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RESUMEN 

Introducción: En las últimas décadas el incremento significativo de la participación 

femenina en los deportes y la práctica de actividad física ha llevado a la necesidad de 

desarrollar más investigación, que contemple los posibles efectos de las hormonas 

sexuales reproductivas de la mujer sobre diferentes parámetros que afectan al 

entrenamiento aeróbico y rendimiento deportivo. Durante el ciclo menstrual, los cambios 

hormonales a los que se encuentra sometida una mujer, especialmente las grandes 

variaciones de los estrógenos y la progesterona podrían influir en diversos aspectos 

relacionados con la oxidación de sustratos, variables cardiorrespiratorias o con la 

optimización de la absorción de hierro. Por otro lado, los anticonceptivos orales son una 

práctica habitual en mujeres deportistas con diferentes fines relacionados con la 

contracepción, como el control de síntomas premenstruales, dismenorrea o la 

manipulación del ciclo menstrual con el objetivo de optimizar los entrenamientos y 

competiciones. La diferencia en la dosis hormonal de los anticonceptivos orales, así como 

sus constantes cargas hormonales con respecto a un ciclo menstrual natural, podría alterar 

las diferentes respuestas cardiorrespiratorias, oxidativas y de absorción de hierro, 

condicionando el rendimiento aeróbico de la mujer atleta, tal y como muestra la revisión 

de la literatura (Estudio I). Comprender, cómo las variaciones de un ciclo menstrual y de 

anticonceptivos orales contribuyen a la mejora o al deterioro del entrenamiento aeróbico, 

podría ayudar a los entrenadores y en algunos casos a los profesionales de la salud pública 

a optimizar el rendimiento deportivo, así como la salud de las mujeres deportistas. 

Objetivo: Revisar críticamente la literatura con el fin de conocer la influencia de un ciclo 

menstrual regular y de anticonceptivos orales sobre el rendimiento deportivo (Estudio I). 

Verificar la influencia de un ciclo menstrual regular y de anticonceptivos orales en los 

parámetros implicados en el transporte y utilización del oxígeno: oxidación de sustratos 
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(Estudio II), variables cardiorrespiratorias (Estudio III) y parámetros implicados en el 

metabolismo del hierro (Estudio IV); tras un ejercicio de resistencia en mujeres 

deportistas sanas. 

Métodos: Los datos de la siguiente tesis doctoral provienen del proyecto piloto 

IronFEMME: “IRON and muscular damage: FEmale Metabolism and MEnstrual cycle 

during exercise”. Se trata de un estudio observacional, transversal y aleatorizado, 

desarrollado en población española, específicamente en mujeres sanas y físicamente 

activas entre 25 y 40 años y llevado a cabo a lo largo de 18 meses. El trabajo cuenta con 

dos grupos de estudio: mujeres con reglas regulares (n=15) y mujeres con anticonceptivos 

orales monofásicos (n=9). Las participantes de ambos grupos tuvieron que desarrollar una 

prueba estable de resistencia en tapiz rodante de 40 minutos al 75% de la velocidad 

correspondiente al consumo de oxígeno pico (VO2pico), en diferentes momentos del ciclo 

menstrual (fase folicular temprana, fase folicular media y fase lútea) y de un ciclo con 

anticonceptivos orales monofásicos (fase no hormonal y fase hormonal). Previamente a 

esta prueba se les realizó una prueba máxima para determinar su VO2pico. El orden de las 

pruebas para cada una de las fases del ciclo menstrual fue aleatorizado y cada una de ellas 

se realizó a primera hora de la mañana. Durante la prueba estable el volumen de oxígeno 

(VO2) y de dióxido de carbono (VCO2) fueron medidos constantemente, así como las 

tasas relativas de oxidación de carbohidratos (CHO) y grasas (FAT) (Estudio II). Además 

del VO2 y del VCO2, otras variables de carácter cardiorrespiratorio como el consumo de 

oxígeno relativo al peso (VO2/kg), frecuencia cardíaca (HR), ventilación (VE), volumen 

corriente (VT), frecuencia respiratoria (BF), equivalente de VO2 (VE/VO2) y equivalente 

de VCO2 (VE/VCO2) fueron medidas durante la prueba, mientras que el porcentaje de 

VO2pico (%VO2peak) fue calculado posteriormente (Estudio III). Por último, parámetros 

relacionados con el metabolismo del hierro (hepcidina, hierro, ferritina y transferrina); así 
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como diferentes marcadores inflamatorios, como la interleukina-6 (IL-6) y la proteína C 

reactiva (CRP), fueron medidos tanto en niveles basales como a las 0 y 3 horas post 

ejercicio (Estudio IV).  

Resultados: No se observaron diferencias en la tasa de intercambio respiratorio (RER) 

para las diferentes fases de un ciclo menstrual regular (fase folicular temprana 0,89±0,01, 

fase folicular media 0,87±0,01 y fase lútea 0,88±0,01; p>0,05) y de un ciclo con 

anticonceptivos orales (fase hormonal 0,91±0,01 y fase no hormonal 0,89±0,01;  p>0,05), 

mientras que la tasa relativa de oxidación de grasas fue significativamente mayor 

(p=0,018) durante la fase hormonal con respecto a la fase no hormonal (0,38±0,06 g/min 

vs. 0,32±0,06 g/min respectivamente) del ciclo con anticonceptivos orales (Estudio II). 

El grupo de mujeres con reglas regulares presentó niveles de VO2 (p=0,049) y %VO2pico 

(p=0,035) más elevados durante la fase folicular media (2439,98±79,27 ml/min y 

83,32±1,81 %, respectivamente) en comparación con la fase folicular temprana 

(2368,27±79,27 ml/min y 80,80±1,81 %, respectivamente), mientras que durante la fase 

lútea valores más altos de HR (p=0,004), VE/VO2 (p=0,042), VE/VCO2 (p=0,017) y VT 

(p=0,024) fueron hallados en comparación con la fase folicular media. Sin embargo, no 

se encontraron diferencias significativas para el VO2/kg, VCO2, VE, y BF a lo largo del 

ciclo menstrual (p>0,05). Para mujeres con anticonceptivos orales se encontraron niveles 

más altos para VE (p=0,03), BF (p=0,018), VE/VO2 (p=0,032) y VE/VCO2 (p=0,001) 

durante la fase hormonal, mientras que no se encontraron diferencias entre fases para 

VO2, VO2/kg, %VO2pico, VCO2, HR, y VT (p>0,05) (Estudio III). Para el grupo de mujeres 

con reglas regulares, la hepcidina, ferritina y transferrina no fueron significativamente 

diferentes a lo largo del ciclo menstrual (p>0,05), mientras que la IL-6 y la CRP mostraron 

una tendencia hacia la significación durante la fase lútea y la fase folicular temprana 

respectivamente. Los niveles de hierro fueron significativamente (p=0,009) más bajos 
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durante la fase folicular temprana (58,62±9,54 µg/dl) con respecto a la fase folicular 

media (79,46±9,54 µg/dl). Los niveles pico de IL-6 fueron encontrados a las 3h post-

ejercicio (5,20±0,87 pg/ml; p<0,001), mientras que para la hepcidina fueron encontrados 

a las 0h post ejercicio (75,83±6,99 ng/ml; p<0,001). La IL-6 fue la única variable en 

mostrar una interacción para las fases del ciclo menstrual y el tiempo (p=0,014), 

encontrando niveles más altos de IL-6 a las 3h post ejercicio durante la fase lútea 

(8,31±1,15 pg/ml) en comparación con la fase folicular temprana (3,49±1,15 pg/ml) y la 

fase folicular media (3,80±1,15 pg/ml). El grupo de anticonceptivos orales presentó 

niveles de hierro significativamente más altos durante la fase hormonal (85,04±13,46 

µg/dl; p=0,024), con una tendencia hacia la significación para la ferritina (p=0,058) y 

para la CRP (p=0,089), mientras que los niveles de hepcidina, IL-6 y transferrina 

permanecieron sin cambios a lo largo del ciclo (p>0,05) (Estudio IV).  

Conclusiones: Las conclusiones principales del estudio indicaron que las diferentes fases 

de un ciclo menstrual regular y con anticonceptivos orales no tienen influencia en la 

oxidación de sustratos. Sin embargo, las hormonas exógenas de los anticonceptivos orales 

monofásicos podrían favorecer la oxidación del metabolismo de las grasas con respecto 

a la fase no hormonal (Estudio II). La frecuencia cardiaca y los equivalentes ventilatorios 

(VE/VO2; VE/VCO2) fueron incrementados durante la fase lútea con respecto a la fase 

folicular temprana, indicando un mayor esfuerzo cardiovascular, así como una menor 

eficiencia respiratoria durante esta fase. Por otro lado, lo niveles absolutos de VO2 fueron 

significativamente más altos durante la fase folicular media en comparación con la fase 

folicular temprana, sugiriendo que la progesterona podría no ser el único factor 

modificando este parámetro. El grupo de anticonceptivos orales monofásico no presentó 

diferencias en la frecuencia cardiaca y el VO2 a lo largo de un ciclo anticonceptivo oral 

durante un ejercicio submáximo. Sin embargo, los patrones respiratorios (VE; VE/VO2; 
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VE/VCO2)   fueron mayores durante la fase hormonal del ciclo con anticonceptivos orales 

sugiriendo un mayor esfuerzo durante esta fase (Estudio III). Las concentraciones 

endógenas de un ciclo menstrual regular no produjeron cambios en la hepcidina, ferritina 

y transferrina, aunque una disminución en los niveles de hierro se observó durante la fase 

folicular temprana, indicando que, durante la menstruación, la pérdida de sangre 

menstrual podría ser la principal responsable en la reducción de los parámetros de hierro 

debido a la pérdida de hemoglobina. Así también, una mayor inflamación se mostró a las 

3h después del ejercicio durante la fase lútea, sugiriendo que una presencia elevada de 

progesterona acompañado de un estímulo de ejercicio podría causar más inflamación 

durante la fase lútea. Un ciclo anticonceptivo oral monofásico no produjo cambios en la 

hepcidina y la IL-6 a lo largo de las diferentes fases pero mejoró los parámteros de hierro 

(hierro y ferritina) durante la fase hormonal (Estudio IV). 

 

Palabras clave: ejercicio aeróbico; consumo de oxígeno; ciclo menstrual; anticonceptivos 

orales; hierro; hepcidina.
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ABSTRACT 

Introduction: Over the past few decades female participation in sports and physical 

activity has continued to increase, leading to the great need of develop more research that 

considers the possible effects of the reproductive sexual hormones of women on different 

areas affecting aerobic exercise and sport performance. During menstrual cycle, the large 

hormonal changes that women experience, specially oestrogen and progesterone 

variations may influence on different factors related to substrate oxidation, 

cardiorespiratory variables or on the optimization of iron absorption.  

In addition, oral contraceptives (OC) are a popular practice in female athletes, assisting 

in contraception, reduction of premenstrual symptoms, dysmenorrhea or manipulation of 

the menstrual cycle in order to optimize training sessions and/or competitions seasons. 

The different doses found over the different OC types may have distinct effects over 

cardiorespiratory and oxidative responses and iron absorption with respect to a regular 

menstrual cycle, which may affect aerobic performance, as it is shown in the literature 

review (Study I). To understand how menstrual cycle and OC contribute to the 

improvement or deterioration of aerobic exercise may help coaches and in some cases 

professionals from public health, to optimize athletic performance as well as the health 

of women athletes. 

Objective: The general aim of this doctoral thesis was to review critically the literature 

to date in relation to the sexual hormones influence over exercise performance (Study I) 

and to verify the influence of a regular menstrual cycle and OC on the substrate oxidation 

(Study II), cardiorespiratory parameters (Study III) and iron metabolism (Study IV) after 

an endurance exercise in women. 

Methods: Data for this doctoral thesis were derived from IronFEMME pilot study: "Iron 

and muscular damage: FEmale Metabolism and MEnstrual cycle during exercise", an 
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observational, transversal and randomized study developed in Spanish population, 

specifically in healthy and physically active women between 25 and 40 years and carried 

out throughout 18 months. 

The study consists of two different groups: women with regular menstrual cycle (n=15) 

and women with monophasic OC (n = 9). The participants of both groups performed 40 

minutes of continuous running at the speed corresponding to 75% of the peak oxygen 

consumption (VO2peak) during different phases of the menstrual cycle (early follicular 

phase, mid-follicular phase and luteal phase) or OC cycle (hormonal phase and non-

hormonal phase). Prior to this test, a maximal test was performed to determine their 

VO2peak. The order of the tests for each phase of the menstrual cycle was randomized for 

both groups and each of them was performed early in the morning. During the steady-

state running test protocol, oxygen uptake (VO2) and carbon dioxide production (VCO2) 

were measured continuously. The relative rates of whole body carbohydrates (CHO) and 

fat oxidation (FAT) were calculated (Study II). In addition to VO2 and VCO2, other 

cardiorespiratory variables such as oxygen uptake relative to body mass (VO2/kg), heart 

rate (HR), ventilation (VE), tidal volume (VT), breathing frequency (BF), ventilatory 

equivalent for oxygen (VE/VO2) and ventilatory equivalent for carbon dioxide (VE/VCO2) 

were measured continuously, while the percentage of intensity of VO2peak (%VO2peak) was 

calculated later (Study III). Finally, different parameters related to iron metabolism: 

hepcidin, ferritin, transferrin and iron; as well as different inflammatory markers such as 

interleukin-6 (IL-6) and C-reactive protein (CRP) were measured in baseline levels, 0h 

and 3h post exercise (Study IV). 

Results: There were no differences in the respiratory exchange ratio (RER) for each phase 

of regular menstrual cycle group (early-follicular phase 0.89±0.01; mid-follicular phase 

0.87±0.01 and luteal phase 0.88±0.01; p>0.05) and for participants using OC (hormonal 
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phase 0.91±0.01 and non-hormonal phase 0.89±0.01; p>0.05). However, we found that 

OC may influence fat oxidation (p=0.018) during the hormonal phase (0.38±0.06 g/min) 

regarding to non-hormonal phase (0.32±0.06 g/min) (Study II). For women with a regular 

menstrual cycle significantly higher VO2 (p=0.049) and %VO2peak (p=0.035) were 

reported during the mid-follicular phase (2439.98±79.27 ml/min and 83.32±1.81 % 

respectively) compared to early follicular phase (2368.27±79.27 ml/min y 80.80±1.81 %, 

respectively), whereas during luteal phase higher levels of HR (p=0.004), VE/VO2 

(p=0.042), VE/VCO2 (p=0.017) and VT (p=0.024) were found compared to mid-follicular 

phase. However, no changes over the cycle were observed for VO2/kg, VCO2, VE, and 

BF (p>0.05). In women taking oral contraceptives VE (p=0.03), BF (p=0.018), VE/VO2 

(p=0.032) and VE/VCO2 (p=0.001) were higher  during the hormonal phase. No 

significant differences (p>0.05) were found for VO2, VO2/kg, %VO2peak, VCO2, HR, and 

VT between the OC phases (Study III). For regular menstrual cycle group, hepcidin, 

ferritin and transferrin were not different across menstrual cycle phases (p>0.05), while 

IL-6 and CRP showed a trend during luteal phase and early follicular phase respectively. 

