response appeared attenuated in subjects with a compromised iron status 

(n=3), despite still incurring an inflammatory response. The possible implications of 

these outcomes are discussed below.  

 

3.4.1  Inflammatory Response and Hepcidin Activity 

The exercise protocol employed during this investigation produced a large acute-phase 

inflammatory response. In fact, the post-RUN levels of IL-6 were 6.9 times greater than 

at baseline, and the CRP levels were 2.6 times greater 24 h later. These results are 

similar to previous investigations that have shown exercise-induced IL-6 increases of 3 

to 25-times, and CRP increases of 2 to 15-times that of baseline levels (Ostrowski et al., 

1998; Brenner et al., 1999; Fallon, 2001). Circulating levels of IL-6 have been 

implicated as the primary mediator of hepcidin activity (Nemeth et al., 2004b). Here, 
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subsequent to the inflammatory response, the urinary hepcidin levels of the healthy iron 

status subjects were significantly increased at 3 h, 6 h and 24 h post-RUN when 

compared to the pre- and immediate post-RUN values (1.7-5.2 times greater). Similar to 

the present study, Roecker et al., (2005) also found significant increases in urinary 

hepcidin compared to pre-exercise levels, 24 h after the completion of a marathon run. It 

was suggested by these authors that the increases seen in urinary hepcidin at the 

conclusion of the marathon, may have been due to the well documented post-exercise 

increase in IL-6. However, no serum IL-6 levels were measured. Therefore, the results 

of the current investigation add to the current understanding of exercise-induced 

changes in hepcidin activity, confirming that these changes occur subsequent to an 

exercise-induced increase in IL-6.  

 

Previously, post-exercise measurements of urinary hepcidin have been limited to pre-

exercise, immediately post-exercise, and at 24 and 72 h post-exercise (Roecker et al., 

2005). However, Kemna et al., (2005a) showed that urinary hepcidin levels were at their 

greatest 3 h after the peak in IL-6 activity. As such, the most active post-exercise period 

of hepcidin synthesis during the initial hours of recovery has to date been unknown. The 

data of the present investigation agrees with the findings of Kemna et al., (2005a) that 

post-exercise hepcidin levels were significantly elevated 3 h after the peak in IL-6, with 

the highest mean values occurring at 6 h post-RUN. However, there were no significant 

differences in the hepcidin levels measured from 3 h post-RUN to those recorded at 6 or 

24 h later. With this in mind, it is possible that Roecker et al., (2005) may have seen a 

greater peak in hepcidin production in the early phases of recovery from the marathon, 

which represents a greater exercise load than the 60 min run performed here. 

 



52 

 

In addition to changes in hepcidin activity from pre-exercise levels, the current 

investigation also compared the response to that of a control condition (REST). When 

considering the group as a whole (n=11), no post-exercise hepcidin levels were 

significantly greater than the REST trial, despite there being strong trends to suggest a 

tendency for elevated levels. Initially, it was thought that these results were in 

agreement with the findings of Kemna et al., (2007), since we saw a large variation in 

urinary hepcidin levels at rest, which potentially contributed to the lack of significant 

trial differences between the RUN and the REST conditions. Furthermore, diurnal 

variation in hepcidin levels has previously been observed which may have also 

contributed to this variation (Kemna et al., 2007). However, upon further analysis of the 

blood results, it was evident that three of the initial eleven participants recruited for this 

study showed serum ferritin levels that met the criteria of stage one iron deficiency in 

athletes (Nielsen & Nachtigall, 1998; Peeling et al., 2007).  

 

When these three iron deficient participants were removed from the analysis, it became 

evident that the magnitude of hepcidin response was greater compared to pre-exercise 

levels, and compared to the REST trial. In fact, the urinary hepcidin levels after 3 h of 

recovery were significantly greater than the control condition. Furthermore, the 6 h 

post-RUN levels of hepcidin also showed a strong trend to being greater than at REST, 

however this data point failed to reach significance, possibly as a result of the slight 

diurnal increase in the 6 h hepcidin levels of the REST trial. 

 

To help explain what may be occurring in the iron deficient subjects, it must be 

considered that the typical response of the body to low hepatic iron levels is to decrease 

hepcidin synthesis, which in-turn increases iron absorption from the diet, and iron 

release from macrophages (Nicolas et al., 2002b). In contrast, the response to chronic 
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illness and its associated inflammation causes patients to up-regulate hepcidin 

expression, causing decreased iron absorption and retention of iron in the macrophages, 

resulting in a reduced level of serum iron (Ganz, 2003; Nemeth et al., 2003). To date, 

the response of hepcidin to acute inflammation produced by exercise in participants 

with insufficient iron stores has not been investigated. However, it is possible that 

reduced liver iron levels in the three iron deficient subjects of this study may have 

attenuated the up-regulation of hepcidin in response to exercise-induced inflammation. 

If correct, this mechanism may explain why there were six non-responders in the 

Roecker et al., (2005) investigation. Since iron parameters were not measured, it is 

possible that these six athletes were iron deficient prior to the commencement of the 

marathon run. Furthermore, it should be noted that three iron deficient subjects in our 

investigation were all female, as were the participants of Roecker and colleagues. As 

such, these observations should be used as a basis for further investigation in the future, 

using a larger sample of iron deficient athletes to confirm such a difference in response, 

and to elicit possible gender differences. 

 

3.4.2  Serum Iron and Ferritin 

In the current study, the healthy iron status group showed a significant elevation in 

serum iron and serum ferritin at the immediate completion of the RUN trial. Buchman 

et al., (1998) suggested that the increased serum iron markers post-exercise may be 

reflective of red blood cell (RBC) destruction, otherwise known as hemolysis. Exercise-

induced hemolysis is the destruction of the RBC as a result of the circulatory stress, 

and/or the physical impact incurred during activity. Telford et al., (2003) showed 

running to be associated with the greatest degree of hemolysis, primarily due to the 

impact forces that occur at the heel during footstrike. In the event of a hemolytic 

episode, macrophages engulf cellular debris and free iron released from the hemolysed 
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RBC (Bessis & Breton-Gorius, 1957). Macrophages usually recycle iron in the liver via 

ferroportin channels expressed on the cell surface (Lymboussaki et al., 2003). However, 

up-regulation of hepcidin causes internalisation and degradation of ferroportin, thereby 

inhibiting the release of iron from the macrophages that was collected from hemolysed 

and senescent RBC (Nemeth et al., 2004b). In addition to inflammation, hepatic iron 

levels are also implicated in the regulation of hepcidin activity (Nemeth et al., 2004b). 

As previously mentioned, increases in serum iron result in increased hepcidin activity to 

reduce iron absorption and recycling in the gut and from macrophages (Ganz, 2003; 

Nemeth et al., 2003). To this end, the post-exercise increases in hepcidin activity seen 

here and in previous investigations may be homeostatic in nature, acting to return serum 

iron levels back to baseline during the initial 3 h of recovery via a reduced absorption of 

iron in the gut, and reductions in iron recycling from the macrophage. Hence, the 

combination of inflammation and hemolysis add to the current body of knowledge with 

respect to the mechanisms that explain iron metabolism during exercise. 

 

3.4.3  Conclusion 

This study has shown that urinary hepcidin levels are significantly elevated post-

exercise relative to pre-RUN levels, and compared to a rested control condition in 

moderately trained athletes with a healthy iron status, approximately 3 h subsequent to 

an increase in IL-6 and serum iron. It would appear that this elevation in hepcidin levels 

is attenuated in iron deficient subjects. However, such an observation warrants further 

investigation in the future. To this end, it would seem that the combination of 

inflammatory and iron regulated changes to hepcidin levels influence iron metabolism 

in athletes. The practical outcomes of this investigation may suggest that high frequency 

and high volume athletic training could lead to a cumulative stress on this new 

mechanism of iron metabolism that could eventually lead to an iron deficiency. 



55 

 

Furthermore, there may exist a period of reduced iron absorption from the diet 3 h post-

exercise, due to the effect of hepcidin on the duodenal enterocytes.    
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Training Surface and Intensity: Inflammation, Hemolysis and 

Hepcidin Expression 
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4.0  Abstract 

This investigation assessed the effects of training intensity and ground surface type on 

hemolysis, inflammation and hepcidin activity during running. Ten highly trained male 

endurance athletes completed a graded exercise test, two continuous 10 km runs on a 

grass (GRASS) and a bitumen road surface (ROAD) at 75-80% peak V O2 running 

velocity, and a 10 x 1 km interval running session (INT) at 90-95% of the peak V O2 

running velocity. Venous blood and urine samples were collected pre, immediately 

post-, and at 3 and 24 h post-exercise. Serum samples were analysed for circulating 

levels of IL-6, free hemoglobin (Hb), haptoglobin (Hp), iron and ferritin. Urine samples 

were analysed for changes in hepcidin expression.  After running the IL-6 and free Hb 

were significantly greater, and serum Hp significantly lower than pre-exercise values in 

all three conditions (p<0.05). Furthermore, IL-6 levels and the change in free Hb from 

baseline were significantly greater in the INT compared to the GRASS (p<0.05). There 

were no differences between the GRASS and ROAD training surfaces (p>0.05). Serum 

iron and ferritin were significantly increased post-exercise in all three conditions 

(p<0.05), but were not different between trials. Greater running intensities incur more 

inflammation and hemolysis, but these variables were not affected by the surface trained 

upon.  

 

Key Words  

Iron Deficiency, Cytokines, Training variables, Athlete 
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4.1  Introduction  

Exercise induced hemolysis is the destruction of red blood cells (RBC) resulting from 

the impact forces encountered during exercise (Miller et al., 1988; Telford et al., 2003). 

Once the integrity of the RBC is compromised, hemoglobin (Hb) and its associated iron 

are released into the surrounding plasma. Left unchallenged, high levels of free Hb 

promote oxidative tissue damage (Reeder & Wilson, 2005). As such, the body relies on 

the hemoglobin-binding properties of the glycoprotein haptoglobin (Hp) to capture free 

Hb, which is cleared from the circulation by the macrophage, thereby preventing iron 

loss and kidney damage during hemolysis (Giblett, 1968). Therefore, the typical post-

exercise blood profile response of an athlete indicating a hemolytic episode would show 

increased free Hb and decreased Hp levels.  

 

Exercise induced hemolysis is apparent after a range of modalities including swimming, 

cycling, rowing and weight training (Selby & Eichner, 1986; Schobersberger et al., 

1990; Telford et al., 2003). However, hemolysis occurring after running is more severe 

than that of other exercise modalities (Telford et al., 2003). These authors showed that a 

60 min bout of continuous running at 75% peak V O2 was responsible for a four-fold 

increase in the levels of free Hb when compared to an intensity and duration equivalent 

bout of cycling. After accounting for such factors as circulatory stress, it was concluded 

that heel strike was the major cause of hemolysis during running.  

 

Additionally, Miller et al., (1988) showed a force dependent relationship between 

heelstrike and the degree of hemolysis experienced during running via significantly 

greater changes to serum Hp and free Hb levels during downhill running (10 000 steps 

at a 6% decline) when compared to an equivalent duration and gradient uphill run. 

Therefore, it is possible that training variables such as the surface type and intensity are 
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likely to result in differing levels of ground impact force upon heel-strike, and may 

influence the amount of hemolysis experienced by an endurance runner.  

 

In addition to hemolysis, changes in exercise intensity can also affect the amount of 

inflammation experienced (Helge et al., 2003). However, it is unclear as to what effect 

training surface type may have. Inflammation severity is indicated via the acute-phase 

response (Ostrowski et al., 1999; Pedersen & Hoffman-Goetz, 2000). One cytokine 

commonly produced during this response is interleukin-6 (IL-6), which is also the 

predominate mediator of the iron regulatory hormone, hepcidin (Nemeth et al., 2004a). 

Hepcidin acts on the iron export protein ferroportin (Fpn) in duodenal enterocytes and 

macrophages to decrease iron absorption in the intestine, and inhibit the release of iron 

by macrophages from hemolysed RBC (Nemeth et al., 2004a; Nemeth et al., 2004b). In 

addition to inflammation, hepcidin activity also undergoes homeostatic regulation via 

hepatic iron levels and the demand for erythropoiesis as sensed by liver oxygenation 

(Nemeth et al., 2004b). Recently, hepcidin expression was shown to be up-regulated in 

response to running-based exercise (Roecker et al., 2005). 