Iron levels were significantly lower (p=0.009) during early follicular phase (58.62±9.54 

µg/dl) regarding to mid-follicular phase (79.46±9.54 µg/dl). IL-6 peak levels were found 

at 3h post exercise (5.20±0.87 pg/ml; p<0.001) and hepcidin peak levels at 0h post 

exercise (75.83±6.99 ng/ml; p<0.001). IL-6 was the only variable showing a significant 

interaction for menstrual cycle phase and time (p=0.014), showing higher IL-6 levels at 

3h post-exercise during luteal phase (8.31±1.15 pg/ml) regarding to early follicular phase 

(3.49±1.15 pg/ml) and mid-follicular phase (3.80±1.15 pg/ml). For OC group, iron levels 

were significantly higher during hormonal phase (85.04±13.46 µg/dl; p=0.024) and 

almost significant for ferritin levels (p=0.058). We observed a trend for CRP (p=0.089) 
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during hormonal phase, whereas hepcidin, IL-6 and transferrin levels remained 

unchanged (p>0.05) throughout OC cycle (Study IV).  

Conclusions: The main conclusions indicated that menstrual cycle and OC do not 

influence substrate oxidation in females. Nevertheless, exogenous hormones from 

hormonal phase of a monophasic OC cycle may benefit fat oxidation in relation to the 

non-hormonal phase (Study II). HR and ventilator parameters (VE/VO2; VE/VCO2) were 

significantly higher during luteal phase regarding to early follicular phase, indicating a 

lower ventilatory eficiency and a higher cardiovascular strain during this phase. In 

addition, VO2 absolute levels were increased during mid-follicular phase regarding to 

early follicular phase, suggesting that progesterone may be not the only factor modifying 

this parameter. Oral contraceptive group did not present changes in HR and VO2 along 

the cycle duting a submaximal exercise. However, breathing patterns (VE; VE/VO2; 

VE/VCO2) were significantly higher during the hormonal phase, suggesting a higher 

ventilator effort during this phase (Study III). Regular menstrual cycle group did not show 

changes in hepcidin, ferritin and transferrin; although a decreased iron levels were 

observed during the early follicular phase, indicating that during menses, the bleeding 

experienced by females could be the main responsible in iron levels reduction due to the 

loss of haemoglobin. Moreover, a higher inflammation was shown at 3h post-exercise 

during luteal phase when progesterone levels were elevated, suggesting that an elevated 

progesterone presence accompanied by an exercise stimulus may cause more 

inflammation during luteal phase. A monophasic oral contraceptive cycle did not present 

changes in hepcidin and IL-6 levels along different phases but it improved iron parameters  

(iron and ferritin) during hormonal phase (Study IV). 
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hepcidin. 
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INTRODUCTION  

The female steroid hormones fluctuations during the menstrual cycle or 

exogenous hormones from oral contraceptive cycle can have potential effects on exercise 

performance. The female reproductive system involves numerous hormonal and 

regulatory components, affecting not only on the reproductive system but also can cause 

many changes on female metabolism influencing on exercise performance. Thus, it is 

determining to know highly how the hypothalamic-pituitary-ovarian axis works and 

affects to other systems and metabolisms related to exercise, in order to adapt and 

optimize the training sessions and competitions. 

There is controversial literature so far about the secondary physiological effects 

of oestrogen and progesterone on substrate metabolism, cardiorespiratory responses or 

iron metabolism, most likely due to the large changes in these hormones during menstrual 

cycle or hormone administration. Many of these studies have been conducted in animals 

under hormone treatment and in the most cases supplying or injecting much higher 

hormonal doses than the endogenous or exogenous hormones from a normal menstrual 

or oral contraceptive cycle. In addition, the most literature have not considered these 

changes over an exercise stimulus being difficult to extrapolate to premenopausal women. 

For this reason, it is important to study the whole-body function and the natural sexual 

hormone fluctuations as an integral system in order to contemplate the different stimulus 

affecting physiology complex and exercise performance.  
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Fig. 1. Oxygen metabolism: from uptake to delivery and utilization. Oxygen is obtained from the 
atmosphere through respiration, which is in charge to the exchange of gases between the 
atmosphere and blood. Breathing requires the coordinated functioning of the respiratory and 
cardiovascular systems. Oxygen is transported from the lungs to peripheral tissues by the 
haemoglobin that is densely packed in our red blood cells. Haemoglobin is the iron-containing 
oxygen-transport in the erythrocytes, indicating that inadequate levels of this mineral may alter 
the iron metabolism that is regulated by the hepcidin hormone. Once the oxygen is delivered to 
muscle tissues, among others, cellular respiration is produced to obtain energy through substrates 
oxidation (carbohydrates and fats) in order to optimally perform an aerobic exercise. 

 

The respiratory system plays an integral role in the oxygen consumption and 

oxygen transport system, in charge of the flow of atmospheric air into de lungs and the 

diffusion of O2 from alveoli into the pulmonary capillary blood (Hackney, 2017). Aerobic 

exercise depends primarily on maximum oxygen consumption (VO2max) which provides 

information about the capacity and state of performance of each individual. This 

parameter is usually expressed per kg body weight (ml·kg-1·min-1) since changes in body 

weight would affect VO2max. However, according to some authors (Carter, McKenzie, 

OXIDATION

VO2

RED CELLS

HB
O2

Fe

HEPCIDIN

CELL ENERGY

AEROBIC
PERFORMANCE

CHO

FATS



Introduction 
 

5 
 

Mourtzakis, Mahoney, & Tarnopolsky, 2001; Tarnopolsky, 2008) VO2max should be 

expressed relative to the fat-free mass since women have approximately 5-8% more body 

fat than men.  

Additionally, the respiration is needed to supply oxygen to the lungs and thus to 

get an optimal performance (Figure 1). The sexual hormone progesterone may increase 

ventilation (VE) during luteal phase through a central effect in the hypothalamus (Bayliss 

& Millhorn, 1992), increasing its excitability and decreasing ventilatory efficiency during 

luteal phase. This increase in VE may affect VO2 levels (Williams & Krahenbuhl, 1997) 

during this phase of the menstrual cycle. In addition, the elevated temperature caused by 

progesterone and changes in plasma  volume over the menstrual cycle (Israel & Schneller, 

1950; Southman & Gonzaga, 1965), may modify cardiovascular responses to exercise 

over the menstrual cycle, increasing heart rate during the luteal phase (Pivarnik, Marichal, 

Spillman, & Morrow, 1992; Schoene, Robertson, Pierson, & Peterson, 1981). Despite 

this, there are several studies reporting no change in resting and/or exercise heart rate over 

the menstrual cycle (De Souza, Maguire, Rubin, & Maresh, 1990; Dombovy, Bonekat, 

Williams, & Staats, 1987; Jurkowski, Jones, Toews, & Sutton, 1981b; Lebrun, McKenzie, 

Prior, & Taunton, 1995). However, this controversy between studies as well as the 

limitations presented by the aforementioned studies, suggest that more research about the 

effects that oestrogen and progesterone fluctuations may have over the aforementioned 

determinants of VO2 is needed, in order to find an explanation for the opposite results and 

elucidate the real effects of endogenous hormones on those variables deciding on exercise 

performance.  

Carbohydrate (CHO) and lipids are the main energy sources mobilized to meet 

energy needs during muscle contraction and its corresponding contribution depends on 

many factors as age, diet, physical activity level, weight status, exercise duration, sex, 
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and very important, the exercise intensity (Jeukendrup & Wallis, 2005) since when it 

increases there is a shift in substrate utilization toward CHO (Brooks & Mercier, 1994). 

Women are known to rely more on fat than men for the same relative intensity of exercise 

as their lower respiratory exchange ratio (RER) indicate (Tarnopolsky, 2008), leading to 

greater free fatty acid availability and fat oxidation. In addition, the natural and potential 

effects of ovarian hormone during the menstrual cycle or the use of oral contraceptive 

(OC) can influence in substrate metabolism during endurance exercise (Isacco, Duch, & 

Boisseau, 2012). Therefore, it is important to identify the gender difference in substrate 

utilization during exercise. Conflicting results have been obtained when studying the 

effect of the menstrual cycle or oral contraceptive cycle on CHO and fat metabolism 

during exercise. Several studies have reported oestrogen to have a significant role in 

regulating substrate metabolism during exercise, showing a greater lipid and lower CHO 

oxidation rates during exercise trials performed during the luteal phase compared with 

the follicular phase (Campbell & Febbraio, 2001; Horton & Hill, 2001; Suh, Casazza, 

Horning, Miller, & Brooks, 2002, 2003; Zderic, Coggan, & Ruby, 2001). The higher 

oestrogen plasma levels in luteal phase promote muscle glycogen storage and sparing 

during exercise (Devries, Hamadeh, Phillips, & Tarnopolsky, 2006) and it may be 

explained by enhanced reliance on lipid metabolism (Dombovy et al., 1987; Hackney, 

1999; Oosthuyse & Bosch, 2010). However, other studies have not found any difference 

in substrate metabolism between luteal and follicular phase during endurance exercise 

(Bailey, Zacher, & Mittleman, 2000; De Souza et al., 1990; Heiling, 1992), reporting a 

similar RER in both phases during maximal and submaximal exercises. The heterogeneity 

of hormonal status in women, the tests conducted in different hormonal profiles during 

menstrual cycle, the use of OC or the different exercise protocol used, may be some of 
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the reasons to find these opposite results in the literature and therefore they should be 

deeply controlled to avoid discrepancies.  

The other determinant factor affecting to an optimal oxygen capacity would be the 

oxygen transport system. When an intense exercise is carried out and an increase in 

cardiac output is occurring, an increased supply of blood and oxygen to the exercising 

muscles is required. The oxygen carrying capacity of the blood is determined by the 

haemoglobin concentration, which is closely correlated with VO2. During early follicular 

phase, females experience a menstrual blood loss that may affect to haemoglobin 

concentrations influencing the iron balance in women (Hallberg, Högdahl, Nilsson, & 

Rybo, 1966).   

Iron is an essential element with many important roles in the body, since it is 

required for haemoglobin synthesis and its functioning to carry oxygen throughout the 

body. Iron deficiency is the most common nutritional deficiency worldwide affecting 

specially to premenopausal women due to the additional iron demands of menstruation 

and pregnancy. In addition, athletes are frequently diagnosed with inadequate iron levels, 

particularly those involved in endurance sports (Milic, Martinovic, Dopsaj, & Dopsaj, 

2011; Schumacher, Schmid, Grathwohl, Bultermann, & Berg, 2002; Suedekum & 

Dimeff, 2005). The regular training practices, in occasions accompanied by inadequate 

iron intake, may compromise iron status through intravascular haemolysis, 

gastrointestinal bleeding or sweat iron loss (Babic et al., 2001; DeRuisseau, Cheuvront, 

Haymes, & Sharp, 2002; McInnis, Newhouse, von Duvillard, & Thayer, 1998) 

developing a future iron deficiency or even worse iron deficiency Anaemia.  Therefore, 

the prevention of iron deficiency, especially in females participating in endurance-type 

exercise are of major importance in order to avoid this event.  
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Some studies have reported that OC agents improve iron parameters levels 

(Frassinelli-Gunderson, Margen, & Brown, 1985; Kim, Yetley, & Calvo, 1993; Larsson, 

Milsom, Lindstedt, & Rybo, 1992; Milman, Kirchhoff, & Jorgensen, 1992) since 

according to some authors lesser quantity and shorter duration of menstrual blood loss is 

reported in OC users (Frassinelli-Gunderson et al., 1985). However, OC comes in a 

variety of formulations that contain various concentrations of synthetic ethinyl estradiol 

and progesterone and the potential side effects in the measurement variables may be 

different due to the differences in dosages.  

A negative iron balance in the organism due to these different factors may alter to 

its efficient and productive absorption of the small intestine, adversely affecting aerobic 

performance and hinder adaptations to training (Brownlie, Untermohlen, Hinton, & Haas, 

2004; Brownlie, Utermohlen, Hinton, Giordano, & Haas, 2002; Hinton, Giordano, 

Brownlie, & Haas, 2000). This reduction in performance is thought to be due to reduced 

oxygen transport as well as reduced cellular oxidative capacity (Haas & Brownlie, 2001). 

This important balance depends primarily of the hepatic antimicrobial peptide hepcidin. 

Hepcidin is the master regulator of iron homeostasis, which inhibits the cellular efflux of 

iron by binding to ferroportin (Fpn) inducing its internalization and degradation and 

modulating duodenal iron absorption and recycling in macrophages (Ganz, 2011). The 

regulation of hepcidin occurs via many different stimulus including iron status, infection 

inflammation or hypoxia, causing a future increase or decrease in  iron absorption (Ganz, 

2011).  

Inflammatory cytokine Interleukin-6 (IL-6) seem to be one of the primary 

mediator for an up-regulation in the activity of hepcidin reducing intestinal iron 

absorption, sequestering iron in macrophages, and thereby decreasing serum iron levels 

(Nemeth, Rivera, et al., 2004). Oestrogen and progesterone sexual hormone has been 
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reported to influence IL-6 and hepcidin response in rest in both animals and human cells. 

According to some studies, estradiol has been reported to have an inhibitory effect on IL-

6 (Girasole et al., 1992; Pottratz, Bellido, Mocharla, Crabb, & Manolagas, 1994) and 

hepcidin levels (Robertson, Iwanowicz, & Marranca, 2009) or expression (Yang, Jian, 

Katz, Abramson, & Huang, 2012) in animals or human cells. Therefore, this IL-6 and 

hepcidin suppression have been suggested to improve serum iron levels. However, other 

studies have reported that progesterone may also affect IL-6 (Angstwurm, Gärtner, & 

Ziegler-Heitbrock, 1997) or hepcidin expression (Li et al., 2016). Despite the most studies 

have been carried out in animals and without exercise stimulus, there is a clear effect of 

sexual hormones over hepcidin, IL-6 and iron absorption regulation. Hence, research 

studies with premenopausal women are needed in order to clarify the natural effects of 

the menstrual cycle fluctuations or OC cycle over iron parameters in response to an 

endurance exercise. The figure 2 illustrates three spectrums where oxygen delivery is 

essential for an optimal aerobic performance, which are divided into the three main 

studies of this doctoral thesis. 
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Fig. 2. Oxygen metabolism influence on women aerobic performance. This figure shows oxygen 
behaviour from oxygen uptake (Study III), to oxygen transport and delivery (Study IV) and finally 
oxygen utilization (Study II). The fluctuations observed at the background regarding to follicle 
stimulating hormone (FSH), luteinizing hormone (LH), estradiol and progesterone indicate that 
the analysis for the different oxygen-related parameters were developed under the influence of 
the sexual hormones changes along a regular menstrual cycle and with oral contraceptives. 