 

An increased inflammatory response resulting from a change in training intensity or 

ground surface type may increase hepcidin levels, and in turn inhibit the recycling of 

iron collected by macrophages as a result of hemolysis. Therefore, it was the aim of this 

investigation to assess the effects of two different training ground surfaces (grass and 

road), and two different training intensities (continuous and interval) on the amount of 

hemolysis, inflammation and hepcidin expression experienced during acute running 

training sessions in well-trained endurance runners.  
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4.2  Methods 

4.2.1  Subjects 

Ten highly trained male endurance athletes were recruited for participation in this study 

(Table 4.1). All participants were of healthy iron status, and none took any form of iron 

supplement during this investigation. Subjects were briefed on the purpose, 

requirements and risks involved with participation, and signed a written informed 

consent prior to commencement (Appendix B). Ethical approval for this study was 

granted by the Human Ethics Committee of The University of Western Australia. 
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Table 4.1 Athlete characteristics and target 1 km split times for the 10 x 1 km intervals run (INT) and the continuous grass (GRASS) and road 

(ROAD) surface runs. Results are expressed as mean (+SEM). 

 

Age Mass Height
VO2peak Running Pace (min)

VO2 Velocity BLa
ROAD / GRASS

(min)

INT

(min)

(y) (kg) (m) (mL.kg-1.min-1) (kph) (mmol.L-1) 75% 80% 90% 95%

22.8 71.7 1.81 67.2 17.6 10.4 4.56 4.28 3.79 3.59

(0.9) (2.5) (0.02) (1.4) (0.3) (0.6) (0.08) (0.07) (0.07) (0.07)

 

. 

. 
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4.2.2  Experimental Overview 

Participants were required to attend one laboratory, and three field testing sessions 

during the experimental period. In the 24 h prior to each testing day, participants were 

instructed not to complete any training sessions or manual labour. All testing sessions 

were completed at the same time of day, each separated by a minimum of 7 days. 

 

The initial session consisted of a graded-exercise test (GXT) used to determine peak 

oxygen uptake ( V O2peak) and peak V O2 running velocity (Table 4.1). The subsequent 

three testing sessions were applied in a counterbalanced, randomised order, and 

included two continuous 10 km runs on a grass surface (GRASS) and a bitumen road 

surface (ROAD), at an intensity equal to 75-80% of the peak V O2 running velocity, and 

a 10 x 1 km interval running session (work to rest ratio of 2:1) on a grass surface (INT) 

at an intensity equal to 90-95% of the peak V O2 running velocity. All three field-

running trials were followed by 24 h of monitored rest.  

 

On each of the field-testing days, participants attended the laboratory to provide pre-

exercise venous blood and urine samples. Subsequently, athletes were taken to the site 

for field-testing. The GRASS and INT running sessions were conducted on a 1 km 

looped grass track, and the ROAD run was conducted on a 1 km (500 m out and 500 m 

back) bitumen road surface (situated directly next to the grass track). For the warm up at 

each session, subjects ran an easy 1 km on the grass surface at a speed less than 60% of 

the peak V O2 velocity, followed by a 5 min period of static stretching. During all three 

field-based sessions, run-times and heart rate (HR) data (Polar 625X Heart Rate 

Monitor, Finland) were provided to subjects at each 1 km split to allow effective pacing. 

At the 5 and 10 km check points, subjects were stopped briefly to provide a 35 µL
-1 

capillary blood sample from the earlobe, which was then put on ice to be analysed for 
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blood lactate concentration (BLa) using a blood-gas analyser (ABL 625, Radiometer 

Medical A/S, Copenhagen, Denmark) within 10 min of arrival back at the laboratory.  

 

At the completion of each running session, athletes were allowed 5 min for static 

stretching, after which they returned to the laboratory to provide a post-exercise venous 

blood sample. Three hours later, participants were provided with a sterilised 75 ml 

collection cup for a urine sample, and were then allowed to leave the laboratory to 

continue their normal day, being instructed to not perform any further exercise or 

manual labour for a period of 24 h. Twenty-four hours post-exercise, participants 

returned to the laboratory to provide a final venous blood sample. 

 

4.2.3  Experimental Procedures 

Ground Surface Stiffness Determination 

The surface conditions of the grass and bitumen road running surfaces were assessed 

using a 2.25 kg Clegg impact hammer (SD Instrumentation, Wiltshire, England), 

dropped from a height of 0.457 m. This device measures the peak impact deceleration 

force exerted by the surface, and has been used in previous running research to quantify 

surface stiffness (Pinnington & Dawson 2001).   

 

Graded Exercise Test (GXT) 

The GXT was conducted on a motorised treadmill (Nury Tec VR3000, Germany) using 

4 min exercise and 1 min rest periods. The initial running speed was 12 km·h
-1

, with 

subsequent 1 km·h
-1

 increments over each exercise period until volitional exhaustion. 

During the test, the treadmill was set to a constant gradient of 1% in order to simulate 

outdoor conditions (Jones & Doust, 1996). Expired air was analysed for concentrations 

of O2 and CO2 via Ametek Gas Analysers (Applied Electrochemistry, SOV S-3A/1 and 
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COV CD-3A, Pittsburgh, PA), which were calibrated pre-test and verified post-test with 

certified gravimetric gas mixtures (BOC Gases, Chatswood, Australia). Ventilation was 

recorded at 15 s intervals via a turbine ventilometer (Morgan, 225 A, Kent, England), 

which was calibrated before, and verified after exercise using a 1 L syringe in 

accordance with the manufacturer‘s specifications. The V O2peak was determined by 

summing the four highest consecutive 15 s V O2 values. The velocity at which subjects 

ran to achieve V O2peak was recorded and used to determine the velocities required for 

each field-based running session (Table 4.1).  

 

Urine 

Urine samples were collected in 75 ml, sterilised containers and were subsequently 

centrifuged at 10°C and 3000 rpm for 10 min. The supernatant was divided into aliquots 

and stored at –80°C until analysis. Urinary hepcidin-25 was measured at the Department 

of Clinical Chemistry, Radboud University Nijmegen Medical Centre, the Netherlands, 

as described previously (Swinkels et al., 2008; Kemna et al., 2007). In brief,  5 µL (0.3 

µM)  of the solution of the lyophilized internal standard (synthetic hepcidin-24, Peptide 

Int., Louisville KY)  in distilled water was added to 495 µL urine before hepcidin was 

extracted from the sample with the use of Macro-Prep CM support beads (Biorad 

Laboratories) as previously described (Park et al., 2001). Next, 1 µL of the extract of 

hepcidin was applied to a normal phase chip (NP20; Bio-Rad Laboratories, Hercules, 

CA) followed by the addition of energy absorbing matrix (Kemna et al., 2007), all in a 

nitrogen atmosphere. Hepcidin quantification via surface-enhanced laser 

desorption/ionisation time-of-flight mass spectrometry (SELDI-TOF-MS) has been 

described previously (Kemna et al., 2005b; Kemna et al., 2007). The standard curve of 

hepcidin-25 that was constructed by exploiting hepcidin-24 as the internal standard and 

by serially diluting hepcidin-25 in tubes with blank urine from a patient with juvenile 
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hemochromatosis (Van Dijk et al., 2007),  was linear (R
2
 > 0.99). In addition, spiking of 

both hepcidin isoforms in different concentration combinations to blank urine revealed 

no influence of the internal standard hepcidin-24 to the peak height and position of the 

human hepcidin-25. Hepcidin results are expressed here relative to urinary creatinine 

levels. The lower limit of detection with this method is 0.05 nM with an intra-run 

variation of 3.0% at 3.3 nM and 9.9 nM, and an inter-run variation of 12.6% at 1.5 nM, 

and 10.2% at 9.1 nM. 

 

Blood 

Venous blood was collected via venepuncture of an antecubital vein in the forearm with 

the athlete lying down for 5 min prior to collection to control for postural shifts in 

plasma volume. The venous samples were collected in an identical fashion to that of 

Telford et al., (2003) using a 21-gauge needle together with minimal stasis and a gentle, 

slow movement of the syringe plunger in order to avoid unnecessary hemolysis from the 

blood collection. Subsequently, blood was gently deposited down the side of two 8.5 ml 

SST II Gel collection tubes (BD Vacutainer
TM

, NJ, USA) with the vacuum seals 

removed, then were allowed to clot for 60 min at room temperature. The samples were 

then centrifuged at 10°C and 3000 rpm for 10 min. Serum supernatant was then divided 

into 1 ml aliquots and stored at -80°C until further analysis. Serum samples were 

analysed for levels of IL-6, serum Hp and free Hb at the pre- and post-exercise time 

points, and for serum iron and ferritin at the pre-, post- and 24 h post-exercise time 

points. Blood analysis was conducted at the Sir Charles Gairdner Hospital Pathology 

Laboratory (Perth, Western Australia) and the Fremantle Hospital Pathology Laboratory 

(Fremantle, Western Australia).  
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Serum IL-6 was measured using a commercially available ELISA (Quantikine HS, 

R&D Systems, Minneapolis, USA) with an assay range of 0.38-10 ng.L
-1

. The 

coefficient of variation (CV) for IL-6 determination at 0.49 and 2.78 ng.L
-1

 was 9.6% 

and 7.2% respectively. Iron, transferrin and ferritin were measured on the Roche 

Modular System (Roche Diagnostics, Switzerland). Serum iron levels were determined 

using FerroZineÒ reagent and absorbance was measured at 552 nM. The CV for iron 

determination at 23.3 and 49.0 mmol.L
-1

 was 2.5% and 1.02% respectively. Ferritin 

levels were determined using a latex enhanced immunoturbidimetric assay with the 

absorbance measured at 552 nM. The CV for ferritin determination at 15.0 and 279.0 

µg.L
-1

 was 16.7% and 1.8% respectively.  

 

Free Hb was determined using a scanning spectrophotometer between wavelengths of 

650-480 nM. The CV for free Hb determination at 161.0 and 82.0 µg.L
-1

 was 2.2% and 

3.4% respectively. Quantitative serum Hp determination was measured by rate 

nephelometry a goat anti-human antibody. The increase in light scatter from particles 

suspended in solution was measured resulting from the human antigen-human antibody 

reaction. The CV for serum Hp determination at 157.0 µg.L
-1

 was 5%. 

 

4.2.4  Statistical Analysis 

Results are expressed as mean and standard error (mean + SE). The training intensity 

analysis compared the INT and the GRASS trials only, allowing the running surface to 

remain constant between conditions. The ground surface analysis compared the 

continuous GRASS and ROAD trials only, allowing the running intensity to remain 

consistent between conditions. Repeated measures ANOVA were used to analyse time, 

trial and time*trial effects of running surface and running intensity on the hematological 

and urine variables. Post-hoc, paired samples t-tests were used in the event of a main 
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effect to determine specific group differences. A one-way ANOVA was used to analyse 

the relative differences from baseline values in serum Hp and free Hb, with post-hoc 

LSD applied. The alpha level was set at p < 0.05. 

 

4.3  Results 

4.3.1  Environmental and Ground Surface Conditions 

Average temperature and humidity recorded were not different between the three 

running trials (INT: 22.9 + 1.0
o
C, 60 + 5%; GRASS: 23.7 + 1.2

o
C, 50 + 7%; ROAD: 

22.9 + 1.2
o
C, 56 + 7%; p>0.05). Surface stiffness measures showed that peak 

deceleration force recorded on the grass running track (1368.03 + 94.97 N) was 

significantly lower (p=0.0001) than that recorded on the road surface (37466.31 + 

147.76 N).   

 

4.3.2  Running 

The total run time, average 1 km split times, average HR and the BLa at the 5 km and 

10 km time points during each running trial are shown in Table 4.2. The total run time 

and the 1 km split times were significantly faster in the INT condition when compared 

to the lower intensity GRASS run (p=0.0001). However, there were no differences 

between the GRASS and ROAD running trials (p=0.170). The average HR recorded 

was significantly higher in the INT session than in the GRASS (p=0.0001). There was 

no difference in HR between the GRASS and ROAD running trials (p=0.423). The BLa 

during the INT session were significantly greater than the GRASS running trial at both 

the 5 km and the 10 km time points (p=0.0001 and p=0.0001, respectively). Again, there 

were no differences between the GRASS and ROAD running conditions (5 km: p=0.840 

and 10 km: p=0.449). 
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Table 4.2 Split times (1 km), heart rate (HR) and blood lactate concentrations (BLa) recorded during the 10 x 1 km intervals run (INT) and the 

continuous grass (GRASS) and road (ROAD) surface runs. Results are expressed as mean (+SEM). 