 

The review of the literature concerning sexual hormones influence over substrate 

oxidation, cardiorespiratory responses and iron metabolism stays unclear, discrepant and 

sometimes limited. In consideration of this lack of information, it was determined that 

several studies investigating a regular menstrual cycle or OC influence over different 

factors affecting aerobic performance would contribute to a further understanding about 

female athlete physiology. In addition, subjects with compromised iron stores not only 

will reduce their performance, but also may adversely compromise their health, 

developing diseases as iron deficiency or anaemia.  
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Main expected contribution of this thesis  

Methodologies comparing different hormonal profiles for both regular menstrual 

cycle and with OC in female athletes is needed. The vast majority of the studies that 

include the influence of menstrual cycle in their interventions compared only the effects 

of two different phases instead of three phases or more. In addition, hormone verification 

through blood analysis is not carried out in several cases, and therefore oestrogen or 

progesterone concentrations are not high enough to produce changes over the study 

variables. Moreover, there is little literature about the menstrual cycle effects on iron 

absorption, since the most studies have been developed with animals, without taking into 

account the natural hormones variations that occur during a regular menstrual cycle. 

Therefore, we hope to contribute to the advancement of knowledge regarding to the 

influence of different endogenous and exogenous hormonal profiles on substrate 

oxidation, cardiorespiratory variables and iron metabolism considering the effects of 

endurance exercise in female athletes. 
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HYPOTHESES AND OBJECTIVES  

Substrate oxidation, cardiorespiratory, and iron metabolism parameters can be 

influenced by the different phases of the menstrual cycle or OC during and after an 

endurance exercise. The overall aim of this thesis was to contribute for an advance of the 

knowledge about the influence of endogenous and exogenous hormonal profile in these 

parameters. The work was structured in four sequential studies representing the 

subsections of this thesis. 

 

General hypothesis 

Hypothesis: Hormonal fluctuations from a regular menstrual cycle and with oral 

contraceptives may have different effects on substrates oxidation, cardiorespiratory 

variables and iron absorption along the different phases, affecting women aerobic 

performance. 

 

General objective 

Objective: To analyse how the different hormonal concentrations, specifically oestrogens 

and progesterone, may affect the different parameters related to substrates oxidation, 

cardiorespiratory responses and iron absorption after an endurance exercise. 

 

Hypotheses and objectives of Study I (Review) 

Hypothesis: The different phases of the menstrual cycle and oral contraceptives 

may influence aerobic exercise through alterations in cardiorespiratory variables and iron 

absorption. 
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Objective: To appraise critically the literature to date and to provide a current 

review of the physiological scientific knowledge base in relation to the menstrual cycle 

and oral contraceptive and exercise performance. 

 

Hypotheses and objectives of Study II 

Hypothesis 1: A greater fat oxidation rate is expected during the mid-follicular 

phase in comparison with the early follicular phase since oestrogen presence is higher. 

Hypothesis 2: A greater fat oxidation rate is expected during hormonal phase 

regarding to non-hormonal phase, since oestrogen loads, or doses are steady during this 

phase. 

Objective 1: To analyse the differences in substrates oxidation among different 

phases for a regular menstrual cycle (i.e. early follicular, mid-follicular and luteal phases) 

in female endurance athletes, based on the respiratory exchange ratio (RER). 

Objective 2: To study the changes in substrates oxidation between hormonal and 

non-hormonal phases in monophasic oral contraceptive user’s female athletes, based on 

the respiratory exchange ratio (RER). 

 

Hypotheses and objectives of Study III 

Hypothesis 1: Cardiorespiratory responses are different among phases of the 

menstrual cycle, specifically greater ventilatory drive accompanied by higher VO2 and 

HR levels may occur during luteal phase when progesterone concentrations are elevated. 

Hypothesis 2: A greater efficiency respiratory as well as lower VO2 and HR levels 

for the same effort are expected during hormonal phase due to a less influence of sexual 

hormones, since concentrations from monophasic oral contraceptive are much lower than 

those from a regular menstrual cycle. 
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Objective 1: To investigate whether the cardiorespiratory responses to 

submaximal endurance exercise are affected by acute endogenous hormonal fluctuation 

throughout the regular menstrual cycle in female athletes. 

Objective 2: To analyse the exogenous hormonal influence from monophasic oral 

contraceptive cycle on cardiorespiratory responses to endurance exercise in female 

athletes. 

 

Hypotheses and objective of Study IV 

Hypothesis 1: High and isolated oestrogen concentrations during mid-follicular 

phase may inhibit IL-6 and/or hepcidin levels, improving iron absorption during this 

phase. 

Hypothesis 2: Exogenous hormone concentrations during hormonal phase could 

decrease IL-6 and/or hepcidin levels, enhancing iron absorption. 

Objective 1: To investigate the differences in hepcidin and IL-6 response after 

endurance exercise and their possible consequences on iron metabolism along different 

hormonal phases of a regular menstrual cycle (i.e. early follicular, mid-follicular and 

luteal phases) in well-trained women. 

Objective 2: To observe the influence of a monophasic oral contraceptive cycle 

(i.e. hormonal and non-hormonal phases) on inflammatory response and iron metabolism 

in female athletes after endurance exercise. 
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METHODS, RESULTS AND DISCUSSION 

 As mentioned before, data for this doctoral thesis were derived from IronFEMME 

pilot study (Iron and muscular damage: FEmale Metabolism and MEnstrual cycle during 

exercise) whose main objective was to analyse the influence of the different phases of the 

menstrual cycle and OC on substrates oxidation, cardiorespiratory variables, and iron 

metabolism. This pilot study was originally created to study the menstrual cycle influence 

on iron absorption in female athletes, as there is no literature analysing the interaction of 

many factors together as sex hormones, parameters related to iron metabolism, adding the 

natural responses from an endurance exercise. The female iron metabolism could be 

originally affected by the significant blood loss during the menses, which may alter 

haemoglobin concentrations and iron parameters and therefore negatively affecting 

oxygen transport. Thus, we considered interesting and necessary investigate about oxygen 

metabolism along menstrual cycle, focusing specially over oxygen utilisation through 

substrates oxidation, oxygen uptake through the cardiorespiratory measurements, and 

oxygen transport and delivery through haemoglobin and iron metabolism (Figure 2).  

 The data collection of IronFEMME pilot study was developed along 2015 and 

2016 by a multidisciplinary team. IronFEMME pilot study is an observational, 

transversal, randomized and controlled study, conducted by a collaboration of different 

specialists. 

 The inclusion criteria for the pilot study were the following ones: healthy female 

between 25 and 40 years; eumenorrheic menstrual cycles for last year for regular 

menstrual cycle group or taking monophasic contraceptive pill for the OC group for at 

least 6 months; participating in endurance sports (athletics or triathlon) between 5 and 12 

hours per week; free of iron deficiency (serum ferritin >20µg/l, haemoglobin >115 µg/l 

and transferrin saturation <16%); no thyroid problems; non-smokers; not consuming 
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medication or dietary supplements that alter vascular function (e.g., tricyclic 

antidepressants, α-blockers, β-blockers, etc.); not pregnant; no ovariectomy. 

Eumenorrheic menstrual cycles were defined as regularly occurring menstrual cycles 

ranging from 24 to 35 days in length (Lebrun et al., 1995). 

 Participants from OC group consumed only monophasic OC in order to 

homogenize exogenous hormonal concentrations. This pilot study conducted the tests 

over three different hormonal profiles for regular menstrual cycle group and two for OC 

group, trying to analyse the influence of different hormonal scenarios on women aerobic 

performance.  

This project conducted the same exercise protocol (Figure 4) for the same 

participants of both the regular menstrual cycle and OC groups: 24 active female athletes. 

Figure 3 shows the flow diagram of the participants from the pilot study. Several 

volunteers were excluded along the recruitment process and during the different tests in 

order to homogenize as much as possible the final sample. In total, 15 volunteers for 

regular menstrual cycle group and 9 participants for monophasic OC group were recruited 

to participate in the study. However, for the third and fourth study an OC participant was 

excluded from statistical analysis since ventilation parameters data were not well-

registered during the steady state test and blood samples were difficult to obtain after 

exercise. Therefore, the final sample size was shortened to 8 participants for OC group in 

these studies. The different reasons or circumstances as well as the accurate moment 

during data collection, by which participants were excluded are shown below (Figure 3).  

Once the literature review was done (Study I) and data collection was finished, 

statistical analysis and data interpretation were carried out in three different stages: first, 

comparing the substrates oxidation rates during an endurance exercise protocol through 

three different phases of a regular menstrual cycle and with OC in 24 active females 
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(Study II); second, comparing the cardiorespiratory responses obtained during an 

endurance exercise protocol along different phases of the menstrual cycle and OC in 23 

active females (Study III); and the last one, comparing iron parameters obtained before 

exercise, 0h and 3h post-exercise in 23 active females (Study IV).  

The sample size could not be calculated according to the primary outcome variable 

hepcidin, since this is a novel protocol designed to determine the influence of an exercise 

stimulus on the acute post-exercise hepcidin of female athletes: regular menstrual cycles 

and OC users. This is the first study investigating iron metabolism through the different 

phases of the menstrual cycle accompanied by an exercise stimulus. Therefore, the goal 

of this pilot study is to provide preliminary data regarding the effect of the hormonal 

status, in addition to the effect size, which will then be used to conduct appropriate power 

and sample-size analysis for follow-up work.   
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Fig. 3. Participant flow diagram. This flow diagram shows the number of participants that were 
selected for each phase of the recruitment and the participants excluded from the screening and 
baseline assessment until the final interventions and statistical analysis, in order to meet all the 
inclusion criteria and obtain a homogenized sample for the project. The total number for the 
regular menstrual cycle group was fifteen while for OC group was nine for the study II and eight 
for the study III and IV.  

 

 The figure 4 shows the study overview where a general design of the pilot study 

can be observed. Two different groups performed an endurance exercise protocol during 

different phases. Previously, all participants performed a graded maximal exercise test to 

determine their peak oxygen consumption (VO2peak) and the speed corresponding to this 

point. The menstrual cycle group participated in three laboratory sessions corresponding 

to the early-follicular phase (between days 2 and 6), mid-follicular phase (between days 

Assessed for eligibility (n=51)
Excluded (n=13)
Did not meet inclusion criteria:
• Iron deficiency (n=4)
• Illness or injuries (n=3)
• Diu hormonal users (n=3)
• Poor Physical Activity level (n=1)
• Low or high age (n=2)

Assessed for eligibility (n=24)
Excluded (n=7)
Did not meet inclusion criteria:
• Iron deficiency (n=1)
• Contraceptive vaginal ring users (n=6)

MENSTRUAL CYCLE GROUP ORAL CONTRACEPTIVE GROUP

Meeting selected participants (n=38)
Excluded (n=15)
• Unable to commit to study timeframe

Meeting selected participants (n=17)
Excluded (n=3)
• Unable to commit to study timeframe

Personalized report is sent with the onset of 
the project (n=23)
Excluded (n=4)
• Declined to participate finally (n=3)
• Unplanned pregnancy (n=1)

Completed allocated intervention (n=19)
Did not complete two menstrual cycle phases 
(n=2) and one menstrual cycle phase (n=2) 
due to:
• Fear needles (n=3)
• Injuries unrelated to study (n=1)

15 participants of menstrual cycle group 
completed the project for study II, III and IV.

Personalized report is sent with the onset of 
the project (n=14)
Excluded (n=3)
• Declined to participate finally (n=2)
• Trying to fall pregnancy (n=1)

Completed allocated intervention (n=11)
Did complete both initial test (dexa and 
maximal test) but did not complete both 
hormonal and non hormonal phases of oral 
contraceptive cycle (n=2) due to:
• Menses absence (n=1)
• Inflammatory Illness (n=1)

9 participants of oral contraceptive group 
completed the project for study II.

Well-collected data in the different studies (n=8)
• Loss of ventilatory data during test and blood 

samples after exercise (n=1)

8 participants of oral contraceptive group 
completed the project for study III and IV.
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7 and 10) and luteal phase (between days 19 and 22). The gynaecologist of the project 

estimated the different phases of the menstrual cycle for each participant considering the 

length of the previous five cycles. Before the tests a blood sample was taken to confirm 

later hormonal concentrations. The OC group performed two laboratory sessions 

corresponding to the non-hormonal phase during the inactive pill week (between days 2 

and 7) and in the hormonal-phase during the second week of the active pill (between days 

15 and 21). All testing sessions were identical, including for those participants who were 

not able to complete the tests at the speed corresponding to 75% of VO2peak. For these 

cases, the protocol was adapted decreasing the speed in blocks of 5% of the speed 

corresponding to VO2peak until reaching the maximal speed with which the participant 

could finish the protocol. The following tests for the same participants were conducted 

using the same modified protocol.  

 During the whole experiment, physical activity of each subject was registered, and 

participants were asked not to realize any effort from the day before the test to the last 

blood sample taken. Moreover, participants completed and replicated a 72-hour diet-

record during the day before the test, the testing day and the day after the test for the 

different phases. For our knowledge, this is the first study investigating endogenous and 

exogenous alterations from a regular menstrual and OC cycle on iron absorption 

metabolism before and after an endurance exercise. 
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Fig. 4. Study Overview. The different study groups and the different phases where the tests were 
conducted are shown in this figure. In addition, the range of days corresponding to those phases 
are reflected in this study overview. The whole exercise protocol consisted of 5min of warm-up 
at the speed corresponding to 60% of the VO2peak, then the protocol main part was 40 min at the 
speed corresponding to 75% of the VO2peak, finishing with a recovery of 5min at the speed 
corresponding to 30% of the VO2peak. All the variables taken for the different studies (II, III or IV) 
are described above. 

 

 Sections “Methods”, “Results” and “Discussion” are presented below for each 

contribution that constitutes the present Doctoral Thesis. 
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Abstract 

Around the past two decades there are a big number of women not only performing 

exercise with a high frequency but also highlighting in world championships in several 

sports disciplines around worldwide. This situation has brought the need and the 

awareness to research in a deeper way the physiological effects and the main 

consequences that menstrual cycle could have in exercise performance and in the health 

of female athletes or active women. This population are exposed to rhythmical 

fluctuations in endogenous female steroid hormones. These variations in oestrogen and 

progesterone may have physiological effects on different systems apart from the 

reproductive system. Despite findings in the literature are contradictory, several 

investigations point out that the metabolism of oxygen and iron seem to be influenced by 

sexual hormones fluctuations. Iron is an essential element playing a number of crucial 

physiological roles within the body. Iron is necessary for adequate deliver oxygen to the 

tissues since it is an essential component of the haemoglobin. However, iron deficiency 

remains a common problem among athletes, particularly for those women who experience 

the menstrual bleeding during each cycle. Depleted or compromised iron stores can affect 

not only their athletic capacity but also their health. In addition, exercise-induced 

increases in the inflammatory cytokine IL-6 has been reported to upregulate the iron 

regulatory hormone hepcidin. This increase in hepcidin levels may compromise iron 

absorption and recycling. To date, most studies have explored the acute post-exercise 

hepcidin response in male or female but without taking endogenous and exogenous sexual 

hormones influence into account. This review tries to summarize the most current relevant 

knowledge regarding to oxygen metabolism and iron absorption under the use of oral 

contraceptives or a regular menstrual cycle. 