 

Condition

Total Run Time 1 km Split Time HR BLa (mmol.L-1)

(min) (min) (bpm) 5 km 10 km

INT 35.9* 3.59* 182* 8.3* 8.3*

(0.7) (0.07) (2) (0.3) (0.5)

GRASS 43.7 4.37 163 2.5 3.1

(0.8) (0.08) (3) (0.2) (0.3)

ROAD 44.1 4.41 161 2.5 2.8

(0.8) (0.08) (2) (0.2) (0.3)

 

Note: *Indicates a significant difference to the GRASS condition (p<0.05).
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4.3.3  Free Hemoglobin 

Free Hb levels are shown in Table 4.3. Significant time effects between the INT and 

GRASS (p=0.0001), and the ROAD and GRASS (p=0.0001) running trials were seen. 

The free Hb levels were significantly increased at the completion of exercise in all three 

trials (INT: p=0.0001; GRASS: p=0.008; ROAD: p=0.004). There were no significant 

trial effects for running intensity (p=0.553), however, the relative increase in free Hb 

from baseline (Table 3) was significantly greater in the INT session compared to the 

GRASS (p=0.035). There were no significant trial effects between the two different 

training surfaces (p=0.099), nor were there any differences in the relative change from 

baseline (p=0.386). 

 

4.3.4  Serum Haptoglobin 

Serum Hp levels are shown in Table 4.3. The results showed a significant effect for time 

between the INT and the GRASS running trials (p=0.001), and for the ROAD and 

GRASS ground surfaces (p=0.001). The serum Hp levels were significantly decreased 

at the completion of exercise in all three running conditions (INT: p=0.0001; GRASS: 

p=0.01; ROAD: p=0.0001) when compared to the pre-exercise levels. There were no 

significant trial effects between the INT and GRASS (p=0.510), or the ROAD and 

GRASS (p=0.274) running trials, nor were there any differences in the relative change 

from baseline (Table 3; INT and GRASS: p=0.403, ROAD and INT: p=0.598). 
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Table 4.3 Free hemoglobin (Hb) and serum haptoglobin (Hp) levels and associated relative change from baseline (∆) during the 10 x 1 km intervals 

run (INT) and the continuous grass (GRASS) and road (ROAD) surface runs. Results are expressed as mean (+SEM). 

 

Variable

INT GRASS ROAD

Pre Post ∆ Pre Post ∆ Pre Post ∆

Free
34.5 51.8† 17.3* 40.8 48.6† 7.9 31.6* 44.3† 12.7

Hemoglobin

(mg.L-1)
(4.3) (4.2) (2.8) (2.5) (2.9) (3.0) (2.5) (2.4) (3.3)

Serum
0.65 0.54† 0.11 0.58 0.51† 0.07 0.66 0.58† 0.08

Haptoglobin

(g.L-1)
(0.13) (0.12) (0.02) (0.12) (0.11) (0.02) (0.13) (0.12) (0.02)

 

Note: *Indicates a significant difference to the GRASS condition (p<0.05). †Indicates a significant difference to the pre-run time point (p<0.05). 
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4.3.5  Interleukin-6 

Interleukin-6 levels are shown in Figure 4.1. A significant effect for time was evident 

between the INT and GRASS, and the GRASS and ROAD runs (p=0.0001 and 

p=0.0001, respectively). The post-exercise levels of IL-6 were significantly greater than 

those recorded pre-exercise in all three conditions (INT: p=0.006; GRASS: p=0.0001; 

ROAD: p=0.0001). Additionally, a significant time*trial effect was seen between the 

INT and GRASS running trials (p=0.035), with post-exercise levels of IL-6 recorded 

after the INT run being significantly greater than for GRASS (p=0.001). There were no 

differences between the ROAD and GRASS running trials (p=0.316).  

 

4.3.6  Hepcidin 

Pre-exercise and 3 h post-exercise hepcidin activity is shown in Figure 4.1. A 

significant effect for time was evident between the INT and GRASS, and the GRASS 

and ROAD runs (p=0.005 and p=0.001, respectively). The 3 h post-exercise levels of 

hepcidin were significantly greater than those recorded pre-exercise in all three 

conditions (INT: p=0.009; GRASS: p=0.019; ROAD: p=0.003). There were no 

significant trial effects between the INT and GRASS (p=0.556), or the ROAD and 

GRASS (p=0.684) running trials.  
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Figure 4.1 Effect of the ROAD (■), GRASS (■) or INT (□) trial on (a) Interleukin-6 

and (b) Urinary Hepcidin levels. Results are expressed as mean (+SEM). *Indicates a 

significant difference to the GRASS trial (p<0.05). †Indicates a significant difference to 

the pre-RUN time point (p<0.05).  
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4.3.7  Serum Iron 

A significant effect for time was seen for the INT and GRASS (p=0.037) and the 

GRASS and ROAD running trials (p=0.038) (Table 4.4). The post-run levels of serum 

iron were significantly greater than baseline in all three conditions (INT: p=0.002; 

GRASS: p=0.002; ROAD: p=0.048). There were no significant trial effects between the 

INT and GRASS (p=0.867) or the GRASS and ROAD (p=0.280) running trials. 

 

4.3.8  Serum Ferritin 

A significant effect for time was seen for the INT and GRASS (p=0.003) and the 

GRASS and ROAD running trials (p=0.002) (Table 4.4). The post-run levels of serum 

ferritin were significantly greater than baseline in all three conditions (INT: p=0.005; 

GRASS: p=0.027; ROAD: p=0.050). These levels remained significantly elevated 24 h 

post-exercise in the ROAD running trial (p=0.029). There were no significant trial 

effects between the INT and GRASS (p=0.159) or the GRASS and ROAD (p=0.291) 

running trials. 
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Table 4.4 Serum iron and serum ferritin levels during the 10 x 1 km intervals run (INT) and the continuous grass (GRASS) and road (ROAD) surface 

runs. Results are expressed as mean (+SEM). 

 

Iron Measure

INT GRASS ROAD

Pre Post 24hr Pre Post 24hr Pre Post 24hr

Serum Iron 19.31 22.30† 22.04 19.16 21.21† 22.45 21.69 23.89† 24.32

(µmol.L-1) (2.27) (2.38) (1.48) (1.75) (2.02) (2.31) (1.09) (0.78) (1.65)

Serum Ferritin 68.06 77.23† 72.77 63.82 68.04† 64.97 65.62 72.4† 70.84†

(µg.L-1) (6.77) (7.67) (7.06) (7.77) (6.53) (7.98) (5.46) (7.22) (6.27)

 

Note: †Indicates a significant difference to the pre-run time point (p<0.05). 
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4.4  Discussion 

Inflammation and hemolysis were evident here at the conclusion of running-based 

exercise regardless of the intensity, or the surface type trained upon. However, the 

amount of inflammation and hemolysis experienced was greater after higher intensity 

interval running, when compared to lower intensity continuous running. As a result of 

this inflammatory response, the hepcidin expression 3 h post-exercise was elevated in 

all three running trials, as were serum iron and ferritin levels. 

 

4.4.1  Hemolysis 

Hemolysis was evident after all three running trials, as shown by significant increases in 

free Hb and decreases to serum Hp. These changes are similar to those reported in 

previous research indicating a hemolytic episode after running exercise (Hanson et al., 

1978; Miller et al., 1988; Telford et al., 2003). Previously, Miller et al., (1988) 

suggested a force-dependent relationship exists between heel-strike and the amount of 

hemolysis incurred. Telford et al., (2003) also showed that weight supported exercise 

such as cycling resulted in less hemolysis than that from an intensity and duration 

equivalent bout of running, with heel-strike being the main contributor to this 

difference. This force-dependent relationship allowed us to propose that the ground 

surface trained upon may have an influence on the amount of hemolysis incurred, with 

softer surfaces potentially reducing the impact encountered at heel-strike during 

running. The two running surfaces selected here differed significantly, with much 

greater peak deceleration forces evident on the ROAD surface compared to the GRASS. 

However, despite the surface differences, there were no changes in the severity of 

hemolysis encountered during these two continuous velocity and intensity matched 

runs. Therefore, acute exposure to a softer running surface may not be protective in 
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reducing the amount of hemolysis incurred. However, the cumulative effect of repeated 

running exposures is still unknown, and warrants further investigation.  

 

In addition to surface differences, it was also proposed that the intensity of exercise may 

alter the severity of hemolysis incurred during running. Previous research has shown 

that as running velocity increases, the ground reaction forces (GRFs) encountered are 

greater, causing the body to absorb larger vertical forces at heel-strike (Munro et al., 

1987; Kyröläinen et al., 2001). Our results showed a significantly greater change from 

baseline in free Hb levels between the INT and the GRASS conditions, suggesting there 

was more RBC damage as the running velocity was increased. It is possible that the 

greater vertical forces put through the body as a result of the faster velocity during the 

INT run played a role in the increased free Hb levels. Furthermore, it has also been 

shown that with greater running speed there exists an associated increase in the step 

frequency (Kyröläinen et al., 2001). A greater stepping cadence at higher velocities 

would see the athlete incur more ground contacts over a given distance, of which the 

vertical force during each contact would be greater than that of slower paced running 

speed. It may be the combination of these GRFs and the greater running cadence that 

can at least partially explain the greater free Hb levels seen in the INT run condition.  

 

In addition to the mechanical trauma of heel-strike contributing to exercise induced 

hemolysis, Miller et al., (1988) proposed that the contractile activity of major muscle 

groups may act to accelerate the destruction of older RBCs via compression of the 

surrounding capillary networks. Previous research has suggested that muscle activation 

of the lower limb is greater in anticipation of, and immediately after the initial contact 

phase of heel-strike during running (Novacheck, 1998). Furthermore, Kyröläinen et al., 

(2001) showed a greater activation of the gastrocnemius, vastus lateralis and gluteus 
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maximus muscles during the braking phase of the gait cycle as the running velocity was 

increased. Therefore, the similarity in the free Hb and serum Hp levels seen during the 

ROAD and GRASS running trials may have been a result of the matched velocity / 

intensity and an associated equivalent muscle activation rate. However, the greater 

velocity of the INT run may have increased the muscle activity of the lower limb, 

thereby increasing the compression of surrounding capillaries, helping to explain the 

larger increases in free Hb during this trial.      

 

4.4.2  Inflammation and Hemolysis 

The inflammatory response to running in the current study showed increased post-

exercise levels of IL-6 in all three conditions, with significantly greater increases in INT 

over GRASS. Robinson et al., (2006) argued that the mechanical trauma of foot-strike 

during running is only one aspect of athletic induced hemolysis, and that mechanisms 

such as osmotic stress and the inflammatory response are all understated causes. Current 

research suggests that tissue hypoxia results in the generation of cellular reactive 

oxygen species (ROS), which in-turn increases the cytokine signalling pathway, and the 

secretion of IL-6 (Ali et al., 1999). Furthermore, ROS are able to cross the membrane of 

the RBC, causing oxidative stress within the cell, resulting in accelerated blood cell 

senescence (Santos-Silva et al., 2002). In the current investigation, the increased post-

exercise IL-6 levels may in part be due to a hypoxic mediated increase in ROS. As a 

result, the hemolytic response to exercise may partially be explained via this oxidative 

mechanism. Furthermore, the greater amount of hemolysis seen in the INT run trial 

might be due to an increased level of hypoxia from the higher intensity run, hence 

generating more ROS.    
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4.4.3  Hepcidin Activity 

Here, 3 h subsequent to the exercise-induced hemolysis and the rise in IL-6 there was a 

significant increase in the circulating levels of hepcidin in all three running conditions. 

The expression of hepcidin is tightly controlled by inflammation (specifically in 

response to IL-6 activity), hepatic iron levels, and the demand for erythropoiesis as 

sensed by liver oxygenation (Nemeth et al., 2004b; Nicolas et al., 2002a). Previously, it 

has been shown that hepcidin expression was significantly elevated 24 h after a 42.2 km 

marathon run in female athletes (Roecker et al., 2005). However, Kemna et al. (2005a) 

showed that urinary hepcidin levels peaked 3 h after the peak of IL-6 activity in healthy 

subjects intravenously injected with a bolus of lipopolysaccharide. Furthermore, 

unpublished research from our laboratory also showed a significant rise in hepcidin 

levels 3 h after the completion of a 60 min run at 85-90% max HR. As such, it was 

considered that the 3 h post-exercise time point was the most appropriate to show post-

exercise changes in hepcidin activity. 

 

Hepcidin is the key regulator of iron metabolism (Nicolas et al., 2002a), acting to 

internalise and degrade the Fpn iron transport channels in the intestine and on the 

surfaces of macrophages (Nemeth et al., 2004a; Nemeth et al., 2004b). Such activity 

ultimately reduces the absorption of iron from the duodenum and the release of iron 

recycled from hemolysed red blood cells (Nemeth et al., 2004a; Nemeth et al., 2004b). 