Keywords: iron deficiency, oestrogen, progesterone, endurance, women athletes. 
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 1. Background 

Female participation in sports and physical activity has increased markedly in the 

last years. This event has led to many professionals to develop more research in the sports 

medicine area in order to increase the knowledge of organism function and metabolism 

related to the particular characteristics presenting by female physiology. 

Women´s reproductive sex hormones fluctuate throughout menstrual cycle and this 

hormonal variation has been reported to be able to produce changes in athlete 

performance through modifications in metabolism or cardiorespiratory variables 

alterations. 

Maximum oxygen consumption is the main indicator, informing about the 

physical and endurance capacity of each individual. The oxygen transport capacity of the 

blood depends essentially on haemoglobin, which has been described to be reduced 

during menstruation phase (Kim et al., 1993)  due to the significant menstrual blood losses 

that occur in this phase. This reduction in haemoglobin could negatively affect the 

transport and storage of oxygen, increasing the susceptibility to suffer from iron 

deficiency or even worse, develop a future anaemia (Beard & Tobin, 2000). Athletes are 

frequently diagnosed of inadequate iron status, particularly those involved in endurance 

sports due to iron loses produced by intravascular haemolysis, haematuria, 

gastrointestinal bleeding or sweating, which occur during exercise (Milic et al., 2011; 

Schumacher et al., 2002; Suedekum & Dimeff, 2005; Weaver & Rajaram, 1992). Iron 

deficiency may reduce red blood cell production and physical performance, and may also 

negatively affect neuronal functioning and the immune system (Beard & Tobin, 2000). 

Therefore, the prevention of iron deficiency, especially in female endurance athletes, 

should be of major importance for physicians and coaches since regular training practices 

accompanied by blood loss during menstruation may compromise their iron stores 
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causing several iron losses (Babic et al., 2001; DeRuisseau et al., 2002; McInnis et al., 

1998). Nevertheless, according to many studies, estradiol and progesterone hormones 

may modify iron metabolism along menstrual cycle. Some studies have reported in 

animals (Hou et al., 2012; Robertson et al., 2009; Yang et al., 2012) and humans (Lehtihet 

et al., 2016) that high estradiol concentrations may inhibit specific cytokines and 

hormones, improving iron absorption in the organism. In addition, progesterone 

concentrations may also alter hepcidin levels but decreasing iron absorption (Li et al., 

2016). However, the most of these studies have been carried out in animals instead of 

humans and not taking an exercise stimulus into account. Therefore, more studies are 

needed in premenopausal women in order to elucidate the real effects of endogenous 

hormones on iron metabolism. 

Moreover, progesterone has also been reported to produce changes on 

cardiorespiratory variables (Bayliss & Millhorn, 1992). During luteal phase the 

significant increase in progesterone concentrations and body temperature may produce 

alterations in ventilation (Jurkowski, Jones, Toews, & Sutton, 1981a; Schoene et al., 

1981; Williams & Krahenbuhl, 1997), heart rate (Hessemer & Bruck, 1985b; Pivarnik et 

al., 1992; Schoene et al., 1981) or even VO2 (Hessemer & Bruck, 1985b; Williams & 

Krahenbuhl, 1997) according to some studies. Hence, it seems that endogenous or 

exogenous sexual hormones could have important effects on different variables related to 

performance and health in female athletes. Thus, more scientific evidence is required to 

clarify if training sessions should be adjusted to the different phases of a normal menstrual 

cycle or oral contraceptive (OC) cycle. 

 

1.1 Physiology of a regular menstrual cycle 
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Female reproductive system is complex and specific, consisting of hormonal and 

regulatory components which fluctuate along menstrual cycle period (Hackney, 2017, 

p.1). A regular menstrual cycle period is based approximately on 28 days of duration, 

being a normal length between 24 and 35 days (Silverthorn et al., 2008, p.840). During 

these 28 days several hormonal variations are produced and regulated by hypothalamic-

Pituitary- Ovarian (HPO) axis. All of these fluctuations should be well-known in order to 

elucidate how can affect exercise performance and health of female athletes. 

In the hypothalamus, gonadotropin-releasing hormone (GnRH) is released into 

the blood stream and travels to the pituitary gland, which will release gonadotropin 

hormones in a pulsatile manner, specifically luteinizing hormone (LH) and follicle 

stimulating hormone (FSH) from the anterior pituitary (Hackney, 2017; Santoro, Butler, 

Filicori, & Crowley, 1988). These hormones are in charge of releasing the sex steroid 

hormones: progesterone and oestrogen at the ovary as a result of the HPO axis activity.   

Oestrogen is a group of steroid hormones produced primarily in the ovaries of 

females, but they are also produced locally in targets cells such as adipose tissue 

(Hackney, 2017; Wierman, 2007). The major oestrogens involved are estradiol-β-17, 

estrone, and estriol. Estradiol-β-17 is the principal and most significant oestrogen 

produced by the ovaries, contributing mainly to reproductive function (Wierman, 2007). 

These oestrogens seem to have physiological roles in females, exerting protective effects 

not only in muscle repair and regenerative processes (Carter, Dobridge, & Hackney, 2001; 

Sribnick, Ray, & Banik, 2004; Williams, Walz, Lane, Pebole, & Hackney, 2015) but also 

as protective mechanism to increase iron uptake to compensate for iron losses that occur 

during menses (Hou et al., 2012; Pottratz et al., 1994; Robertson et al., 2009; Yang et al., 

2012).  
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The major progestin is the progesterone, which is produced predominately by the 

ovaries, but it is also made locally in some tissues (Hackney, 2017; Wierman, 2007). 

Progesterone has important influences on the central nervous system, vascular tissue, and 

other target tissues (Mani, Blaustein, & O’Malley, 1997). It has also been related with 

inflammatory markers as Interleukin-6 (IL-6) (Angstwurm et al., 1997) which will be 

developed in detail later. 

As mentioned above regular menstrual cycle has 28 days long with different 

phases, which are determined to produce and release the reproductive hormones. 

Menstrual cycle is divided in two simultaneous and different cycles: uterine (describes 

the changes that occur in the uterus) and ovarian cycle (describes the changes that take 

place in the ovarian) (Hackney, 2017, p.6; Silverthorn et al., 2008, p.840). This one is 

divided in three phases:  

1. Follicular phase: this is the first part of ovarian cycle where the growth of ovarian 

follicles is produced. This phase lasts between 10 days and 3 weeks and can be 

divided into two stages according to hormonal concentrations: 

Ø Early follicular phase: the begin of follicular phase in the ovary is associated with 

day one of menses, characterized by a bloody discharge. At that time, a number 

of primordial follicles begin to enlarge but one soon surpasses all other and 

continues to grow throughout the follicular phase of the cycle. As the follicles 

grow, their granulosa cells (under FSH influence) and thecal cells (under LH 

influence) start to synthesize steroid hormones. Within each follicle, thecal cells 

have LH receptors which when stimulated convert cholesterol to androgen. The 

androgen then moves to the layer of granulosa cells where it serves as a substrate 

and produces oestrogens via intracellular aromatase enzymes simulated by FSH. 

Oestrogen concentrations increase gradually, producing a negative feedback over 
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FSH and LH secretion, which inhibit the develop of more follicles during the same 

cycle, allowing the selection of the dominant follicle. Simultaneously, oestrogens 

stimulate more oestrogens production in granulosa cells. This positive feedback 

allows that follicles keep producing oestrogens, although FSH and LH 

concentrations decrease. 

Ø Late follicular phase: before follicular phase is ending, the secretion of oestrogens 

in the ovary reaches a maximum value and there is only one follicle left 

developing. Granulosa cells of this selected follicle start to secrete inhibin and 

progesterone, as well as estradiol. These high oestrogens concentrations exert now 

a positive feedback over hypothalamus, accompanied by the increasing levels of 

progesterone. As a result, LH secretion increases significantly, and a peak of this 

hormone is observed. In addition, an increase in FSH is produced but to a lesser 

extent due to the inhibitory effect of inhibin and oestrogens. LH peak is essential 

to develop the ovulation process, when ovum is expelled from the follicle. The 

elevated oestrogen levels during late follicular phase prepare the uterus for a 

development of an embryo, enlarging the endometrium about 3-4mm. 

2. Ovulatory phase: At the end of follicular phase takes place the ovulation, which 

is produced around 16 to 24 hours after LH peak and has a duration between 24 

and 36h. Once ovum expulsion occurs, several morphological and biochemical 

changes are experienced by the follicle, becoming the corpus luteum within the 

uterus.   

3. Luteal phase: After ovulation, the corpus luteum produces progressively higher 

levels of progesterone and oestrogen. The new luteal cells will secret 

progesterone, the predominant hormone during luteal phase, which is essential to 

prepare the endometrium for the fertilized egg implantation. Progesterone levels 
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will reach its highest levels around day 21 of the menstrual cycle. This phase 

includes from ovulation to the first day of menses of the next cycle. Progesterone 

and oestrogens, accompanied by inhibin production of the corpus luteum, exert a 

negative feedback on hypothalamus and anterior lobe of the pituitary gland, that 

will inhibit FSH and LH production during this phase. If fertilization occurs, the 

embryo remains in the endometrium and develops into a fetus. If no fertilization 

occurs the corpus luteum is degraded and a fall in oestrogen and progesterone are 

produced, decreasing the negative feedback over hypothalamus and pituitary 

gland and increasing LH and FSH secretion. In addition, the endometrium, which 

is the outermost layer, sloughs off and the onset of menstruation is produced. 

These previous changes to menses are known are late luteal phase. 

 

 

 
Fig. 5. Hormonal fluctuations throughout menstrual cycle. LH: luteinizing hormone; 
FSH: follicle stimulating hormone. 
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1.2 Effects of an oral contraceptive cycle  

The oral contraceptive (OC) is perhaps the most carefully monitored medication 

in history (Ory, Rosenfield, & Landman, 1980) and the main form of birth control in the 

general population.  The large hormones fluctuations from a normal menstrual cycle, the 

significant impact of menstrual blood loss on iron deficiency or a greater control in 

relation to the timing of menses are some of the reasons why OC are a popular practice 

among women athletes. Approximately 150 million women worldwide used OC agents 

in 1980 (Ory et al., 1980). Actually OC use is still very frequent, around 100 million 

females around the world (Christin-Maitre, 2013).These data remind us the need of study 

and analyse the effects that OC may have on the metabolisms and therefore on exercise 

performance of women athletes. 

Since low dose oral contraceptive preparations (30µg oestrogen or even actually 

20 µg) were introduced, their intake has increased in athletic women (Bennell, White, & 

Crossley, 1999; Burrows & Peters, 2007). The OC cycle could provide a more stable 

environment considering that it reduces cycle-length variability, manipulating the cycle 

and adjusting to 28-day cycle. In addition, OC controls premenstrual symptoms by 

systematically regulating concentrations of endogenous sex hormones. OC work 

providing exogenous hormones whose main role consist of producing an inhibition of the 

mid-cycle gonadotropin (LH and FSH) reducing the natural production of oestrogens and 

progestogens. Therefore, ovulation does not occur, and pregnancy is prevented. This 

exogenous oestrogen from OC may produce different effects than the main endogenous 

oestrogen denominated 17 beta-estradiol.  

OC comes in a variety of different types and formulations, which contain different 

variations doses of oestrogen and progestogen. It exists two main types of OC: combined 

OC, which contains both oestrogen and progesterone; and the mini pill, which contains 
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only progestogen (Burrows & Peters, 2007). However combined OC can be divided into 

three groups: (i) monophasic pills; (ii) biphasic pills and (iii) triphasic pills. These three 

pill forms contain the same structure, exogenous hormones (progestogen and 

ethinylestradiol) over 21 days, followed by 7 days of placebo. The main difference 

between monophasic pill and the others two is the dose amount of oestrogen and 

progestogen of each one. Monophasic pills are made such that each pill of the tablet 

contains the same progestogen and ethinylestradiol dose. The normal range of this 

monophasic pill usually goes from 30-35 µg of ethinylestradiol (being even 20 µg or 50 

µg depending on the brand) and regarding to progestogen, amount and type can vary 

based on the OC used (e.g., 0.1-0.25 mg of levonorgestrel or 0.40-1.5 mg of 

Norethindrone, among others). These differences in the amount of progestogen depend 

on its potency (power of the progestogen to produce its desired effects) and androgenocity 

(ability of the progestogen to produce masculine characteristics) (Burrows & Peters, 

2007). However biphasic and triphasic pills do not have a fixed dosage with the same 

amount of oestrogen and progestogen for every pill. These hormone doses vary 

throughout the cycle. 
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Fig. 6. Endogenous and exogenous hormones fluctuations along a 28-day monophasic oral 
contraceptive cycle (adapted from (Rechichi, Dawson, & Goodman, 2009).  Oral contraceptive 
generally involves a dose of oestrogen and progestogen over 21 days (OC consumption phase), 
followed by 7 days of placebo (withdrawal phase). The dosage of exogenous estradiol and 
progesterone in the monophasic pill is constant. The primary role of these hormones is the 
suppression of the hypothalamic-pituitary system, which prevents the mid-cycle surge of 
gonadotrophins, inhibiting ovulation and subsequent pregnancy (Rechichi et al., 2009). Estradiol 
is detectable in the body for up to 2 days after discontinuation, whereas some progestogens are 
detectable for up to 5 days. For that reason, both endogenous oestrogen and progesterone may 
remain to be suppressed, but days later in the withdrawal phase, endogenous oestrogen levels rise 
and progesterone levels stay suppressed (Rechichi, Dawson, & Goodman, 2008). However, the 
different half-lives of the exogenous steroids depend on the brand and the variable impact on the 
endogenous hormones should be considered. 

 

2. Method 

Experimental studies examining methods to improve the knowledge about sexual 

hormones influence on iron and oxygen metabolism were identified through keywords 

searches of the PubMed, Scopus, SPORTDiscus and ScienceDirect (Elsevier) databases 
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from 1985 to 2017. The process of identifying and appraising all published reviews allows 

researchers to describe the quality of this evidence base, summarize and compare the 

review´s conclusions and discuss the strength of these conclusions.  