Here, increased hepcidin expression was evident at 3 h following each of the three 

running trials, and was not influenced by the intensity of the run or the surface trained 

upon. The combination of both the increases in hemolysis and hepcidin expression 

during running are potentially detrimental to the iron status of athletes, since the iron 

release via hemolysis may be trapped within the macrophages as a result of the 

scavenging process that occurs to reduce the oxidative potential of free iron in the 
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circulation (Giblett, 1968). However, the serum iron response to exercise generally 

shows an increase in levels rather than the typical decreases seen during chronic 

inflammatory-induced anemia. Hepcidin activity may also be regulated by increases in 

hepatic iron levels (Nemeth et al., 2004b). Hence, the hepcidin up-regulation post-

exercise may be homeostatic in nature as a result of the increased circulatory iron levels 

resulting from the hemolysis. If indeed this is the case, then the effect of hepcidin on the 

enterocytes at the duodenum may become of greater importance, since there may exist a 

period of temporary compromised iron absorption from the diet, impacting on an 

athletes‘ ability to adequately acquire and restore their daily iron needs. It is possible 

that this effect would be further exacerbated by a chronic training load; however, further 

investigation is necessary to explore this possibility. 

 

4.4.4  Iron Status 

Significant post-exercise increases in serum iron and ferritin occurred in all three 

running trials, with no differences between trials. Similar post-exercise increases to 

these variables have been shown previously (Buchman et al., 1998; Davidson et al., 

1987; Pattini et al., 1990). Serum ferritin elevations are not unexpected since ferritin is 

an acute phase protein reactive to inflammation (Bárány, 2001). Furthermore, 

inflammatory cytokines have been shown to affect ferritin mRNA translation, resulting 

in an increased ferritin synthesis (Kalantar-Zadeh et al., 2004; Rogers, 1996). Increased 

serum iron levels are proposed to be a result of hemolysis causing the RBC to spill its 

Hb and associated iron into the extracellular fluid (Buchman et al., 1998). Hemolysis 

stimulates serum Hp to bind with free Hb (Giblett, 1968), and the newly formed Hp-Hb 

complex is cleared from the circulation by binding to the CD163 hemoglobin scavenger 

receptors on the macrophage (Kristiansen et al., 2001). The macrophage is then taken up 
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by endocytosis, stimulating rapid ferritin synthesis (Van Vlierberghe et al., 2004), 

further explaining the increases to serum ferritin seen here. 

 

4.4.5  Conclusion 

Exercise induced inflammation, hemolysis and hepcidin production were all evident at 

the conclusion of running, regardless of the surface trained upon, or the intensity trained 

at. The amount of inflammation and hemolysis encountered was greater with the higher 

intensity interval running. However, this did not further influence the acute increases in 

hepcidin expression or serum iron and ferritin status. It should be considered that the 

interaction between hemolysis, inflammation and hepcidin production is a plausible 

mechanism to explain iron deficiency in endurance athletes. However, longitudinal 

investigations utilising a heavy training load over weeks or months are required to place 

a chronic stimulus on this mechanism.    
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Chapter V 

 

 

Cumulative Effects of Consecutive Running Sessions on 

Hemolysis, Inflammation and Hepcidin Activity 
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5.0  Abstract 

The effect of two running sessions completed within a 12 h period on hemolysis, 

inflammation and hepcidin activity in endurance athletes was investigated. Ten males 

completed two experimental trials in a randomised, counterbalanced order. The two 

trials included a) a one running session trial (T1) including 10 x 1 km interval repeats 

(90% peak  V O2 velocity), and b) a two running session trial (T2), comprising a 

continuous 10 km run (70% peak  V O2 velocity), and a 10 x 1 km interval run (90% 

peak  V O2 velocity) completed 12 h later. Venous blood samples were collected and 

analysed for Interleukin-6 (IL-6), free hemoglobin (Hb), haptoglobin (Hp), serum iron 

and ferritin. Urinary hepcidin levels were also assessed. After the T1 and T2 interval 

runs, free Hb and Hp were significantly increased and decreased, respectively (p<0.05). 

Furthermore, a cumulative hemolytic effect was shown between the two sessions in the 

T2 trial (p<0.05). Furthermore, IL-6 and hepcidin activity were increased after each 

running session (p<0.05) with no cumulative effect between the two sessions in the T2 

trial seen. Serum iron and ferritin were significantly increased post-exercise after each 

interval run (p<0.05), but were again not influenced by the addition of the second 

running session. This investigation showed a cumulative effect of two consecutive 

training sessions within a 12 h period on RBC destruction in male athletes. Furthermore, 

post-exercise increases to serum iron and urinary hepcidin, and their interaction may 

have implications for an athlete‘s iron status.  

 

Key Words  

Iron Deficient, Cytokines, Training, Athlete 
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5.1  Introduction 

Exercise-induced iron deficiency is a common nutritional disorder amongst endurance 

athletes (Beard & Tobin, 2000; Zoller & Vogel, 2004). Mechanisms such as hemolysis, 

hematuria, sweating and gastrointestinal bleeding contribute to this disrupted 

metabolism of iron (Babic et al., 2001; DeRuisseau et al., 2002; McInnis et al., 1998; 

Zoller & Vogel, 2004). Additionally, recent attention has focused on the post-exercise 

activity of the iron-regulatory hormone hepcidin, suggesting that up-regulation of this 

hormone may have a negative impact on the body‘s ability to recycle and absorb dietary 

iron (Peeling et al., 2008a; Roecker et al., 2005). Recently, it has been suggested that 

post-exercise increases in the activity of hepcidin may result from exercise-induced 

inflammation and/or hemolysis (Peeling et al., 2008b).  

 

Exercise-induced hemolysis has been shown to result after swimming, cycling, rowing 

and weight training (Schobersberger et al., 1990; Selby & Eichner, 1986; Telford et al., 

2003). However, the impact stress of heel strike during running has been identified as 

the largest contributor to the destruction of red blood cells, due to a force dependent 

relationship between heelstrike and the degree of hemolysis experienced (Miller et al., 

1988; Telford et al., 2003). Although it is possible that the hemolysis induced by the 

impact stress of running may have adverse affects on the iron status of an athlete, it is 

questionable as to whether a single hemolytic episode will cause clinically significant 

iron loss (Poortmans & Haralambie, 1979). Telford et al., (2003) suggested that daily, 

or twice-daily hemolytic episodes during hard training may have a cumulative effect on 

exercise-induced hemolysis and iron status that could potentially put athletes at 

significant risk of developing an iron deficiency. To date however, no research has 

looked at the effect of consecutive running sessions on hemolysis, and the timing of 

appropriate recovery between sessions is unknown. 
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Hemolysis leads to the release of free Hb and iron into the circulation, which is 

scavenged and recycled via Ferroportin (Fpn) transport channels, housed on the cell 

surface of the macrophage. In contrast however, the levels of the iron-regulatory 

hormone hepcidin are also increased after exercise (Roecker et al., 2005; Peeling et al., 

2008b). Hepcidin is a liver produced peptide hormone, up-regulated in response to 

elevated iron levels and the inflammatory cytokine interleukin-6 (IL-6) (Kemna et al., 

2005a; Nemeth et al., 2004a; Nemeth et al., 2004b). Hepcidin acts by internalising and 

degrading the Fpn transport channels on the macrophage surface, and at the intestinal 

duodenum. This ultimately blocks the release of iron from macrophages that have 

collected senescent erythrocytes from hemolysis, in addition to inhibiting the absorption 

of iron from the gut (Nemeth et al., 2004a; Nemeth et al., 2004b). 

 

As with hemolysis, it is also unknown as to the effect of twice-daily training sessions on 

the hepcidin response to exercise. Ronsen et al. (2002) showed that a second bout of 

high intensity exercise on the same day is associated with a more pronounced increase 

in the levels of IL-6. Such an outcome may also translate to hepcidin activity. However, 

Ronsen et al. (2002) also showed that if the recovery period between bouts of exercise 

was sufficient enough, this cumulative effect was diminished. With this in mind, it was 

the aim of this investigation to assess the cumulative effects of two training sessions 

within a 12 h period on hemolysis, inflammation and hepcidin production in well 

trained male athletes. 
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5.2  Methods 

5.2.1  Subjects 

Ten highly trained male triathletes and endurance runners were recruited for 

participation in this study (Table 5.1). All subjects were of healthy iron status, and none 

took any form of iron supplement during this investigation. Subjects were briefed on the 

purpose, requirements and risks involved with participation, and were required to sign a 

written informed consent prior to commencement (Appendix C). Ethical approval for 

this study was granted by the Human Ethics Committee of The University of Western 

Australia. 
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Table 5.1 Athlete characteristics and target 1 km split times for the continuous long slow distance run (LSD) and the 10 x 1 km intervals (INT). 

Results are expressed as mean (+SEM). 

 

Age Mass Height
VO2peak Running Pace (min)

VO2 Velocity BLa LSD INT

(y) (kg) (m) (mL.kg-1.min-1) (kph) (mmol.L-1) (kph) (min.km-1) (kph) (min.km-1)

28.3 72.4 1.78 61.5 17.2 9.6 12.9 4.65 15.5 3.87

(3.0) (1.6) (0.06) (1.8) (0.4) (0.7) (0.3) (0.11) (0.3) (0.09)

 

. 

. 
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5.2.2  Experimental Overview 

Participants were required to attend three laboratory-based testing sessions. Initially, a 

graded-exercise test (GXT) was performed to determine peak oxygen uptake ( V O2peak) 

and peak V O2 running velocity (Table 1). Subsequently, a two session (T2) and a one 

session training condition (T1) were completed in a randomised, counterbalanced, cross 

over fashion. The T2 trial comprised evening and next morning running sessions 

(separated by 12 h), whereas the T1 trial comprised the morning running session only. 

An overnight recovery period was used in this study to allow complete rest between 

sessions, and to avoid any further coincidental activity that may occur throughout the 

day. Each condition was conducted over a period of 3 days, and were separated by a 

minimum of 7 days. All running training sessions were completed on a motorised 

treadmill (VR3000, NuryTech Inc, Germany), set at a given percentage of peak V O2 

running speed. In the 24 h prior to each trial, all participants were instructed not to 

perform any training sessions, structured exercise or manual labour.  

 

5.2.3  Experimental Procedures 

Graded Exercise Test (GXT) 

The GXT was conducted on the motorised treadmill using 4 min exercise and 1 min rest 

periods. The starting speed was 12 km·h
-1

, with subsequent 1 km·h
-1

 increments over 

each exercise period until volitional exhaustion. The treadmill was set to a gradient of 

1% in order to simulate conditions commonly encountered outdoors (Jones & Doust, 

1996). During the GXT, expired air was analysed for concentrations of O2 and CO2 via 

Ametek Gas Analysers (Applied Electrochemistry, SOV S-3A/1 and COV CD-3A, 

Pittsburgh, PA), which were calibrated pre-test and verified post-test with certified 

gravimetric gas mixtures (BOC Gases, Chatswood, Australia). Ventilation was recorded 
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at 15 s intervals via a turbine ventilometer (Morgan, 225 A, Kent, England), which was 

calibrated before, and verified after exercise using a 1 L syringe in accordance with the 

manufacturer‘s specifications. The V O2peak was determined by summing the four 

highest consecutive 15 s V O2 values. The velocity at which subjects ran to achieve 

V O2peak was recorded and used to determine the velocities required for each of the 

running training sessions that followed.  

 

Two Session Training Condition (T2) 

Day One 

On day one, participants attended the laboratory at 1800 h to provide a pre-run venous 

blood and urine sample. Subsequently, a 1 km warm up was performed at 60% of the 

individual peak V O2 running velocity, followed by 5 min of static stretching. Next, they 

completed a continuous 10 km long, slow distance run (T2LSD) at 70% of the peak V O2 

running velocity on the motorised treadmill. Heart rate (HR) data were collected every 

km using a Polar heart rate monitor (620X, Finland), and blood lactate (BLa) was 

analysed via a 35 µL
-1 

capillary blood sample collected from the earlobe during a 30 s 

rest period at 5km and at the conclusion of 10 km, using a blood-gas analyser (ABL 

625, Radiometer Medical A/S, Copenhagen, Denmark). A post-exercise venous blood 

sample was collected before the athlete went home at 2000 h, taking with them a 75 ml 

sterilised collection cup to provide a urine sample at 3 h post-run, which was then stored 

in a refrigerator (4
o
C) and returned to the lab the next day.  

 

Day Two 

The athletes returned to the laboratory at 0600 h. Pre-run venous blood and urine 

samples were then collected before they completed the same 1 km warm up and 

stretching routine as on the previous day. Subsequently, a 10 x 1 km interval running 
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session (T2INT) at 90% of the individual peak V O2 running velocity was completed 

(work to rest ratio of 2:1). As in the T2LSD, HR data were collected at 1 km intervals, 

and BLa was measured after the 5
th

 and 10
th

 km. A post-run venous blood sample was 

then collected, and the athletes were allowed to leave by 0800 h, taking with them a 75 

ml collection cup, to provide a urine sample at 3 h post exercise. This sample was stored 

in a refrigerator (4
o
C) and brought back to the lab at the end of the day. Athletes were 

instructed to perform no further exercise or manual labour during the subsequent 24 h.  

 

Day Three 

Twenty-four hours later, subjects were asked to return at 0800 h for collection of a final 

venous blood sample, marking the end of the T2 condition. The two different training 

intensities employed during the T2 condition (LSD and INT), were chosen to reflect the 

changes in intensity commonly incurred between sessions within a distance runners 

usual training program. 

 

One Session Training Condition (T1) 

Day One 

Participants were required to attend the laboratory at 1800 h to provide a resting venous 

blood and urine sample. Subsequently, they were allowed to go home with instructions 

to only eat and sleep as per their normal routine.  

 

Day Two and Three 

On day two, participants completed the 10 x 1 km interval running session (T1INT) at 

90% of the individual peak V O2 running velocity (work to rest ratio of 2:1). The 

remaining procedures and timing of day two and three in the T1 condition were an exact 

replication of those performed on day two and three of the T2 condition outlined above.  
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Sample Collection and Analysis 

Urine 

Urine samples were collected into a 75 ml, sterilised container and centrifuged at 10°C 

and 3000 rpm for 10 min. The supernatant was divided into aliquots and stored at –80°C 

until analysis. Urinary hepcidin-25 was measured at the Department of Clinical 

Chemistry, Radboud University Nijmegen Medical Centre, the Netherlands, as 

described previously (Kemna et al., 2007; Swinkels et al., 2008). In brief, 5 µL (0.3 

µM) of the solution of the lyophilized internal standard (synthetic hepcidin-24, Peptide 

Int., Louisville KY) in distilled water was added to 495 µL urine before hepcidin was 

extracted from the sample with the use of Macro-Prep CM support beads (Biorad 

Laboratories) (Park et al., 2001). Next, 1 µL of the extract of hepcidin was applied to a 

normal phase chip (NP20; Bio-Rad Laboratories, Hercules, CA) followed by the 

addition of energy absorbing matrix (Kemna et al., 2007), all in a nitrogen atmosphere. 

Hepcidin quantification via surface-enhanced laser desorption/ionisation time-of-flight 

mass spectrometry (SELDI-TOF-MS) has been described previously (Kemna et al., 

2005b; Kemna et al., 2007). The standard curve of hepcidin-25 that was constructed by 

exploiting hepcidin-24 as the internal standard and by serially diluting hepcidin-25 in 

tubes with blank urine from a patient with juvenile hemochromatosis (Van Dijk et al., 

2007),  was linear (R
2
 > 0.99). In addition, spiking of both hepcidin isoforms in 

different concentration combinations to blank urine revealed no influence of the internal 

standard hepcidin-24 to the peak height and position of the human hepcidin-25. 

Hepcidin results are expressed here relative to urinary creatinine levels. The lower limit 

of detection with this method is 0.05 nM with an intra-run variation of 3.0% at 3.3 nM 

and 9.9 nM, and an inter-run variation of 12.6% at 1.5 nM, and 10.2% at 9.1 nM. 
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Blood 

Venous blood was collected from an antecubital vein in the forearm with the athlete 

lying down for a minimum of 5 min to control for postural shifts in plasma volume. The 

venous samples were collected in an identical fashion to that of Telford et al., (2003) 

using a 21-gauge needle together with minimal stasis and a gentle, slow movement of 

the syringe plunger in order to avoid unnecessary hemolysis from the blood collection. 

Subsequently, blood was gently deposited down the side of two 8.5 ml SST II Gel 

collection tubes (BD Vacutainer
TM

, NJ, USA) with the vacuum seals removed, and 

allowed to clot for 60 min at room temperature. The samples were then centrifuged at 

10°C and 3000 rpm for 10 min. Serum supernatant was then divided into 1 ml aliquots 

and stored at -80°C until further analysis. These samples were analysed for circulating 

levels of IL-6, serum Hp and free Hb at the pre- and post-exercise time points, and for 

serum iron and ferritin at the pre-, post- and 24 h post-exercise time points. Blood 

analysis was conducted at the Sir Charles Gairdner Hospital Pathology Laboratory 

(Perth, Western Australia) and the Fremantle Hospital Pathology Laboratory 

(Fremantle, Western Australia).  

 

Serum IL-6 was measured using a commercially available ELISA (Quantikine HS, 

R&D Systems, Minneapolis, USA) with an assay range of 0.38-10 ng.L
-1

. The 

coefficient of variation (CV) for IL-6 determination at 0.49 and 2.78 ng.L
-1

 was 9.6% 

and 7.2% respectively. Iron, transferrin and ferritin were measured on the Roche 

Modular System (Roche Diagnostics, Switzerland). Serum iron levels were determined 

using FerroZineÒ reagent and absorbance was measured at 552nm. The CV for iron 

determination at 23.3 and 49.0 mmol.L
-1

 was 2.5% and 1.02% respectively. Ferritin 

levels were determined using a latex enhanced immunoturbidimetric assay with the 
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absorbance measured at 552 nm. The CV for ferritin determination at 15.0 and 279.0 

µg.L
-1

 was 16.7% and 1.8% respectively.  

 

Free Hb was determined using a scanning spectrophotometer between wavelengths of 

650-480 nm. The CV for free Hb determination at 161.0 and 82.0 µg.L
-1

 was 2.2% and 

3.4% respectively. Quantitative serum Hp determination was achieved using rate 

nephelometry and a anti-human antibody (processed goat sera) reagent. The increase in 

light scatter from particles suspended in solution was measured resulting from the 

human antigen-human antibody reaction. The CV for serum Hp determination at 157.0 

µg.L
-1

 was 5%. 

 

5.2.4  Statistical Analysis 

Results are expressed as mean and standard error (+SE). Repeated measures ANOVA 

were used to analyse time, trial and time*trial effects of the number of running sessions 

completed in one day on the hematological and urine variables measured. Post-hoc, 

paired samples t-tests were used to determine where specific trial differences existed. 

The alpha level was set at p<0.05. 

 

5.3  Results 

5.3.1  Running 

The running velocity, average 1 km split times, average HR and the BLa at the 5 and 10 

km time points during T1 and T2 are shown in Table 5.2. The running velocity and the 

average 1 km split times were significantly faster in the T2INT when compared to the 

T2LSD (p=0.0001). There were no differences between the T2INT and the T1INT sessions 

(p=0.999). The average HR over the 10 km was significantly higher in the T2INT 
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compared to the T2LSD (p=0.0001). Again, there were no differences between the T2INT 

and the T1INT sessions (p=0.950). Finally, the BLa values at 5 and 10 km in the T2INT 

session were significantly greater than those recorded in the T2LSD (p=0.002 and 

p=0.0001, respectively), but the T2INT and the T1INT session values did not differ at 

either collection point (p=0.059 and p=0.426, respectively).   
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Table 5.2 Running velocity, 1 km split times, heart rate (HR) and blood lactate concentrations (BLa) during the 10 x 1 km intervals run (INT), the 

continuous long slow distance run (LSD) for the one (T1) and two (T2) session training days. Results are expressed as mean (+SEM). 

 

Condition
Run Velocity 1 km Split Time Heart Rate Blood Lactate (mmol.L-1)

(kph) (min) (bpm) 5 km 10 km

T1INT 15.5 3.87 171 5.0 5.2

(0.3) (0.09) (4) (0.5) (0.5)

T2LSD 12.9 4.65 159 2.2 2.4

(0.3) (0.11) (4) (0.3) (0.3)

T2INT 15.5* 3.87* 171* 4.5* 4.9*

(0.3) (0.09) (4) (0.6) (0.7)

 

Note: *Indicates a significant difference to the T2LSD condition (p<0.05). 
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5.3.2  Free Hemoglobin 

Free Hb levels are presented in Table 5.3. There was a significant time (p=0.0001) but 

no trial effect (p=0.507) between T1 and T2. The time effect showed that the free Hb 

levels were significantly increased at the completion of the T2INT and the T1INT trials 

(p=0.013 and p=0.002, respectively), and also at the conclusion of the T2LSD run 

(p=0.003), compared to pre-exercise levels. The increased post-T2LSD free Hb levels had 

decreased significantly by the commencement of T2INT (p=0.042), approximately 12 h 

later, but were still significantly higher than the pre-T2LSD values. Finally, the post-

T2LSD free Hb levels were significantly lower than those recorded post-T2INT (p=0.013).  

 

5.3.3  Serum Haptoglobin 

Serum Hp levels are also shown in Table 5.3. A significant time effect (p=0.003) and a 

significant time*trial effect (p=0.001) were recorded. The time effect showed that the 

post-T1INT serum Hp levels were significantly lower than pre-T1INT (p=0.037). Within 

the T2 trial, the serum Hp levels fell significantly at the conclusion of the T2LSD 

(p=0.006), and remained at the same levels 12 h later (pre-T2INT), still significantly 

lower than pre-T2LSD (p=0.011). The post-T2INT serum Hp levels then fell significantly 

further from pre-T2INT levels (p=0.002), being also significantly lower than those 

recorded post-T2LSD (p=0.001). The time*trial effect showed that both the pre-T2INT and 

post-T2INT serum Hp levels were significantly lower than those recorded at the pre-

T1INT and post-T1INT time points (p=0.034 and p=0.027, respectively). 
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Table 5.3 Free hemoglobin (Hb) and serum haptoglobin (Hp) levels during the one session (T1) and two session (T2) training days. Results are 

expressed as mean (+SEM). 

 

Variable

T1 T2

Baseline Pre INT Post INT Pre LSD Post LSD Pre INT Post INT

Free
32.6 34.7 47.6† 29.8 40.8‡ 34.4‡‴ 48.5†‴

Hemoglobin

(mg.L-1)
(2.8) (2.8) (2.0) (2.2) (3.5) (2.4) (4.1)

Serum
0.84 0.87 0.82† 0.80 0.73‡ 0.73*‡ 0.66*†‴

Haptoglobin

(g.L-1)
(0.15) (0.17) (0.17) (0.17) (0.16) (0.15) (0.15)

 

Note: *Indicates a significant difference to the T1 trial (p<0.05). ‡Indicates a significant difference to the Pre LSD (p<0.05). †Indicates Significant 

difference to Pre INT (p<0.05). ‴Indicates a significantly difference to Post LSD (p<0.05). 
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5.3.4  Interleukin-6 

Interleukin-6 levels are shown in Figure 5.1. There was a significant time effect 

(p=0.0001) but no trial effect (p=0.441). In the T1 condition, the post-T1INT IL-6 levels 

were significantly greater than those recorded pre-T1INT (p=0.001). In the T2 condition, 

post-T2LSD levels of IL-6 were significantly greater than at pre-T2LSD (p=0.0001). These 

elevated levels had returned to baseline 12 h later (Pre-T2INT; p=0.0001), but were again 

significantly increased at post-T2INT (p=0.004). There were no differences between the 

IL-6 levels recorded post-T2LSD and post-T2INT (p=0.379).  

 

5.3.5  Hepcidin 

Hepcidin levels are presented in Figure 5.1. There was a significant time effect 

(p=0.004) but no trial effect (p=0.306) between the T1 and T2 conditions. The post-

T1INT hepcidin levels were significantly greater than those recorded pre-T1INT 

(p=0.030). In the T2 condition, the 3 h post-T2LSD levels of hepcidin were significantly 

greater than at pre-T2LSD (p=0.049). These elevated levels had returned to baseline 12 h 

later (pre-T2INT), but were again significantly increased after the T2INT session 

(p=0.028). There were no differences between the hepcidin levels recorded post-T2LSD 

and post-T2INT (p=0.789). 
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Figure 5.1 The (a) Interleukin-6 and (b) Urinary Hepcidin levels during the one session 

(T1-■) and two session (T2-□) training days. Results are expressed as mean (+SEM). 