The keywords used to develop this review were: female athletes-sexual hormones-

iron metabolism-cardiorespiratory responses-estrogens-progesterone-hepcidin-IL-6. 

 

3. Iron metabolism: characteristics, regulation and role of hepcidin 

Iron is an essential element for living beings, which is involved in oxygen and 

electron transport and in necessary reactions for cell development, differentiation and 

proliferation. Although it is the most abundant transition metal in the earth's crust, its 

physicochemical properties difficult its availability to living organisms since it is 

practically insoluble at pH 7. Therefore, human body has developed mechanisms to 

solubilize it, capture it from the environment, store it and use it when it is necessary. Iron 

is part of the heme groups of cytochromes, which are fundamental proteins in the transport 

of chemical energy, and the proteins responsible for transporting and releasing oxygen, 

such as haemoglobin and myoglobin (Robert Crichton, 2016). The average amount of 

iron contained in an adult body is 4-5 g (Gozzelino & Arosio, 2016). 

Red blood cells, specifically haemoglobin, contain about 2 to 3 g of iron, 

representing most of the body's stores. About 1 mg of iron is found for every millilitre of 

red blood cells. Plasma also contains iron, which is bound to transferrin. This protein is 

in charge of transporting plasma iron for its use in erythropoietic centres.  However, only 

2-3 milligrams of iron are found in plasma. Plasma iron is renewed every two hours, due 

to the action of macrophages. They phagocyte senescent erythrocytes, recycling iron 

contained in them and releasing it back into plasma when it is required. This process 

provides 20-25 mg of iron per day. Iron that is not released into plasma is mainly stored 

as ferritin in the liver or in splenic macrophages. About 1 g of iron is stored as ferritin in 
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an adult male, however in the case of women, this amount is lower due in large part to 

menstrual bleeding. Iron stored in cytoplasmic ferritin is mobilized when iron 

requirements are increased (Ganz & Nemeth, 2012). 

The main points of iron action in the body are the duodenum, liver, bone marrow 

and splenic macrophages (Figure 7). These ones mainly allow the iron absorption, storage 

and utilization. In the small intestine, iron must pass through both apical and basolateral 

membranes of the enterocyte to access the circulation. Each transmembrane transport step 

is conducted by proteins and enzymes that change oxidation state of iron. Once absorbed, 

the largest consumer of iron is the erythroid bone marrow. Normally, two-thirds of body 

iron is found in developing erythroid precursors and mature red blood cells. Erythroid 

precursors express surface transferrin receptors that absorb iron bound to transferrin by 

receptor-mediated endocytosis. Approximately one billion iron atoms are used each day 

to produce haemoglobin in new red blood cells (Andrews & Schmidt, 2007). When red 

blood cells reach the end of their expected life or are damaged, the iron contained in these 

erythrocytes must be recycled and the cells in charge of this process are macrophages. 

Less than 10% of daily iron requirements are met by intestinal absorption, the rest are 

covered by macrophages that recycle iron internally (Hentze, Muckenthaler, Galy, & 

Camaschella, 2010). Red blood cells are phagocyte by splenic macrophages. In this 

process, cells are lysed, and haemoglobin is catabolized by haemoxygenase to release 

iron. Iron mainly remains stored in macrophages and some is exported to plasma 

(Andrews & Schmidt, 2007; Hentze et al., 2010).  

Aforementioned release of iron from cells to plasma is mediated by ferroportin 

protein. This is the only iron exporter known, without which, iron is not capable of being 

absorbed through enterocytes or released from body iron deposits or macrophages. Iron 

homeostasis in mammals is regulated at intestinal absorption level, since there is no 
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controlled excretion pathway for iron. Nevertheless, 1-2 mg per day of iron are lost via 

skin desquamation.  Therefore, this process is essential for humans (Abbaspour, Hurrell, 

& Kelishadi, 2014; Gozzelino & Arosio, 2016). Liver, due to its important role in the 

control of the organism and its proper disposition in the circulatory system, is in charge 

of the control of the iron regulation in the organism, mainly regulating ferroportin 

expression in cells membrane and storing iron reserves as ferritin. The effector of this 

control is hepcidin, a peptide hormone produced in the liver responsible for regulating 

iron levels in the body, which expression is a negative regulator of iron ingress to plasma. 

Hepcidin acts by binding to ferroportin and inducing its internalization and degradation 

(Nemeth, Tuttle, et al., 2004). Loss of ferroportin from cell surface prevents iron from 

entering plasma, resulting in decreased transferrin saturation and therefore lower iron 

delivery to developing erythroblast. Thus, a regular hepcidin overexpression may lead to 

a future chronic anaemia. Conversely, decreased hepcidin expression leads to increased 

ferroportin on cellular surface, and consequently, increased absorption and release from 

the iron body reserves. The main problem of iron accumulation is the formation of oxygen 

reactive species, which leads to oxidative stress, contributing to the emergence of 

pathologies such as cancer, diabetes, heart disease and neurodegenerative diseases 

(Sangkhae & Nemeth, 2017). Logically, low hepcidin production leads to hereditary 

hemochromatosis (Abbaspour et al., 2014). 

In addition to hepcidin production, liver is also an iron store, due to ferritin. As a 

result of the body's demand for iron, liver is able to release iron into plasma, supplying it 

with this mineral. Ferritin is a spheroidal-shaped glycoprotein that generates a space 

inside it that holds up to 4500 iron atoms deposited as ferric hydroxyphosphate 

(Koralewski et al., 2018; Percy, Mansour, & Fraser, 2017). Although it occurs practically 

in every cytosol in the organism cells, it is found especially in those cells related to 
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haemoglobin synthesis (erythroblasts and reticulocytes), its degradation (macrophages), 

or its reserve (hepatocytes) (Percy et al., 2017). Ferritin captures the ferrous iron from 

plasma cytosol and oxidizes it, depositing it inside the structure as a reserve. In this way, 

ferritin plays a cytoprotective and iron reserve role (Levi et al., 2001).  

Regulating hepcidin levels may be a great solution to solve problems related to 

iron deficiency or excess. The expression of hepcidin is influenced by different stimulus, 

which are responsible for serum hepcidin synthesis (Figure 7). Intracellular and 

extracellular iron concentration, iron requirements for erythropoietic activity and 

inflammation would be the main regulatory stimulus for hepcidin levels (Ganz & Nemeth, 

2012). Increased hepcidin expression in hepatocytes occurs when iron levels are abundant 

in the body, which reduce its absorption and release from stores (mainly ferritin within 

hepatocytes and macrophages). When iron is deficient, hepatocytes decrease hepcidin 

synthesis, inhibiting ferroportin degradation and allowing iron entrance into plasma. Both 

transferrin bound to iron in plasma and iron stored in hepatocytes can stimulate hepcidin 

synthesis through several mechanisms (Ganz & Nemeth, 2012). Hepcidin is also 

homeostatically regulated by iron requirements for erythropoiesis (Pak, Lopez, Gabayan, 

Ganz, & Rivera, 2006). During erythropoiesis, hepcidin production is suppressed, 

allowing to provide adequate amount of iron for haemoglobin synthesis. The root of this 

suppressor signal may be due to a circulating factor produced by erythroid precursors in 

the bone marrow (Ravasi et al., 2014). Inflammation, specifically interleukin 6 (IL-6), 

has a great effect on hepcidin expression, increasing it.  

Aforementioned stimulus can be activated or supressed by different mechanisms. 

One of them is exercise practice, which has influence over several pathways regulating 

hepcidin production. Nevertheless, this influence need more research to provide evidence, 
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especially in female athletes, where exercising is combined with hormonal environment 

variations due to menstrual cycle.  

 

 

Fig. 7. Iron importance on oxygen metabolism and the different stimulus affecting hepcidin 
regulation under sexual hormones influence.Iron is an essential element for adequate deliver of 
oxygen to the tissues since it is a functional component of the haemoglobin. Inadequate iron status 
may reduce haemoglobin, red blood cell production (erythropoiesis) and subsequent endurance 
performance. Endurance exercise is known to produce haemolysis and increase inflammatory 
markers as interleukin-6 (IL-6), as well as modify extra and intra cellular iron concentration. Both 
signals are positive regulators of hepcidin expression and may explain exercise-induced iron 
deficiency or anaemia in athletes. The menstrual bleeding experienced by women may have a 
significant impact on haemoglobin and consequently affect endurance performance. The 
oestrogen and progesterone variations found during a regular menstrual cycle and with OC may 
influence on hepcidin levels, and subsequently on iron absorption. Hepcidin regulates plasma iron 
concentrations by controlling ferroportin (fpn) concentrations on iron-exporting cells including 
duodenal enterocytes, recycling macrophages of the spleen and liver, and hepatocytes. The iron 
concentrations in plasma are mainly destined to the bone marrow in order to develop the 
erythropoiesis.  
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4. Influence of regular menstrual cycle over oxygen metabolism: delivery and 
consumption. 

During the menstrual cycle, oestrogen and progesterone fluctuations, as well as 

their interaction, may influence on VO2 and iron metabolism. The influence of menstrual 

cycle hormones on exercise performance has been studied previously, but the results still 

remain controversial. Maximal oxygen consumption (VO2max) is the main physiological 

indicator of aerobic exercise performance and although it would be likely to think VO2max 

could change over menstrual cycle, the most studies have not found any change in the 

different phases of the menstrual cycle (Beidleman et al., 1999; Bemben, Salm, & Salm, 

1995; De Souza et al., 1990; Dombovy et al., 1987; Jurkowski et al., 1981b). However, 

the sample size of these studies were significantly low and the hormonal concentrations 

in some of these studies (Bemben et al., 1995; Jurkowski et al., 1981b) could not be high 

enough to produce changes in VO2. In addition to hormonal influence, there are other 

main physiological factors that may influence on oxygen consumption like the 

availability of energy substrates, circulation, breathing or weight, since VO2max is 

expressed in ml/kg/min.  

The osmoregulation and haemoglobin concentration (lower during menses) may 

influence in plasma volume, which would affect also blood-oxygen transport capacity.  

However, the results are still controversial, since, plasma volume has been reported to 

fluctuate in a different way along menstrual cycle for each study (Fortney, Turner, 

Steinmann, Driscoll, & Alfrey, 1994; Stephenson & Kolka, 1988; Vellar, 1974).  

Nevertheless, these studies presented a considerable limitation not verifying the 

different phases of the menstrual cycle with hormone measurements and may have 

included non-ovulatory or luteal phase deficiency cycles. Several studies with hormone 

verification reported no change in haematocrit and haemoglobin  along the menstrual 

cycle, (Claybaugh et al., 2000; Gaebelein & Senay Jr, 1982; Hackney, McCracken-



Study I 
 

45 
 

Compton, & Ainsworth, 1994; Lebrun et al., 1995), whereas other studies did find 

significant changes reporting lower haemoglobin concentration during the mid-luteal 

phase (Dombovy et al., 1987) or higher resting haemoglobin during the same phase 

(Jurkowski et al., 1981b). Despite these studies performed the tests only at two occasions 

through menstrual cycle, most evidence indicate that resting haemoglobin and 

haematocrit are not affected by the different phases of the menstrual cycle. Regarding to 

exercise, some studies presenting a big sample and hormone measurement verification 

reported no change in plasma volume shifts in the phases of the menstrual cycle during 

exercise (De Souza et al., 1990; Mccracken, Ainsworth, & Hackney, 1994), whereas other 

studies found that during early follicular phase there is a faster decrease in plasma volume 

during exercise (Gaebelein & Senay Jr, 1982; Stephenson & Kolka, 1988).  

In addition, it is important to take into account the haemoglobin loss when blood 

loss is happening during menstruation. A research study reported a mean blood loss of 

43ml in 476 women and more than 80ml were lost by 11% of the women (Hallberg et al., 

1966). A lower haemoglobin was found for those women who lost more blood during 

menstruation. It would be logically expected that this haemoglobin loss during early 

follicular phase may led a lower VO2 levels during menses and possibly a compromised 

iron stores during early follicular phase. 

Other important factor in oxygen consumption would be the respiration, which is 

essential to supply oxygen to the lungs, so variations on this variable may affect oxygen 

consumption (Janse de Jonge, 2003). Progesterone has been reported to be able of 

increasing ventilation (VE) through a central effect in the hypothalamus (Bayliss & 

Millhorn, 1992). This may result in a decreased ventilatory efficiency during the luteal 

phase. In addition, body temperature seem to affect VE (Dempsey et al., 1977; 

MacDougall, Reddan, Layton, & Dempsey, 1974; White & Cabanac, 1996), therefore 
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when progesterone and body temperature increase during luteal phase a higher VE  should 

be observed. However, although some authors have reported higher VE during luteal 

phase, suggesting a higher cardiorespiratory strain during this phase (Janse de Jonge, 

Thompson, Chuter, Silk, & Thom, 2012; Jurkowski et al., 1981b; Schoene et al., 1981; 

Williams & Krahenbuhl, 1997), this increase in VE  did not produce any change in VO2max.  

All of these aforementioned factors were expected to produce changes in VO2 

levels along menstrual cycle. Despite some studies found a higher VO2 in the mid-luteal 

phase during exercise at 80% (Williams & Krahenbuhl, 1997) and 70% (Hessemer & 

Bruck, 1985b) of VO2max, the most studies have reported no changes over the menstrual 

exercise during sub-maximal exercises (Bailey et al., 2000; De Souza et al., 1990; 

Dombovy et al., 1987; Galliven et al., 1997; Hackney et al., 1994; Hessemer & Bruck, 

1985b; Jurkowski et al., 1981b; Nicklas, Hackney, & Sharp, 1989; Pivarnik et al., 1992).   

Since body temperature is a determinant factor that may affect performance, 

several authors have already investigated cardiovascular and thermoregulatory responses 

to sub-maximal exercise in the heat over the menstrual cycle (Booth, Marino, & Ward, 

1997; Walters, Ryan, Tate, & Mason, 2000). These studies reported that a decreased 

initial core temperature had a positive effect on prolonged exercise performance, 

suggesting that elevated body temperature during luteal phase would be a detriment for 

exercise performance in the heat. Similarly, Tenaglia, McLellan and Klentrou (1999) 

found a longer time to exhaustion in the early-follicular phase during intermittent exercise 

when core temperature was lower during this phase, suggesting that elevated body 

temperature during luteal phase would be a detriment for exercise performance in the 

heat.  
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5. Influence of oral contraceptives on oxygen consumption. 