‡Indicates a significant difference to the Pre LSD (p<0.05). †Indicates a significant 

difference to the Pre INT (p<0.05). ‴Indicates a significant difference to the Post LSD 

(p<0.05).  
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5.3.6  Serum Iron 

Serum iron levels are shown in Table 5.4. A significant effect for time (p=0.002), but no 

trial effect (p=0.528) existed between the T1 and T2 conditions. The time effect within 

the T1 trial showed that serum iron levels were significantly elevated post-T1INT and 24 

h later (p=0.004 and p=0.010, respectively). In the T2 condition, there were no 

differences between pre-T2LSD and post-T2LSD values (p=0.247), however, the post-

T2INT serum iron levels were significantly increased (p=0.002), and remained elevated 

24 h later (p=0.019). 

 

5.3.7  Serum Ferritin 

Serum ferritin levels are also shown in Table 5.4. There was a significant effect for time 

(p=0.007), but no trial effect between the T1 and T2 conditions (p=0.568). The post-

T1INT serum ferritin levels were significantly greater than pre-T1INT (p=0.028). Twenty-

four hours later, these levels had returned to baseline (p=0.039). In the T2 condition, the 

pre-T2LSD serum ferritin levels were not different to the post-T2LSD (p=0.144). 

However, the post-T2INT serum ferritin levels were significantly greater than the pre-

T2INT (p=0.048), but again had fallen to baseline levels by 24 h (p=0.018). The post-

T2INT serum ferritin levels were significantly higher than those recorded post-T2LSD 

(p=0.008). 
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Table 5.4 Serum iron and serum ferritin levels prior to, and during the 24 h of recovery from the 10 x 1 km intervals run (INT) and the continuous long 

slow distance run (LSD) in the one session (T1) and two session (T2) training days. Results are expressed as mean (+SEM). 

 

Iron Measure

T1 T2

Baseline Pre INT Post INT 24 h Pre LSD Post LSD Pre INT Post INT 24 h

Serum Iron 17.20 16.38 19.25† 21.16† 15.25 15.87 15.95 18.74† 20.86†

(µmol.L-1) (1.40) (1.40) (1.49) (1.67) (0.98) (0.89) (1.74) (1.64) (1.76)

Serum Ferritin 87.81 87.90 94.34† 85.50# 77.76 83.6 83.56 91.76†‴ 81.96#

(µg.L-1) (15.13) (16.11) (17.32) (15.16) (11.99) (13.93) (14.01) (15.68) (14.29)

 

Note: †Indicates a significant difference to Pre INT (p<0.05). ‴Indicates a significant difference to Post LSD (p<0.05). #Indicates a significant 

difference to Post INT (p<0.05). 



5.4  Discussion 

The findings of this investigation showed that inflammation, hemolysis, serum iron, 

ferritin and urinary hepcidin were elevated at the conclusion of a high intensity interval 

running session. Further, a cumulative effect of two running training sessions within 12 

h on the amount of hemolysis incurred was evident, shown via the significantly greater 

decreases in serum Hp during T2INT. The increases in inflammation, iron status and 

hepcidin levels were not affected by the addition of a second running session. The 

implications of these results are discussed below. 

 

5.4.1  Hemolysis 

Hemolysis was evident here in both the T1 and the T2 conditions, shown via significant 

post-run increases in free Hb and decreases in serum Hp. In response to hemolysis, 

serum Hp forms a complex with free Hb in an attempt to restrict the rise in oxidative 

stress (Giblett, 1968). The Hp-Hb complex is cleared from the circulation by binding to 

the CD163 hemoglobin scavenger receptors on the surface of macrophages (Kristiansen 

et al., 2001), and is taken up by endocytosis in the liver, stimulating rapid ferritin 

synthesis (Van Vlierberghe et al., 2004). Such a mechanism may in part explain the 

increased post-exercise ferritin levels seen here. In the T2 condition, the significant 

post-exercise changes to free Hb and serum Hp remained evident 12 h post-T2LSD, 

suggesting that the scavenging process of Hp and macrophages in response to exercise-

induced hemolysis is not completely finished within 12 h of recovery, and that the body 

is still attempting to ‗clean up‘ the damage created by running.  

 

The INT session in the T2 trial resulted in significantly greater increases to free Hb and 

decreases to serum Hp than those seen after the T2LSD run. Furthermore, the T2INT 

decreases in serum Hp was also significantly lower than that seen after the T1INT trial. 



104 

 

Telford et al., (2003) suggested that twice-daily hemolytic episodes could have a 

cumulative effect in athletes that may eventually begin to influence iron stores. This 

theory is supported by the serum Hp data of the current investigation. The lack of 

difference between the free Hb levels recorded post-INT between the T1 and T2 

conditions however, may also be explained by the greater decreases in serum Hp after 

T2INT, since it is likely that this corresponds to more Hp-Hb complexes being created to 

deal with the cumulative stress of multiple running sessions.  

 

5.4.2  Inflammation 

Previously, it has been shown that a second bout of high intensity exercise on the same 

day is associated with a more pronounced increase in IL-6 (Ronsen et al., 2002). Here, 

the inflammatory response to running showed a significant increase in IL-6 activity at 

the conclusion of the T2LSD run, which then decreased and returned to baseline levels 

within 12 h of recovery (pre-T2INT). The performance of the T2INT session then showed 

a further significant increase to post-exercise IL-6, which was also significantly greater 

than that of the T2LSD trial. However, the IL-6 responses were identical at the 

conclusion of the T1INT. These results agree with those of Ronsen et al., (2002), since 

the second bout of exercise performed here was associated with a more pronounced 

increase in IL-6. However, it is likely that this increase was the result of the greater 

intensity INT run when compared to the LSD run, since positive relationships between 

the intensity of exercise and increases in IL-6 have previously been reported (R
2
= 0.69 

and 0.32, respectively) (Ostrowski et al., 1998; Ostrowski et al., 2000). In addition, 

there were no differences in the increase to IL-6 levels between the T2INT and the T1INT 

trial. 
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The more pronounced increases in IL-6 activity as a result of a second exercise bout 

seen by Ronsen et al., (2002) would come as a result of the recovery time given between 

the two bouts of exercise. These greater IL-6 levels occurred when the second bout of 

exercise came after only 3 h of recovery. In fact, when the rest period between bouts of 

exercise was increased to 6 h, an attenuation of this cumulative IL-6 response was 

shown. Furthermore, previous investigations have shown that increases in plasma IL-6 

begin to occur after 30 min of exercise (Ostrowski et al., 1998), with peak post-exercise 

activity occurring for up to 1.5 h (Bruunsgaard et al., 1997; Margeli et al., 2005). 

Thereafter, these heightened levels of IL-6 are followed by a rapid decline (Pedersen et 

al., 2001). The current investigation implemented a recovery period between exercise 

bouts that represents what is commonly employed by elite athletes (~12 h). Since no 

cumulative IL-6 effects were seen from the two consecutive sessions, it would seem that 

the current training methodologies used by endurance athletes provides a safe amount of 

recovery time to sufficiently return elevated IL-6 to resting levels prior to the 

subsequent session, when running training of the intensity and duration used here is 

performed. 

 

5.4.3  Hepcidin 

The increases in IL-6 activity recorded here may also provide explanation for the up-

regulation of hepcidin activity seen 3 h post-exercise. Previously, it was shown that 

urinary hepcidin levels peaked 3 h after the peak in IL-6 activity in healthy subjects 

intravenously injected with a bolus of lipopolysaccharide (Kemna et al., 2005a). 

Furthermore, a significant rise in hepcidin levels 3 h after the completion of 10 x 1 km 

interval run session at 90-95% of the peak V O2 running velocity has also been reported 

(Peeling et al., 2008b). Therefore, we considered that the 3 h post-exercise time point 

was the most appropriate to show any changes in hepcidin activity. Elevations in post-
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exercise hepcidin levels may impose a challenge to an athlete‘s iron stores via 

attenuation of iron recycling from the macrophage, in addition to incurring a period of 

reduced iron absorption from the gut due to the degradation and internalisation of Fpn 

transport channels situated on the intestinal enterocytes and on the macrophage cell 

surface (Nemeth et al., 2004a; Nemeth et al., 2004b). 

 

Although significant hepcidin increases 3 h post-T2LSD were evident in the current 

investigation, it would appear that there were no cumulative effects of two running 

sessions completed within 12 h, since the increases seen post-T2INT were not greater 

than recorded after the T2LSD, or after the T1INT. Such an outcome would suggest that 12 

h of recovery provides a sufficient amount of time for an athlete to restore their hepcidin 

activity to resting levels when conducting the type of running training outlined here, 

since the hepcidin response showed a significant decline in the 12 h post-T2LSD. This 

outcome contrasts that of Roecker et al., (2005), who found significantly elevated 

hepcidin levels 24 h after the completion of exercise. This difference may be explained 

by the duration and intensity of exercise completed, since the participants of Roecker 

and colleagues ran four times the distance covered during the T2LSD run, at an average 

speed that was 26% slower, and for a duration averaging 3 h 44 min longer. Therefore, a 

relationship may exist between the duration and intensity of exercise, and the half life of 

hepcidin activity post-exercise. However, further investigation is needed to verify this 

assertion.  

 

5.4.4  Iron Status 

A second explanation for the increased post-exercise hepcidin activity may be the 

significant increases in serum iron. In addition to free Hb and serum Hp, post-exercise 

increases in serum iron also reflect a hemolytic stimulus (Buchman et al., 1998). As 
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previously mentioned, increased iron levels are also involved in the up-regulation of 

hepcidin activity (Nemeth et al., 2004b). As such, the post-exercise hepcidin response is 

likely homeostatic in nature, to help control and reduce the elevated levels of iron 

resulting from the exercise-induced hemolysis. However, it is possible that elevations in 

post-exercise hepcidin activity after the increases in serum iron have been controlled 

may potentially affect the ability to absorb dietary iron, thereby reducing the athletes‘ 

potential to replenish their daily iron requirements. Such an outcome would elicit an 

opposite regulatory process whereby the heightened hepcidin activity begins to decrease 

the body‘s iron store. However, the long-term effect of this hepcidin hyperactivity on an 

athlete‘s iron status remains to be investigated. 

 

Finally, it should be considered that although significant increases in post-exercise 

serum iron and ferritin levels were seen here, there were no cumulative effects of two 

training sessions within 12 h, since there were no changes to serum iron or ferritin at the 

conclusion of the T2LSD run. Furthermore, the T2INT changes that did occur were not 

different to those of the T1INT. The lack of change after the T2LSD run might be 

explained by the significantly lower amount of hemolysis seen in response to the LSD 

run, since the changes in serum Hp and free Hb were not as pronounced. Previously, 

Pattini et al., (1990) showed serum iron and ferritin responses to be dependent upon the 

intensity and duration of exercise, with more intense and longer duration efforts causing 

greater changes. As such, an intensity-dependent relationship may underscore the lack 

of change seen at the conclusion of the T2LSD run.  

 

5.4.5  Practical Application 

The results of this investigation would suggest that current training methodologies (i.e. 

multiple daily training sessions separated by 10-12 h) are relatively safe for high level 
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athletes to complete when considering the cumulative effect on acute inflammation and 

hepcidin responses on iron metabolism. However, the cumulative increases in 

hemolysis must be considered by coaches working with athletes that struggle to 

maintain a healthy iron balance, with the possibility of non-weight-bearing, cross-

training alternatives in place of a second running session on the same day, to avoid 

further taxing already compromised iron stores. Furthermore, although no cumulative 

increases in hepcidin activity were shown here, athletes and sports nutritionists need to 

consider that there may exist a period of decreased dietary iron absorption 3 h post-

exercise, therefore influencing the timing of consuming iron containing foods. 

However, future research is warranted to further explore the time course of potential 

optimal feeding periods.      

 

5.4.6  Conclusions 

Cumulative effects of two running training sessions within 12 h of one another have 

been demonstrated on hemolysis in well trained male athletes. However, despite this 

effect, the inflammatory response shown by an increased IL-6 expression, hepcidin 

activity and iron status do not have the same cumulative response. The reaction of these 

variables and their interaction to a more chronic training stimulus remains to be 

investigated, with the long term implication on iron status to be considered. 
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Summary and Conclusions 
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6.0  Summary 

Iron is an essential element used in the body for oxygen transport and energy production 

(Williams, 2005), and as such is of great importance to athletic performance. However, 

exercise-induced iron deficiency is a common problem for endurance athletes. To date, 

the major mechanisms of iron loss during exercise include hemolysis, gastrointestinal 

bleeding, hematuria and sweating (Babic et al., 2001; DeRuisseau et al., 2002; McInnis 

et al., 1998; Zoller & Vogel 2004). More recently, the activity of the iron regulatory 

hormone hepcidin has been implicated as a potential new mechanism of athletic iron 

deficiency (Roecker et al., 2005; Peeling et al., 2008a). As a result, it was the primary 

aim of this thesis to examine the inflammatory and hepcidin response to exercise, in 

order to better understand the activity of these variables in the initial 24 h of recovery. 