Oral Contraceptives have also been studied in athletic performance in order to 

elucidate the advantages or disadvantages of the OC in female athletes, but the literature 

so far turns out controversial. According to some authors, exogenous hormones from OC 

could reduce maximal exercise capacity affecting endurance exercise (Casazza, Suh, 

Miller, Navazio, & Brooks, 2002; Lebrun, Petit, McKenzie, Taunton, & Prior, 2003; 

Notelovitz et al., 1987; Suh et al., 2003). These studies examined the effect of 

administration of a monophasic and triphasic OC in active and athlete’s women and found 

a decrease in VO2peak in the OC users. Notelovitz et al. (1987) reported a 7-8% decrease 

in VO2peak in the monophasic OC users while the control group increased VO2peak over the 

same time period. However, Lynch and Nimmo (1998) found in monophasic OC 

participants no significant changes for VO2peak or aerobic performance along the different 

OC phases. Several authors (Rechichi et al., 2008) found higher levels for VE and VE/VO2 

during monophasic OC consumption (hormonal phase) compared to the withdrawal phase 

(non-hormonal phase). Nevertheless, no variations in VO2 levels were associated with 

this increase in VE. These results agree with several studies not reporting significant 

differences in VO2 throughout the OC cycle during exercise (Bryner, Toffle, Ullrich, & 

Yeater, 1996; Grucza, Pekkarinen, Titov, Kononoff, & Hänninen, 1993; Lynch, De Vito, 

& Nimmo, 2001; Ruzić, Matković, & Leko, 2003). These differences between studies 

may be related to the different types of monophasic OC agents used since they use 

different progestogens and therefore a different progestagional and androgenic activity is 

associated.  

On the other hand, it seems that OC cycle may improve haemoglobin levels and 

iron parameters due to a reduce on blood loss during menses regarding women with 

regular menstrual cycles (Frassinelli-Gunderson et al., 1985). 
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In conclusion, endurance exercise requires optimal VO2 levels, as well as an 

adequate oxygen transport for its correct performance. Oxygen transport depends on 

haemoglobin to carry successfully oxygen to the muscles. Haemoglobin that contains iron 

has been reported to be reduced during menstruation bleeding, which means that iron 

parameters could be compromised during those days, adversely affecting athletic 

performance of female athletes. 

 

6.  Iron metabolism in women with regular menstrual cycle 

Iron deficiency, with and without anaemia, has been mainly demonstrated in 

premenopausal females at a greater prevalence than men, because of the additional Fe 

demands of menstruation and pregnancy (Harvey et al., 2005). Not only inadequate iron 

intake and losses of iron through menstruation could affect this population, but also 

regular exercise performance can severely modify iron metabolism. Iron deficiency may 

reduce red blood cell production and physical performance, due to the iron loses caused 

by an intravascular haemolysis, haematuria, gastrointestinal bleeding, sweating, or 

disturbance of iron homeostasis (Babic et al., 2001; DeRuisseau et al., 2002; McInnis et 

al., 1998). Due to aforementioned, female athletes have more prevalence to develop iron 

deficiency. 

Inflammation markers as IL-6 and the main hormone regulating iron metabolism, 

hepcidin, could explain iron deficiency in female athletes and the consequences of it on 

performance and health conditions (Frazer & Anderson, 2005; Ganz, 2003; Nemeth et al., 

2004; Robson-Ansley, Walshe, & Ward, 2011). 

In addition, and as we aforementioned, variations in iron status could occur during 

menstrual cycle. The fluctuations resulting during menstrual cycle such as significant loss 

of iron through menstrual blood loss may alter iron related parameters, as lower ferritin, 
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haemoglobin or serum iron levels during menses (Kim et al., 1993).  Moreover, sex 

hormones like estradiol and progesterone have been related with iron metabolism 

parameters in the literature. These hormones may have an important role over IL-6 and 

hepcidin up-down regulating iron absorption (Angstwurm et al., 1997; Hou et al., 2012; 

Pottratz et al., 1994). 

In response to exercise, numerous cytokines are produced and one of the most 

known and assessed of inflammation parameters is IL-6 (Villarino, Huang, & Hunter, 

2004).  Some authors have reported increase of IL-6 levels after exercise by up to 100 

times its resting levels, depending on the mode, intensity and duration of the exercise 

performed (Fischer, 2006; Helge et al., 2003; Ostrowski, Schjerling, & Pedersen, 2000).  

Skeletal muscle is the main source of IL-6 production during exercise (Keller et 

al., 2001). Some research studies have investigated the time-course of exercise-induced 

hepcidin response, noting that hepcidin levels seem to peak between 3-6 h subsequent to 

the peak in IL-6 elevation after an exercise bout (Díaz et al., 2015; Peeling et al., 2009b). 

Initially, Nicolas et al. (2002) reported a dramatic increase in hepcidin gene expression 1 

day after a single turpentine injection into mice and a significant decrease in serum iron. 

In addition, they showed that experimentally induced anaemia triggers a considerable 

decrease in hepcidin mRNA level in mice, ensuring increased intestinal iron absorption. 

Nemeth, Rivera, et al. (2004) showed that IL-6 is required for hepcidin induction and 

hypoferremia during inflammation in mice and that IL-6 increases hepcidin and induces 

hypoferremia in humans. Within 2 hours after the IL-6 infusion, urinary hepcidin levels 

were 7.5-fold higher than at 0 hours and serum iron decreased on average 34% when 

hepcidin excretion was at its highest. Similarly, other authors (Kemna, Pickkers, Nemeth, 

van der Hoeven, & Swinkels, 2005) studied the temporal associations between plasma 

cytokines, hepcidin and serum iron parameters in 10 healthy individuals after a 
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lipopolysaccharide injection. Maximal hepcidin excretion was detected at 6 hours after 

injection and 3 hours after the peak in IL-6 activity, accompanied immediately by a 

decrease in serum iron. 

Since exercise, specially endurance exercise, is able to significantly increase IL-6 

levels, several studies have already investigated this time course after exercise. A research 

study (Roecker, Meier-Buttermilch, Brechtel, Nemeth, & Ganz, 2005) detected in 10 

women a maximal increased urinary hepcidin excretion 1 day after the marathon, which 

may have been induced by the well-documented post-exercise increase in IL-6. However, 

no serum IL-6 levels were measured in this study. Newlin, Williams, McNamara, Tjalsma 

and Swinkels (2012), investigated as well in 12 women the effects of two treadmill runs 

(60 and 120 min) at 65% of VO2max, finding that both runs resulted in significant increases 

in hepcidin 3 hours after exercise and preceded by significant increases in IL-6 

immediately post-exercise. This event was followed by a significant decrease in serum 

iron 9 hours post-exercise. Similarly, several studies have reported similar results to 

Kemna, Pickkers, Nemeth, van der Hoeven and Swinkels (2005) study, showing 

significantly higher hepcidin levels 3 hours after the peak of IL-6 (Peeling et al., 2009a, 

2009b, 2009c; Sim et al., 2013). 

The most of these studies have investigated the exercise effect on hepcidin and 

IL-6 in male or male athletes. Only a few studies examined IL-6 and hepcidin response 

after exercise in female athletes, but none of these studies took the sexual hormones 

fluctuations into account, developing the intervention at only one moment during 

menstrual cycle (Auersperger et al., 2012; Buyukyazi et al., 2017; Ishibashi, Maeda, 

Sumi, & Goto, 2017; Newlin, Williams, McNamara, Tjalsma, & Swinkels, 2012; Roecker 

et al., 2005). 
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Oestrogen and progesterone may have an important effect over iron metabolism, 

modifying hepcidin and IL-6 activity. Despite one study reported that oestrogen was 

found to increase hepcidin gene expression (Ikeda et al., 2012), the most studies have 

shown an inhibition of hepcidin expression by 17-b estradiol or oestrogen treatment (Hou 

et al., 2012; Ikeda et al., 2012; Lehtihet et al., 2016; Robertson et al., 2009; Yang et al., 

2012). Robertson, Iwanowick and Marranca (2009) was the first study reporting a 

downregulated hepcidin expression by estradiol in the liver of largemouth bass. The 

regulation of hepcidin in this study may have mediated by IL-6, which has also been 

reported to be inhibited by oestrogen or 17-b estradiol (Girasole et al., 1992; Pottratz et 

al., 1994; Puder, Freda, Goland, & Wardlaw, 2001). Therefore, an inhibition of this 

cytokine could have caused a decrease or inhibition in hepcidin expression. However, IL-

6 levels were not measured in this study. A couple of years later, some studies reported a 

similar response in mice (Hou et al., 2012; Yang et al., 2012) and in human liver cells 

(Yang et al., 2012). Hou et al. (2012) established a mouse model of oestrogen deficiency 

by ovariectomy, demonstrating that oestrogen is implicated in modulating iron 

homeostasis by governing hepatic hepcidin expression. In the ovariectomized mice group, 

hepcidin expression was more elevated under oestrogen deficiency compared to the 

control group and following of a decrease in serum iron. Similarly, Yang, Jian, Katz, 

Abramson and Huang (2012) found that transcription of hepcidin was suppressed by 

estradiol treatment in human liver cells and that estradiol reduced hepcidin mRNA in 

wild-type mice. These authors suggested that hepcidin inhibition by estradiol is to 

increase iron uptake in order to compensate iron loss during menstruation, helping as well 

to increase iron stores in oral contraceptive users. A recent study (Lehtihet et al., 2016), 

investigated 31 healthy females during suppression and stimulation of endogenous 

oestrogen levels as part of pretreatment for in vitro fertilization. When oestrogen 
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stimulation occurred, the levels of serum hepcidin-25 were reduced by almost 40% 

compared to the castration state. The results of these studies agree with an older one study 

(Galesloot et al., 2011), which demonstrated that serum hepcidin is higher in 

postmenopausal women than premenopausal women. This novel mechanism by which 

estradiol could inhibit hepcidin levels, may help to increase iron absorption, iron release 

and recycling from storage cells (Yang et al., 2012). 

Nevertheless, oestrogen do not seem to be the only sexual hormone affecting 

hepcidin and IL-6 levels. It has recently been discovered that progesterone may up-

regulate serum hepcidin in mice and humans (Li et al., 2016). This study found that the 

presence of progesterone in zebrafish increased hepcidin gene expression. In addition, the 

same study, investigated 20 women who were given progesterone as part of a standard in 

vitro fertilization protocol, reporting an increase in serum hepcidin levels after day 20 of 

a treatment with daily 50 mg of intramuscular progesterone supplementation.  

Moreover, Angstwurm, Gärtner and Ziegler-Heitbrock (1997) reported in 

premenopausal women that during the follicular phase when low progesterone levels 

occurred, high IL-6 levels were recorded while after ovulation when progesterone levels 

increased, a significant reduction in IL-6 levels happened. Contrary, other research study 

(Konecna et al., 2000) reported in five healthy female subjects that IL-6 concentration 

was significantly higher in the luteal phase. According to these studies, progesterone may 

participate into the regulation of IL-6 and subsequently hepcidin levels. However, more 

scientific evidence is needed in order to elucidate the possible progesterone effects on IL-

6. Therefore, as a result of these findings, it would make sense to think that oestrogen and 

progesterone fluctuations derived from menstrual cycle may have an effect on hepcidin 

and IL-6 response and consequently an impact on iron absorption. 
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7. The influence of oral contraceptives on iron parameters 

Oral contraceptive method has been popularly used by women athletes in order to 

diminish the period pain, pre-menstrual symptoms that affecting their training sessions 

and competition days. Moreover, OC is a good strategy to manipulate the cycle-timing, 

training and competition of the female athletes. Because of those and other reasons, the 

advantages and disadvantages of OC has been deeply investigated and even taking an 

exercise stimulus into account. 

One of the most notable effect of OC would be the lesser quantity and shorter 

duration of menstrual blood loss (Frassinelli-Gunderson et al., 1985). Menstrual blood 

loss is a relevant factor to consider during this process since it may affect considerably to 

haemoglobin concentration and iron parameters. A previous study examined after six 

months of OC use in women, that menstrual blood loss decreased by approximately 50% 

in comparison with those women who had not starting OC use (Larsson et al., 1992). In 

addition, these findings could be related to the improve of iron parameters in the OC 

group, since ferritin levels were significantly enhanced in 10%, regarding to the women 

who did not use OC (Larsson et al., 1992). Previously to these findings, other studies 

reported in OC users significantly higher serum ferritin (Frassinelli-Gunderson et al., 

1985; Milman et al., 1992) iron and total iron binding capacity (Frassinelli-Gunderson et 

al., 1985) in relation to nonusers.   

Therefore, given the results found in OC users in contrast to non-users, perhaps 

OC could maintain or improved iron stores reducing menstrual blood loss or through the 

suppression of hepcidin via estradiol as we explained before, and consequently 

optimizing exercise performance. Nevertheless, it is still unknown if exogenous oestrogen 

effects may be similar to endogenous oestrogen (17beta-estradiol) and progesterone. 
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The steady loads of estradiol and progestin during the OC cycle have led to a few 

authors to investigate the possible associations between exogenous sexual hormones and 

iron metabolism through hepcidin and IL-6 response. Some authors (Salkeld, MacAulay, 

Ball, & Cannon, 2001) studied IL-6 concentrations in eighteen healthy untrained women 

containing OC pills on days 1 through 21, constituting the quasi-luteal  phase and placebo 

for days 22-28, constituting the quasi-follicular phase. Despite results reported that 

plasma IL-6 concentrations did not change significantly between quasi-follicular and 

quasi-luteal phase, IL-6 correlated with the progestin dose of the OC. However, these 

concentrations did not reduce during quasi-follicular phase when no active pill was taken, 

suggesting that exogenous progestins have long-lasting influences on IL-6 production and 

clearance do not diminish within 7 days of cessation. In addition, a research study (Ives 

et al., 2011) reported no interaction between estradiol (measured in saliva) from triphasic 

and biphasic OC and IL-6, but not considering the possible impact that progestogen from 

chemical contraceptives may have on IL-6. Similarly, the first study investigating the 

post-exercise IL-6 and hepcidin response reported similar results for serum IL-6 and 

hepcidin for both (Sim et al., 2015) hormone-deplete and hormone-replete phases of a 

monophasic OC cycle. These results indicated that exercise performed during the 

different phases of a monophasic OC cycle does not alter exercise induced IL-6 or 

hepcidin production. It may suggest that exercise induced increases in IL-6 are robust to 

exogenous estradiol and progesterone from OC, and therefore the subsequent normal and 

similar hepcidin response for both trials. In the same line, this response to exercise has 

been reported to be similar in IL-6 and hepcidin levels than the levels obtained during rest 

period for premenopausal women using monophasic OC (Sim et al., 2017), suggesting 

that OC do not affect basal IL-6 and hepcidin levels and may be linked to the lower dosage 

of estradiol delivered from the OC. 
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8. Conclusion 

In summary, it is well-known that the increase in IL-6 because of acute exercise 

result in elevated hepcidin levels. These changes could be different depend on the 

menstrual cycle phase since there are many studies demonstrating variations in hepcidin 

and IL-6 levels due to estradiol and progesterone presence. However, the most studies 

presenting changes, have been carried out in animals where estradiol or progesterone 

concentrations have been infused with greater hormonal doses than those obtained from 

a regular menstrual cycle or with oral contraceptive. Therefore, these findings cannot be 

applicable when premenopausal women are studied. Therefore, more studies are needed 

taking the effects of endogenous hormones concentrations into account, and the most 

important, the interaction between oestrogen and progesterone on hepcidin production, 

since progesterone may have an opposite effect to oestrogen or even inhibiting oestrogens 

activity. These possible changes on hepcidin levels would alter the up-down regulation 

of iron absorption. Hence, figure it out hepcidin behavior along menstrual cycle may 

provide information about when iron absorption could be more efficiency. This may 

particularly benefit those females who suffer of iron deficiency due to their demanding 

trainings and/or menstrual blood loss, resulting in a performance detriment or health 

impaired. 