Additionally, we sought to further investigate the hemolytic response to exercise, with 

an emphasis on the effect of training intensity, frequency and ground surface. Finally, 

links between post-exercise inflammation, hepcidin levels and hemolysis were also 

examined. 

 

The first study (Chapter Three) was a time course analysis of inflammatory and 

hepcidin activity in the 24 h of recovery following a 60 min period of high intensity 

running, which was then compared to a control trial of seated rest. It was shown that the 

high intensity running was responsible for an immediate post-exercise increase in the 

levels of IL-6 and serum iron. Furthermore, 3 h subsequent to this response, the 

hepcidin activity began to increase to levels significantly greater than the baseline 

measures and the resting control. The results added to the current body of knowledge, 

since post-exercise increases in hepcidin activity have not been measured within the 

initial 24 h of recovery, and no associated inflammatory markers or iron measures have 

been collected. Furthermore, the results were important in allowing determination of the 
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appropriate time points at which to measure post-exercise hepcidin elevations in order 

to determine peak periods of activity.  

 

The second study (Chapter Four) further examined the iron loss mechanism of 

hemolysis, by determining the effect of training intensity, and training ground surface 

on the amount of hemolysis incurred during high intensity interval and prolonged, 

continuous running. Additionally, hepcidin activity was monitored post-exercise, to 

determine if training surface or intensity could influence the elevations of this hormone. 

Similar to the findings of study one, immediately post-running a significant increase in 

IL-6 was seen in all three conditions. Although the ground surface type did not affect 

the degree of inflammatory response, the higher intensity interval running did produce a 

greater increase in IL-6 than the lower intensity continuous run. When considering the 

hepcidin response, similar to study one, a significant 3 h post-exercise increase was 

seen, with no differences between training surfaces or intensities. Additionally, two 

specific indicators of hemolysis were measured to examine the hemolytic response to 

running as suggested in study one. It was shown that post-exercise, free Hb levels 

increased and Hp levels decreased in all three trials. However, the relative change in 

free Hb from baseline was significantly greater after interval running when compared to 

low intensity continuous running, suggesting an intensity driven effect of hemolysis. 

Finally, the measurement of serum iron showed significant increases post-exercise, 

justifying the increase in the hemolytic markers and the hepcidin response.  

 

Finally, the third study (Chapter Five) examined whether there existed a cumulative 

effect of multiple training sessions within the one day on the amount of hemolysis, 

inflammation and hepcidin activity incurred. As was seen in the two previous studies, 

immediately after each running session, there was a significant increase in the levels of 
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IL-6. Despite this, there was no evidence of a cumulative effect between the two 

training sessions in the T2 trial, possibly due to the acute phase nature of this cytokine, 

and the recovery period utilised between running sessions. Additionally, the activity of 

hepcidin was measured at 3 h post-exercise after each running session. Again, in 

accordance with the previous two investigations, there was a significant post-exercise 

increase in the hormone activity; however, there was no evidence of a cumulative effect 

between the two training sessions in the T2 trial. To assess the cumulative effect of 

hemolysis, free Hb and Hp blood variables were again measured (as in study 2). Here, 

there was a significant rise in free Hb and fall in Hp post-exercise at the conclusion of 

each run, suggestive of exercise-induced hemolysis, similar to that seen in study two 

and suggested in study one. Furthermore, there was a cumulative effect of the two 

running session trial, with significantly greater falls to Hp levels after the R2INT when 

compared to the R2LSD and the R1INT runs. The serum iron levels again followed the 

trend of the previous two studies, with a significant increase recorded immediately post-

exercise.     

 

Overall, the consistent findings to come from this series of research papers are that in 

healthy iron status, endurance athletes, a significant post-running increase in the 

inflammatory cytokine IL-6, with a subsequent rise 3 h later in the activity of the iron 

regulatory hormone hepcidin can be expected. Additionally, the post-run levels of free 

Hb and serum iron are likely to be significantly increased and Hp levels significantly 

decreased, suggestive of an exercise-induced hemolytic response. It is the combination 

of the increased serum iron / free Hb with the increased hepcidin activity that may over 

time lead to compromised iron metabolism, since the negative effects of hepcidin on the 

Fpn transport channels of the macrophage and in the gut may render the scavenged iron 
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from hemolysis trapped in the macrophage and unusable, in addition to promoting a 

period of reduce iron absorption from the diet.  

 

6.1  Conclusions 

In conclusion, these three studies have shown that; 

 

 After 60 min of running, urinary hepcidin levels are significantly elevated relative 

to pre-RUN levels, and compared to a rested control condition after 3 h of recovery 

in moderately trained endurance athletes with a healthy iron status. This increase in 

hepcidin expression occurred approximately 3 h subsequent to the increase in IL-6 

and serum iron. 

 

 Exercise induced increases in inflammation, hemolysis and hepcidin activity are 

evident immediately after running training, regardless of the surface trained upon, 

or the intensity trained at. There were no differences in the magnitude of increase in 

these variables when the training surface changed from GRASS to ROAD. 

However, the amount of inflammation and hemolysis was greater with the higher 

intensity INT running when compared to the lower intensity continuous GRASS 

run trial. These greater levels of inflammation did not further influence the acute 

increases in hepcidin expression or serum iron and ferritin status. 

 

 A cumulative effect of consecutive running training sessions within 12 h of one 

another exists on the amount of hemolysis incurred. However, exercise-induced 

changes in IL-6 expression, hepcidin activity and iron status do not have the same 

cumulative response. 
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6.2  Implications 

This series of investigations have further added to the current literature on post-exercise 

hemolysis in response to running training. Although no differences were shown 

between grass and road training surfaces, a greater effect was found with the higher 

intensity interval running, and a cumulative effect of two running sessions within 12 h 

was seen. As such, consideration may be given to the number of intense training 

sessions and the frequency of training planned for athletes who struggle to maintain a 

healthy iron status. It may be that coaches should avoid prescription of regular high 

intensity and multiple daily training sessions until the athlete re-establishes a healthier 

iron balance, in order to avoid the greater cumulative effects of hemolysis.  

Furthermore, non-weight bearing, cross-training alternatives (such as swimming) might 

be considered as supplemental sessions during periods of heavy training load. 

 

Additionally, it was shown that the hemolytic nature of running created a post-exercise 

increase in the levels of serum iron, and that the activity of the inflammatory cytokine 

IL-6 was also elevated. These two variables seemed to be a catalyst for increased 

hepcidin production 3 h post-exercise. As mentioned previously, the result of hemolysis 

is for the senescent cell to release its hemoglobin and associated iron content into the 

circulation, commonly shown via an increased serum iron level (Giblett, 1968). Left 

unattended, elevated levels of free iron may lead to oxidative tissue damage due to its 

reactive oxygen potential (Giblett, 1968). As a result, macrophages must then act to 

clean up the damage created, reducing the oxidative potential (Knutson et al., 2005). 

However, the effect of an increased hepcidin expression results in the degradation of the 

ferroportin (Fpn) iron transport channels, causing the reduction of iron absorption in the 

gut, and the trapping of iron in the macrophage (Nemeth et al., 2004a; Nemeth et al., 
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2004b). Therefore, it is possible that an exercise-induced increase in hemolysis and 

hepcidin expression may have an effect in two ways:  

 

 Firstly, it is possible that any post-exercise free iron uptake by the 

reticuloendothelial macrophages may be trapped within the scavenger cell due to 

the action of hepcidin on the Fpn transport channels. Such an outcome may impact 

on the recycling of iron back into the circulation, hence compromising iron status.  

 

 Secondly, an increased hepcidin activity 3 h post-exercise may impact on the 

absorption of iron from the diet. As such, athletes may need to consider the timing 

of post-exercise food intake to avoid potential periods of reduced iron absorption.  

 

6.3  Limitations 

Although the results of this thesis have useful application, the following limitations do 

apply; 

 

 The findings of study one are limited to the specific population of moderately 

endurance trained male and female athletes with a healthy iron status. Specifically 

for the female athletes studied, the application of these results may be limited to the 

follicular phase of the menstrual cycle. 

 

 The findings of study two and three are limited to the specific population of highly 

endurance trained male athletes with a healthy iron status, that regularly complete 

two training sessions within a 12 h time period. 
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6.4  Directions for Future Research 

These findings set a foundation for future research to further examine the effect of 

hepcidin elevations post-exercise on iron status, and its association with hemolysis. 

Future research should aim to determine: 

 

 The post-exercise hepcidin response in athletes that currently have an iron 

deficiency, since the results of study one suggest there may be difference in the 

activity of this hormone when iron stores are compromised. 

 

 Gender differences in hepcidin expression, since post-exercise elevations in IL-6 

expression have been shown to differ between males and females (Frink et al., 

2007). 

 

 The effect of carbohydrate ingestion during prolonged periods of running on post-

exercise hepcidin expression, since IL-6 attenuation has been previously reported 

when carbohydrates are consumed during exercise (Nieman et al., 2003). 

 

 The effect of different post-exercise feeding times with food rich in dietary iron, to 

assess the most optimal timing for eating to avoid potential periods of suppressed 

iron absorption due to elevations in hepcidin activity and its influence on the Fpn 

channels of the gut. 

 

 The effect of post-exercise increases in hepcidin expression on the macrophage, to 

determine if iron is trapped within the scavenger cell, and therefore rendered 

unusable. 
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 The cumulative effects of hemolysis derived from two training sessions within the 

same day when one of these sessions is changed to a non-weight bearing activity 

such as swimming or cycling. 

 

 The cumulative effects of hemolysis and increased hepcidin expression across a 

longitudinal training period, such as a training week, month or year. 

 

 The combined effects of training session duration and intensity on the hemolytic 

and hepcidin response post-exercise. 

 

Clearly, it is evident that more research is required to further our understanding of the 

mechanisms that underpin athletic-induced iron deficiency, to help reduce the risk and 

severity of compromised iron levels in athletes.    
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The effect of exercise on hepcidin production: A time course analysis. 

 

— Subject Information Sheet for Study One — 
 

Purpose 

This study will aim to investigate the effect of exercise on the production of a small 

hormone that affects iron status in humans.  

 

Procedures 

Your participation in this study requires you to attend three (3) testing sessions, each 

held on separate occasions at the University of Western Australia‘s School of Human 

Movement and Exercise Science Physiology Laboratory. The three testing sessions will 

include the following: 

 

Test Number 1 

Test number 1 is a running-based, incremental step test. This is a standard laboratory 

test used throughout the world to provide an indication of your aerobic fitness. This test 

will require you to run on a motorised treadmill until volitional fatigue, using an 

incremental exercise procedure. The entire test will last for between 28 and 32 min (7 to 

8 x 4 min stages). Capillary blood samples will be taken from the ear lobe at rest and the 

end of each 4 min stage. Gas analysis will be undertaken during exercise to provide 

continuous readings for oxygen consumption.  

 

Testing Session 2 

This session will require you to attend the Exercise Physiology Laboratory at 0630am, 

having fasted for a minimum of 12 hours. The testing session will include a 15 min run 

warm up at 75-80% of your heart rate maximum, followed by a 45 min bout of running 

at 85-90% of your heart rate maximum. The entire session will be performed on a 

motorised treadmill, and will be followed by 6 hours of monitored rest. Prior to, and at 

the immediate completion of the exercise, a small capillary blood sample will be 

collected from the ear lobe. Furthermore, 8 ml blood samples will be collected via 

venepuncture of an antecubital vein immediately prior to exercise, at the immediate 

completion of exercise, and at 3 and 6 hours post exercise. In addition to the blood 
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samples, urine will be collected prior to, at the conclusion of, and at 3 hour intervals 

following exercise for 6 hours. Twenty-four hours later, you will be required to return to 

the laboratory for a final blood and urine sample to be collected. 

 

Testing Session 3 

This session is identical to the session explained in testing session 2. However, during 

this session, the 60 min period of exercise will be replaced by 60 min of seated rest. 

 

Risks 

This study requires maximal effort testing and therefore risks are involved. These 

include, but are not limited to, injuries to muscles and tendons of the body. Every effort 

will be made to minimise these risks by ensuring you perform a thorough warm up and 

cool down during each testing session. However, the requirements will not exceed those 

experienced during normal training and competition. 

 

Benefits 

Individual: The individual benefits to this study include determining your VO2peak and 

lactate threshold. This study will also provide you with some insight as to the effect of 

exercise on the hormone activity of your body.   

Community: The results of this study may help to provide a mechanism that explains 

why athletes commonly become iron deficient.  