On the other hand, despite some studies have reported a higher VO2, VE or HR 

during luteal phase at moderate exercise intensities suggesting a higher strain during this 

phase, the most studies indicate that these variables are not affected by the menstrual 

cycle during a sub-maximal steady state exercise. This inconsistency in the literature is 

mainly due to methodological limitations regarding specially to the timing of testing 

throughout the menstrual cycle and the high inter- and intra-individual variability in 

oestrogen and progesterone concentration. In addition, the interaction between these two 
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hormones, especially during the luteal phase could inhibit or hidden possible effects and 

modify their secondary effects. However, many studies in the literature should be 

considerate carefully due to the low reproducibility. 

For female endurance athletes, we would recommend adjusting the competition 

schedule to their menstrual cycle in order to avoid the competition those days during 

luteal phase when highest progesterone concentrations are occurring. However, for a 

better understanding, further research on the effect of menstrual cycle and with oral 

contraceptive on iron metabolism and cardiorespiratory variables on prolonged exercise 

performance is warranted. 
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Abstract  

The main aim of the study was to investigate the effect of menstrual cycle phases on 

substrate oxidation during steady state intensity exercise in adult females with regular 

menstrual cycle and on oral contraceptive (OC). Twenty-four healthy endurance and 

strength trained females, with regular menstrual cycle phases (n=15; Age 35.6±4.2; height 

163.9±5.9 cm; body mass 58.1±5.2 kg; VO2peak 50.3±3.6 ml·min-1·kg-1) or on oral 

contraceptives (n=9; Age 30.4±4.5; height 163.9±9.0 cm; body mass 58.1±6.7 kg; VO2peak 

52.4±4.2 ml·min-1·kg-1) participated in the study. All participants performed a graded 

maximal exercise test to determine their peak oxygen consumption (VO2peak). Participants 

then exercised at the speed corresponding to 75% of VO2peak for 40 minutes on a treadmill 

in each menstrual cycle phase: regular menstrual cycle group (early follicular phase, mid-

follicular phase and luteal phase) and OC group (hormonal phase and non-hormonal 

phase). There were no differences in the respiratory exchange ratio of each phase, in 

regular menstrual cycle phase group (mean±SEM): early-follicular phase 0.89±0.01, mid-

follicular phase 0.87±0.01 and luteal phase 0.88±0.01 (p>0.05). There were also no 

differences in respiratory exchange ratio for the participants using oral contraceptive: 

hormonal phase 0.91±0.01 and non-hormonal phase 0.89±0.01 (p>0.05). However, we 

found that OC may influence fat oxidation (p=0.018) during the hormonal phase. Our 

preliminary results suggest that menstrual cycle and oral contraceptive do not influence 

substrate oxidation in females with regular menstrual cycle phases. Regarding the few 

disparities, more research is needed to understand how sexual hormones influence 

substrate oxidation in female.  

Key words: oxygen uptake, female athletes, oral contraceptive, energy metabolism 

oestrogen, progesterone. 
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Introduction  

The main energetic substrates used during endurance exercise are carbohydrates 

(CHO) and fats. Proteins represent 5-15% of the energy expenditure (Egan & Zierath, 

2013). However, their involvement as fuel is considered to be negligible (Isacco et al., 

2012). The contribution of carbohydrate or fat to energy needs depends on: exercise 

intensity, mode and duration, nutrition and training status, age, and sex; and these factors 

should be taken into account when substrate metabolism is analysed (Isacco et al., 2012). 

In spite of the existing knowledge, data sources are few and conflicting specifically 

regarding substrate metabolism in athletic females (Kraemer et al., 2013; Oosthuyse, 

Bosch, & Jackson, 2005; Si Vaiksaar et al., 2011). However, the majority of studies 

suggest females rely on more fat as a primary substrate during exercise than men. In 

particular, female endurance athletes throughout moderate-intensity exercise (Devries, 

2016). 

Differences across menstrual cycle phases due to natural fluctuations with the 

ovarian hormone may explain the sex differences observed in substrate oxidation 

(Constantini, Dubnov, & Lebrun, 2005; Isacco et al., 2012; Oosthuyse & Bosch, 2010). 

Oestrogens promote high muscle glycogen synthesis activity, which stimulate glycogen 

storage (Constantini et al., 2005). Oestrogens also stimulate lipolysis and increase the 

availability of plasma free fatty acids (FFA) (Dawson & Reilly, 2009; Oosthuyse & 

Bosch, 2010). Progesterone is suggested to oppose the oestrogen lipolytic effect (D’Eon 

et al., 2002). However, it emphasizes the carbohydrate sparing actions of oestrogens 

(Constantini et al., 2005; D’Eon & Braun, 2002). Therefore, the activity of both ovarian 

hormones on metabolism should be studied as a ratio of oestrogen/progesterone.  

The use of the oral contraceptive (OC) may interfere with substrate utilization 

during exercise. While modifications on metabolism influenced by OC are still 
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controversial, there does seem to be consistency within dose and type of OC (Burrows & 

Bird, 2000; Lebrun, Joyce, & Constantini, 2013; Suh et al., 2003). The main purpose of 

this work was to study the differences in substrates oxidation among hormonal phases in 

regular menstrual cycle (i.e. early follicular, mid-follicular and luteal phases) and OC 

users (i.e. hormonal and non-hormonal phases) in female endurance athletes, based on 

the respiratory exchange ratio (RER). 

 

Material and methods 

Subjects 

Twenty-four healthy endurance and strength trained females participated in this 

study. Fifteen females with regular menstrual cycles (n=15) and nine females taking OC 

(n=9). Descriptive data shown in table 1. All the females in OC group consumed stable 

monophasic. Before any test, informed consent was obtained after a description of the 

study as well as detailing out any risks and/or benefits. The ethics committee of Technical 

University of Madrid approved this study. All participants were healthy female adults 

between the ages of 25 and 40 years old who trained for 5 to 12 hours per week. 

“Training” included endurance sports with at least one-year experience in strength 

training. Excluded from the experiment were any female who: were not free of iron 

deficiency (serum ferritin >20 µg/l, haemoglobin >115 µg/l and transferrin saturation 

>16%), had thyroid problems or metabolic disease, consumed medication or had dietary 

supplements that alter vascular function, were pregnant, had undergone ovariectomy or 

were smokers. 

Screening protocol 

Body composition, including height (stadiometer SECA) and body mass (Beurer 

GmbH Germany bascule), was analysed for all participants during the first visit to the 
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laboratory. Body composition analysis was performed with a Dual-Energy X-ray 

Absorptiometry (DEXA), which measures body fat mass (%), total body fat mass (kg) 

and free fat mass (kg), using a GE Lunar Prodigy apparatus (GE Healthcare, Madison, 

Wisconsin, USA). Resting blood samples were obtained in an early morning fasted state 

after which participants performed a graded maximal exercise test. The maximal graded 

test was performed with a computerized treadmill (H/P/COSMOS 3PW 4.0, H/P/Cosmos 

Sports & Medical, Nussdorf-Traunstein, Germany) to determine each subject’s VO2peak.  

Expired gases were measured breath-by-breath with the gas analyser Jaeger 

Oxycon Pro (Erich Jaeger, Viasys Healthcare, Germany). Heart response was 

continuously monitored with a 12-lead ECG. Participants began with a warm-up of 3 

minutes. The speed was increased to 0.2 km/h every 12 seconds. A slope of 1% was set 

throughout the test. This test was carried out in the early follicular phase (between days 

2 and 6 of a normal cycle) for the regular menstrual cycle group, or the non-hormonal 

phase for the OC group. The result of this test was used to determine the work intensity 

needed to obtain the speed corresponding to 75% of VO2peak for the steady state running 

tests. 

Experimental protocol 

Once participants were screened, all performed the same experimental protocol 

using a treadmill, in each hormonal phase. The regular menstrual cycle group performed 

the protocol for three different phases (early follicular phase, mid-follicular phase and 

luteal phase) while OC group performed twice (hormonal phase and non-hormonal phase) 

(figure 4). The dates to perform each experimental control were calculated by a 

gynaecologist and were based on the participants’ previous recorded cycles (four in total).  

Subjects arrived at the laboratory at 07:00 am on test day. Participants abstained 

from alcohol, caffeine, and exercise for 24 hours prior to the laboratory visit. They had 
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breakfast 2 hours before arriving at the laboratory and composition breakfast was 

controlled and supervised by a nutritionist in order to avoid pro-inflammatory food. They 

were asked to have breakfast at the same time and the same kind of meal. Prior to the test, 

weight and blood pressure were recorded, and blood samples were taken by a nurse for 

later confirmation of the menstrual cycle phase. Arterial blood samples were collected 

via the radial arterial catheter and were immediately frozen at -80ºC before their delivery 

to the clinical laboratory (in 1-15 days). Blood biochemistry and determination of 

estradiol and progesterone were measured with standard technique. After this, one of the 

main investigators explained again in detail the stable running test protocol. This 

consisted of a 5 minute warm-up at the speed corresponding to 60% of VO2peak, followed 

by 40 minutes of continuous run at the speed corresponding to 75% of VO2peak, and 

finishing with a 5 minute recovery period at the speed corresponding to 30% of VO2peak.  

During the test, oxygen uptake (VO2) and carbon dioxide (VCO2) were measured 

continuously. The relative rates of whole body carbohydrates (CHO) and fat oxidation 

(FAT) were calculated. RER ranges from 0.7 (fat is the main oxidised substrate) to 1.0 

(carbohydrate is the main oxidised substrate). We assumed that urinary nitrogen excretion 

rate was negligible. For statistical analysis, RER, CHO oxidation (g/min) and fat 

oxidation (g/min) were average every 5 minutes during the main part of the experimental 

protocol (i.e. the 40 min at the speed corresponding to 75% of VO2peak). 

Dietary control 

All participants received instructions to complete a 72-hour diet-record before and 

during the experimental days and were given healthy nutritional recommendations. The 

instructions given to the athletes were to avoid refined carbohydrates, fried foods, soda 

and other sweetened beverages, salty snacks, ice cream, margarine, processed meat and 

precooked foods. Participants were asked to replicate their diet prior to each trial. 
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Statistical analysis  

A non-parametric Friedman ANOVA was used to analyse differences among 

menstrual cycle phases (early follicular, mid-follicular and luteal phase for regular 

menstrual cycle group). Wilcoxon test was applied to test differences between hormonal 

and non-hormonal phase for OC group. These statistical tests were conducted on RER, 

CHO oxidation and fat oxidation. Secondly, Cohen effects sizes (ES) were calculated to 

verify the magnitude of the mean differences between menstrual phases. The ES were 

interpreted based on the following criteria: <0.2 = trivial, 0.2 to 0.6 = small effect, 0.6 to 

1.2 = moderate effect, 1.2 to 2.0 = large effect, and >2.0 = very large (Hopkins, 2006). 

The 90% confidence interval (CI) was also calculated. Magnitude-based 

inferences were carried out to determine the beneficial, trivial, or harmful effect of the 

menstrual cycle phases. When a clear interpretation was possible, a qualitative inference 

was given as follows: 0.5% to 5%, very unlikely; 5% to 25%, unlikely; 25% to 75%, 

possibly; 75% to 95%, likely; 95% to 99.5%, very likely; and >99.5%, most likely 

(Batterham & Hopkins, 2006). SPSS version 22 (IBM; Armonk, NY, USA) and Microsoft 

Excel (Microsoft, Redmond, WA) were used to perform the statistical analyses. All tests 

were conducted with a 5% significance level (p<0.05).  

 

Results 

Characteristics of the study subjects are shown in Table 1. There was no 

significant effect of menstrual cycle phase on RER in females with regular menstrual 

cycle. (χ2= 3.459, p = 0.177; Figure 8A). CHO oxidation (χ2=3.337, p=0.189; Figure 8B) 

and fat oxidation rates (χ2=4.455, p=0.108; Figure 8C) were not significantly different 

between the menstrual cycle phases. The magnitude-based inference analysis suggested 
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a likely effect of early follicular phase for RER, whereas there was a likely effect of this 

phase for fat oxidation (see Table 2).  

 

Table 1: General characteristics and hormone concentrations of oestrogen and progesterone in 
menstrual cycle phases (early follicular, mid-follicular and luteal) and hormonal and non-
hormonal phases. 

Variable  Early follicular  Mid-follicular  Luteal  

Regular menstrual cycle 
group (n=15) 

    

Age, years 35.6 ± 4.2    

Height, cm 163.9 ± 5.9    

Body mass, kg 58.1 ± 5.2  

BMI, kg/m2 21.7 ± 2.2  

Body fat, % 24.2 ± 7.0 

Free Fat Mass, kg 42.0 ± 3.1  

VO2peak, ml·min-1·kg-1 50.3 ± 3.6  

Oestrogen, pg/ml  39.4 ± 18.4 82.7 ± 51.3 110.7 ±33.6 

Progesterone, ng/ml  0.91 ± 0.79 0.53 ± 0.31 10.43 ± 5.58 

Ratio  57.5 ± 33.4 276.8 ± 281.7 13.3 ± 6.5 

OC group (n=9)  Hormonal Non-hormonal   

Age, years 30.4 ± 4.5    

Height, cm 163.9 ± 9.0    

Body mass, kg 58.1 ± 6.7  

BMI, kg/m2 21.7 ± 2.8  

Body fat, % 25.7 ± 6.7  

Free Fat Mass, kg 41.6 ± 5.6  

VO2peak, ml·min-1·kg-1 52.4 ± 4.2  

Estrogen, pg/ml  23.2 ± 29.0 33.3 ± 27.0  

Progesterone, ng/ml  0.44 ± 0.18 0.45 ± 0.20  

Ratio  56.0 ± 69.0 74.8 ± 38.8  

n, number of individuals; OC group, oral contraceptive group; BMI, body mass index; VO2peak, peak 
oxygen uptake. Values are means± SD. 

 

In the oral contraceptive group there was not any significant effect of the 

menstrual cycle phases on RER (Z=-1.809, p=0.070; Figure 9A) and CHO oxidation (Z=-

0.336, p=0.737; Figure 9B); whereas fat oxidation was significantly higher in hormonal 
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phase (Z=-2.369, p=0.018; Figure 9C). The obtained ES and magnitude-based inference 

results suggested a possible effect of hormonal phase for fat oxidation (see Table 3). 