 

Confidentiality of Data 

Personal details and test results will be treated confidentially at all times. Individual 

data will not be identifiable, but collective results may be published.  

 

Subject Rights 

Participation in this research is voluntary and you are free to withdraw from the study at 

any time and for any reason, without prejudice in any way. If you withdraw from the 

study and you are an employee or student at the University of Western Australia 

(UWA) this will not prejudice your status and rights as employee or student of UWA. 

Your participation in this study does not prejudice any right to compensation that you 

may have under the statute of common law. Further information regarding this study 

may be obtained from Peter Peeling on telephone number 6488 1383 or Professor Brian 

Dawson on 6488 2276. 
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The effect of exercise on hepcidin production: A time course analysis. 

 

— Consent Form for Study One — 

 

As a subject, you are free to withdraw your consent to participate at any time without 

prejudice. The researchers will answer any questions you may have in regard to the 

study at any time.  

 

I ________________________ (participants name) acknowledge that I have read the 

above statement and information sheet, which explains the nature, purpose and risks of 

the investigation and that any questions I have asked have been answered to my 

satisfaction. I agree to participate in this study realising that I may withdraw at any time 

without prejudice. 

 

I understand that all information provided is treated as strictly confidential and will not 

be released by the investigator unless required to so by law. 

 

I agree that research data gathered for the study may be published provided my name or 

other identifying information is not used. 

 

 

____________________________  ______________________ 

Participant      Date 

 

The committee for Human Rights at the University of Western Australia requires that all participants are 

informed that, if they have any complaint regarding the manner, in which a research project is conducted, 

it may be given to the researcher or, alternatively to the Secretary, Committee for Human Registrar‘s 

Office, University of Western Australia, Crawley, WA 6009 (telephone number 6488 3703). All study 

participants will be provided with a copy of the information sheet and consent form for their personal 

records. 
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The effect of training surface and exercise intensity on red blood cell 

destruction and iron status. 

 

— Subject Information Sheet for Study Two — 
 

Purpose 

This study will investigate the effects of the ground surface trained upon, and the 

intensity at which training is completed at, on red blood cell destruction and iron status 

within the body.  

 

Procedures 

Your participation in this study requires you to attend 4 testing sessions, each held on 

separate occasions at the University of Western Australia‘s School of Human 

Movement and Exercise Science Physiology Laboratory. The 4 testing sessions will 

include the following: 

 

A. Graded Exercise Test (1 session) 

The graded exercise test is a standard laboratory assessment used throughout the world 

to provide an indication of a subject‘s maximal oxygen consumption (VO2peak). This test 

will require you to run on a motorised treadmill for a number of 4-min work periods, 

each conducted at an increasing running velocity, and separated by a 1-min period of 

rest. The number of 4-min work periods completed during this test will be determined 

by your ability to maintain a running speed at the same velocity as the treadmill. During 

the test you will be required to run whilst wearing a specialised mouth-piece that will 

allow us to collect samples of your expired air. The analysis of this gas is used to 

determine your continuous oxygen consumption throughout the test. Additionally, 

capillary blood samples (35 µL) will be taken from the ear lobe during the 1-min rest 

periods that will allow us to assess your lactate threshold (LT).   

 

B. Maximal Aerobic Intervals Session (1 session) 

The maximal aerobic intervals session will require you to run 10 x 1 km repeats at an 

intensity equal to 90-95% of the velocity attained at VO2peak during the graded exercise 

test. The intervals will commence on a 2:1 work:rest ratio. A capillary blood sample (35 
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µL) will be taken from the ear lobe at the commencement of the session, after interval 

number 5, and at the conclusion of the 10 repeats. The maximal aerobic intervals 

session will be conducted on a grass ground surface. 

 

C. Continuous Aerobic Conditioning Session (2 sessions) 

The continuous aerobic conditioning sessions will require you to run 10 continuous 1 

km repeats at an intensity equal to 75-80% of the velocity attained at VO2peak during the 

graded exercise test. A capillary blood sample will be taken from the ear lobe at the 

commencement and completion of the session. The two continuous aerobic conditioning 

sessions will be conducted on a grass and a road ground surface. 

 

Physiological Measurements 

During each of the above-mentioned sessions (B and C), we will be required to take 3 

blood samples of 8 ml via venepuncture of a antecubital vein located in the forearm. 

This procedure is identical to that used when you have been asked to provide a blood 

sample at your local GP. These samples will be drawn 15 min prior to starting each 

exercise session, and again at 30 min and 24 hours post exercise. Additionally, we will 

be required to collect 3 urine samples into a sterilised cup, 15 min prior to starting each 

exercise session, and at 30 min, and at 3 hours post-exercise. 

 

Risks 

This study requires maximal effort testing and therefore risks are involved. These 

include, but are not limited to, injuries to muscles and tendons of the body. Every effort 

will be made to minimise these risks by ensuring you perform a thorough warm up and 

cool down during each testing session. The requirements will not exceed those 

experienced during normal training and competition. 

 

Benefits 

The benefits of participation in this study include a free determination of your VO2peak 

and lactate threshold. This study will also provide you with some insight as to the effect 

that the ground surfaces and training intensities that you commonly train on have on 

your body‘s blood cells and iron stores, and may provide a mechanism to explain why 

athletes commonly become iron deficient.  

 

Confidentiality of Data 

Personal details and test results will be treated confidentially at all times. Individual 

data will not be identifiable, but collective results may be published.  

 

Subject Rights 

Participation in this research is voluntary and you are free to withdraw from the study at 

any time and for any reason, without prejudice in any way. If you withdraw from the 

study and you are an employee or student at the University of Western Australia 

(UWA) this will not prejudice your status and rights as employee or student of UWA. 

Your participation in this study does not prejudice any right to compensation that you 

may have under the statute of common law. Further information regarding this study 
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may be obtained from Peter Peeling on telephone number 6488 1383 or Professor Brian 

Dawson on 6488 2276. 
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The effect of training surface and exercise intensity on red blood cell 

destruction and iron status. 

 

— Consent Form for Study Two — 

 

As a subject, you are free to withdraw your consent to participate at any time without 

prejudice. The researchers will answer any questions you may have in regard to the 

study at any time.  

 

I ________________________ (participants name) acknowledge that I have read the 

above statement and information sheet, which explains the nature, purpose and risks of 

the investigation and that any questions I have asked have been answered to my 

satisfaction. I agree to participate in this study realising that I may withdraw at any time 

without prejudice. 

 

I understand that all information provided is treated as strictly confidential and will not 

be released by the investigator unless required to so by law. 

 

I agree that research data gathered for the study may be published provided my name or 

other identifying information is not used. 

 

 

____________________________  ______________________ 

Participant      Date 

 

The committee for Human Rights at the University of Western Australia requires that all participants are 

informed that, if they have any complaint regarding the manner, in which a research project is conducted, 

it may be given to the researcher or, alternatively to the Secretary, Committee for Human Registrar‘s 

Office, University of Western Australia, Crawley, WA 6009 (telephone number 6488 3703). All study 

participants will be provided with a copy of the information sheet and consent form for their personal 

records. 
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Cumulative effects of multiple training sessions on red blood cell 

destruction and hepcidin production in athletes. 

 

— Subject Information Sheet for Study Three — 

 

Purpose 

This study will investigate the effects that multiple training sessions within the one-day 

have on the destruction of red blood cells and hepcidin production in athletes.  

 

Procedures 

Your participation in this study requires you to attend three testing sessions, each held 

on separate occasions at the University of Western Australia‘s School of Human 

Movement and Exercise Science Physiology Laboratory. The 3 testing sessions will 

include the following: 

 

A. Graded Exercise Test  

The graded exercise test is a standard laboratory assessment used throughout the world 

to provide an indication of a subject‘s maximal oxygen consumption (VO2peak). This test 

will require you to run on a motorised treadmill for a number of 4-min work periods, 

each conducted at an increasing running velocity, and separated by a 1-min period of 

rest. The number of 4-min work periods completed during this test will be determined 

by your ability to maintain a running speed at the same velocity as the treadmill. During 

the test you will be required to run whilst wearing a specialised mouth-piece that will 

allow us to collect samples of your expired air. The analysis of this gas is used to 

determine your continuous oxygen consumption throughout the test. Additionally, 

capillary blood samples (35 µL) will be taken from the ear lobe during the 1-min rest 

periods that will allow us to assess your lactate threshold (LT).   

 

B. A One-Session Training Day (Maximal Aerobic Intervals) 

The maximal aerobic intervals session will be conducted at 0530 in the morning and 

commence with a 1 km warm up at 70% of the velocity achieved during your graded 

exercise test. The main set of the session will require you to run 10 x 1 km repeats at an 

intensity equal to 90% of the above mentioned velocity. The intervals will commence 
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on a 1:0.5 work:rest ratio. A capillary blood sample (35 µL) will be taken from the ear 

lobe at the commencement of the session, after interval number 5, and at the conclusion 

of the 10 repeats. The maximal aerobic intervals session will be conducted on a 

treadmill in the physiology laboratory. 

 

C. A Two-Session Training Day (LSD Run + Maximal Aerobic Intervals) 

The two session training day will commence at 1730 in the afternoon with a continuous 

10 km aerobic conditioning run at an intensity equal to 70% of the velocity attained at 

VO2peak during the graded exercise test. A capillary blood sample will be taken from the 

ear lobe at the commencement, at 5 km, and at the completion of the session. The 

second session within this 24-hr period will commence at 0530 the next morning, and 

will replicate the Maximal Aerobic Intervals session described above in section B. Both 

the LSD run and the Maximal Aerobic Intervals will be conducted on the treadmill in 

the physiology laboratory.  

 

Physiological Measurements 

During session B we will be required to take 2 blood samples of 8 ml via venepuncture 

of a antecubital vein located in the forearm. During session C we will be required to 

take 4 of these samples. This procedure is identical to that used when you have been 

asked to provide a blood sample at your local GP. These samples will be drawn 15 min 

prior to starting each exercise session, and again at 30 min post exercise. Additionally, 

we will be required to collect urine samples into a sterilised cup, 15 min prior to starting 

each exercise session, then again at 30 min, 3 hr 6 hr and 24 hr post exercise. 

 

Risks 

This study requires maximal effort testing and therefore risks are involved. These 

include, but are not limited to, injuries to muscles and tendons of the body. Every effort 

will be made to minimise these risks by ensuring you perform a thorough warm up and 

cool down during each testing session. The requirements will not exceed those 

experienced during normal training and competition. 

 

Benefits 

The benefits of participation in this study include a free determination of your VO2peak 

and lactate threshold. This study will also provide you with some insight as to the effect 

that multiple training sessions within the one day have on your body‘s blood cells and 

iron stores, and may provide a mechanism to explain why athletes commonly become 

iron deficient.  

 

Confidentiality of Data 

Personal details and test results will be treated confidentially at all times. Individual 

data will not be identifiable, but collective results may be published.  

 

Subject Rights 

Participation in this research is voluntary and you are free to withdraw from the study at 

any time and for any reason, without prejudice in any way. If you withdraw from the 
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study and you are an employee or student at the University of Western Australia 

(UWA) this will not prejudice your status and rights as employee or student of UWA. 

Your participation in this study does not prejudice any right to compensation that you 

may have under the statute of common law. Further information regarding this study 

may be obtained from Peter Peeling on telephone number 6488 1383 or Professor Brian 

Dawson on 6488 2276. 
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Cumulative effects of multiple training sessions on red blood cell 

destruction and hepcidin production in athletes. 

 

— Consent Form for Study Three — 

 

As a subject, you are free to withdraw your consent to participate at any time without 

prejudice. The researchers will answer any questions you may have in regard to the 

study at any time.  

 

I ________________________ (participants name) acknowledge that I have read the 

above statement and information sheet, which explains the nature, purpose and risks of 

the investigation and that any questions I have asked have been answered to my 

satisfaction. I agree to participate in this study realising that I may withdraw at any time 

without prejudice. 

 

I understand that all information provided is treated as strictly confidential and will not 

be released by the investigator unless required to so by law. 

 

I agree that research data gathered for the study may be published provided my name or 

other identifying information is not used. 

 

 

____________________________  ______________________ 

Participant      Date 

 

The committee for Human Rights at the University of Western Australia requires that all participants are 

informed that, if they have any complaint regarding the manner, in which a research project is conducted, 

it may be given to the researcher or, alternatively to the Secretary, Committee for Human Registrar‘s 

Office, University of Western Australia, Crawley, WA 6009 (telephone number 6488 3703). All study 

participants will be provided with a copy of the information sheet and consent form for their personal 

records. 

 