 

                                    A 

 
                                    B 

 
                                 C 

 
Fig. 8. Substrate used during exercise at each menstrual phase in women with regular menstrual 
cycles (Median±range). (A) Respiratory Exchange Ratio among different menstrual cycle phases 
in women with regular cycle. (B) Amount (g) of carbohydrates oxidazed per minute during a 
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running test at the speed corresponding to 75% of VO2peak. (C) Amount (g) of fat oxidized per 
minute during a running test at the speed corresponding to 75% of VO2peak running test. 

 

Table 2:Pairwise comparison for substrate oxidation in women with regular menstrual cycles. 
Results expressed as statistical significance, effect size and magnitude-based inference. 

Variable  ES (90% CI)  
P 

Chances of being 
negative/trivial/posit

ive 

Qualitive 
inference 

 Early vs Mid 
-0.46 (-0.80, -

0.12) 
 93.5/6.4/0 Likely 

RER Early vs Luteal 
-0.46(-0.85, -

0.08) 0.177¥ 91.2/8.7/0.1 Likely 

 Mid vs Luteal 0 (-0.32, 0.31)  10.7/79.9/9.9 Trivial 

 Early vs Mid 
-0.24 (-0.53, 

0.05)  61.3/38.5/0.2 Unclear 

CHO 
oxidation Early vs Luteal 

-0.27(-0.69, 
0.15) 0.189¥ 63.2/35.4/1.4 Unclear 

 Mid vs Luteal -0.03 (-0.4, 0.34)  17.9/71.0/11.1 Trivial 

 Early vs Mid 0.48 (0.16, 0.81)  0/4.3/95.7 Likely 

FAT 
oxidation 

Early vs Luteal 0.49 (0.12, 0.87) 0.108¥ 0/6.2/93.7 Likely 

 Mid vs Luteal 0.01 (-0.27, 0.28)  6.6/84.9/8.4 Trivial 

ES, effect size; CI, confidence interval; CHO, carbohydrate; Early, early follicular phase; Mid, mid-
follicular phase; Luteal, luteal phase. ¥ Non-significant pairwaise comparisons. 
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                                       A 

 
                                        B 

 
                                        C 

 
Fig. 9. Substrate used during exercise at each menstrual phase in women on oral contraceptives 
pills (Median±range). (A) Respiratory Exchange Ratio among different menstrual cycle phases 
in women on oral contraceptives pills. (B) Amount (g) of carbohydrates oxidazed per minute 
during a running test at the speed corresponding to 75% of VO2peak. (C) Amount (g) of fat oxidized 
per minute during a running test at the speed corresponding to 75% of VO2peak. *Significant 
difference with non-hormonal phase. 

 

 * 
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Table 3:Pairwise comparison for substrate oxidation in women with oral contraceptive. Results 
expressed as statistical significance, effect size and magnitude-based inference. 

Variable  ES (90% CI) P Chances of being 
negative/trivial/positive 

Qualitive 
inference 

RER 
Non-

Hormonal vs 
Hormonal 

-0.38 (-0.96, 
0.19) 0.070 74.0/23.6/2.4 Possibly 

CHO 
oxidation 

Non-
Hormonal vs 

Hormonal 

0.08 (-0.32, 
0.48) 0.737 8.2/64.4/27.4 Trivial 

Fat 
oxidation 

Non-
Hormonal vs 

Hormonal 

0.29 (-0.13, 
0.71) 0.018 1.2/32.0/66.8 Possibly 

ES, effect size; CI, confidence interval; CHO, carbohydrate. 

 

Discussion  

The present investigation analyses the differences in substrate oxidation among 

endurance and strength trained females characterized by a regular menstrual cycle or with 

taking OC. Despite previous equivocal evidence (Lebrun et al., 2013; Oosthuyse & 

Bosch, 2010), the present study found no differences in RER throughout menstrual cycle 

phases in either of the groups. This finding is in line with Vaiksaar et al. (2011) study 

where they found no differences between RERs in follicular and luteal phases in regular 

menstrual cycle female rowers. The same authors studied females using OC (Vaiksaar et 

al., 2011) and achieved the same results. However, regarding the magnitude-based 

inference analysis made in this study, there is a likely effect in RER and fat oxidation 

when is compared early follicular phase vs mid-follicular phase and early follicular phase 

vs luteal phase. Therefore, these results in addition to the differences between studies still 

remain controversial.  

The results of the present study could be explained by the number of factors 

influencing substrate oxidation during exercise. Among them are: nutritional status, 

oestrogen concentration relative to progesterone, other hormones, and the exercise 
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intensity (Isacco et al., 2012). A possible explanation to our results is that participants 

were studied in a post-prandial state. Participants arrived at the laboratory 2h after they 

had breakfast. Consequently, they modified the substrate availability for the muscle cells 

by the time they performed the test. In turn, modifying the energetic environment of intra-

myocellular and extra-myocellular determined the interaction between CHO and fat 

oxidation at a given exercise intensity (Spriet, 2014).  

According to the scientific literature the metabolic rate of carbohydrates and fats 

change when oestrogens and progesterone arise in luteal and mid-follicular phases. 

During these phases, CHOs are stored as glycogen in liver and muscle, while fats become 

the primary fuel (D’Eon & Braun, 2002; Dawson & Reilly, 2009; Isacco et al., 2012; 

Lebrun et al., 2013). Furthermore, a research study (Suh et al., 2002) concluded that 

substrate availability and nutritional state (post-prandial vs fasting state) could be more 

determinant than sex hormone concentration in the selection of the energetic substrate 

during exercise in female athletes. This is in line with our results of a moderate effect on 

fat oxidation between early follicular phase and mid-follicular phase. These results 

suggest that ovarian hormones may have an effect on substrate oxidation but is not as 

important as the influence of nutritional status. This moderate effect of oestrogen and 

progesterone may not be significant for female athletes who participate in recreational 

sports and are not on specific sport-diets; but it could make the difference in professional 

female athletes. We encourage those people who work with female athletes to take into 

account the menstrual cycle phases in their diets owing to the moderate effect shown in 

our study in recreational athletes.  

In future research, this work suggests enlarging the number of participants studied, 

so the effects of the ovarian hormones in substrate oxidation can be further scrutinized. 

Regarding OC users, it was expected a lower RER during the hormonal phase. In fact, it 
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is generally believed that OC users have a higher plasma FFA and cortisol concentrations, 

which means a higher lipolysis and lesser peripheral glucose uptake, and consequently a 

greater reliance upon fat as a fuel source may be expected (Beals, 2013; Devries et al., 

2006). Despite the results of the magnitude-based inference analysis that appears to be a 

possible effect for fat oxidation (p=0.018) with higher values in the hormonal phase, our 

OC group did not show significantly RER differences between hormonal and non-

hormonal phases which is consistent with previous results (Suh et al., 2003). The OC 

influence on the type of fuel during exercise remains unclear because the interactions of 

OC with energy metabolism are complex and there is inconsistency found in the literature 

(Lebrun et al., 2013). Another physiological parameter that might influence our results is 

the oestrogen/progesterone ratio, which D’Eon & Braun (2002) advocates that should be 

high enough to interact with the energy metabolism. This study found only a relatively 

high oestrogen/progesterone ratio indeed in mid-follicular phase, which is the same 

menstrual cycle phase where a moderate effect of two phases (early-follicular and mid-

follicular) was found in substrates oxidation. The impact of sex hormones on other 

hormones such as catecholamines, insulin, cortisol and growth hormone (GH) (Beals, 

2013; Comitato, Saba, Turrini, Arganini, & Virgili, 2015; De Crée, 1998; Kraemer, 

Francois, & Castracane, 2012), and the subsequent impact of those hormones on 

metabolism is another physiological factor that should be taken into account. Insulin and 

cortisol promote fat deposition both in experimental animals and in humans, while 

catecholamines and GH stimulate lipolysis (Comitato et al., 2015). 

Further, during exercise oestrogens modify insulin levels, which are higher in the 

luteal phase compared to the follicular phase (Kraemer et al., 2012). The differences in 

plasma insulin could impact carbohydrate metabolism, glucose uptake and total 

carbohydrate oxidation (D’Eon et al., 2002). According to D´Eon et al. (2002) CHO 
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oxidation should be highest in luteal phase, however this was not reported in the present 

study. In the case of catecholamines, a greater epinephrine response to exercise (Kraemer 

et al., 2012) and lipolytic effect occurred while circulating oestrogen raised (D’Eon et al., 

2002). 

Despite such lipolysis-boosting-effect of catecholamines the rise in oestrogen may 

not have been enough to activate lipolysis in the different subjects here studied. GH is 

affected by oestrogen too (De Crée, 1998; Kraemer et al., 2012; Leung, Johannsson, 

Leong, & Ho, 2004). Exercise-induced GH secretion is greater during luteal phase and is 

accentuated at the same time than the exercise intensity (Kraemer et al., 2012). This study 

may deduce from the research listed above that, during luteal phases, due to a higher 

oestrogen concentration and a great GH amount, a lower RER at the same intensity should 

be obtained. However, no differences in RER throughout regular menstrual and oral 

contraception cycle phases were found. This could be due to the variability in the 

concentrations of hormones from one cycle to another as from day-to-day during any 

particular menstrual cycle phase (Oosthuyse & Bosch, 2010). 

Lastly, one of the prime physiological variables involved in the selection of the 

fuel source is exercise intensity (Isacco et al., 2012; Rapoport, 2010). We hypothesize 

that intensity could influence our results significantly. The intensity chosen to perform 

the experimental protocol in our work is the same as the one used by other authors in their 

experiment (Knechtle et al., 2004). Although they did not consider menstrual cycle 

phases, they got a RER of 0.86 ± 0.01, which means that fats were oxidized at the same 

rate as carbohydrates at 75% of VO2 peak (Knechtle et al., 2004). Our research found a 

higher RER in each of the menstrual cycle phase 0.89 ± 0.01, 0.87±0.01 and 0.88± 0.01, 

early-follicular phase, mid-follicular phase and luteal phase respectively and 0.91 ± 0.01 

non-hormonal phase and 0.89± 0.01 hormonal phase, which means that in all the phases, 
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CHO where the preferential energetic substrate in both regular menstrual cycle and OC 

groups. In other research works, where the substrate oxidation was studied at 70% VO2peak 

in two different menstrual cycle phases (follicular and luteal phases) (Zderic et al., 2001) 

and two OC phases (Vaiksaar et al., 2011) no differences in CHO and fat oxidation were 

found between phases. However, the conclusions from the study of Vaiksaar et al. (2011) 

are at odds with those of Burrows & Bird (2000), who state that the metabolic response 

varies from one to another within the oral contraceptive cycle.  Moreover, they suggested 

that a chronic consumption of contraceptives might alter CHO and fat metabolism. The 

results from our study did show effect on substrate metabolism in OC users with a higher 

fat oxidation during hormonal phase (p=0.018). Above all, the disparities of results in 

regular menstrual cycle group as well as in OC group highlight the current situation: there 

is considerable intra-individual variability regarding the main substrate used as energy 

source during exercise at certain intensity.  

 

Conclusion and future perspective  

No differences in RER throughout regular menstrual cycle neither in OC cycle 

were observed. These preliminary results suggest, along with previous studies, that daily 

fluctuations in hormones concentration would be the main factor determining the 

substrate metabolism, rather than the phase of the menstrual cycle, which has been 

determined by only one day. Moreover, in order to reduce the amount of intra-individual 

differences among the participants a control of the type and number of macronutrients 

that compose the diet should be made, ovarian hormones as well as the other hormones, 

which might change the extra and intra environments of the muscle cell and, 

consequently, the substrate availability. 
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Abstract 

Background: Female steroid hormone fluctuations during the menstrual cycle and 

exogenous hormones from oral contraceptive (OC) may have potential effects on exercise 

performance. Thus, the aim of this study was to investigate the effects of the regular 

menstrual cycle and OC cycle on cardiorespiratory responses during steady state exercise 

in endurance-trained women. Methods: Twenty-three healthy endurance-trained women, 

with either regular menstrual cycles or using oral contraceptives, performed 40 minutes 

of running at the speed corresponding to 75% of the peak oxygen consumption (VO2peak) 

during different phases of the menstrual cycle (early follicular phase, mid-follicular phase 

and luteal phase) or oral OC cycle (hormonal phase and non-hormonal phase). Oxygen 

uptake parameters, ventilatory parameters and heart rate (HR) were measured and/or 

calculated. Data were analyzed using the mixed linear model. Results: For women with a 

regular menstrual cycle significantly higher VO2 (p=0.049) and %VO2peak (p=0.035) were 

found during the mid-follicular phase compared to early follicular phase, but there was 

no significant difference for relative VO2 (VO2/kg). HR (p=0.004), VE/VO2 (p=0.042) 

VE/VCO2 (p=0.017) and VT (p=0.024) were significantly higher during the luteal phase 

compared to mid-follicular phase, whereas no changes over the cycle were observed for 

VCO2, VE, and BF. In women taking oral contraceptives VE (p=0.03), BF (p=0.018), 

VE/VO2 (p=0.032) and VE/VCO2 (p=0.001) were higher  during the hormonal phase. No 

significant differences were found for VO2, VO2/kg, %VO2peak, VCO2, HR, and VT 

between the OC phases.  Conclusion: females with a regular menstrual cycle showed a 

significant increase in VO2  levels during mid-follicular compared to early follicular 

phase, however a higher ventilatory drive was found during luteal phase. In addition, the 

higher HR in the luteal phase may indicate a higher cardiovascular strain during this 

phase. The oral contraceptive group showed higher ventilation and ventilatory parameters 
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during the hormonal phase, but these variations were not accompanied by changes in 

oxygen uptake. 

Key words: oxygen uptake, hear rate, ventilation, oestrogen, progesterone. 

 

Introduction  

Women constantly experience steroid hormone fluctuations during the menstrual 

cycle. These hormonal variations, especially in estrogen and progesterone, may have 

significant effects on responses to exercise and athletic performance. The current research 

on potential changes over the menstrual cycle in metabolic and cardiorespiratory 

variables during exercise has shown conflicting findings. Most studies have reported no 

changes over the menstrual cycle in oxygen consumption (VO2) (Bailey et al., 2000; De 

Souza et al., 1990; Dombovy et al., 1987; Galliven et al., 1997; Hackney et al., 1994; 

Jurkowski et al., 1981b; Nicklas et al., 1989; Pivarnik et al., 1992) ventilation (VE) (De 

Souza et al., 1990; Dombovy et al., 1987; Hackney, Curley, & Nicklas, 1991; Lebrun et 

al., 1995; Matsuo, Katayama, Ishida, Muramatsu, & Miyamura, 2003; Regensteiner, 

McCullough, McCullough, Pickett, & Moore, 1990; Smekal et al., 2007) and heart rate 

(HR) (Bailey et al., 2000; De Souza et al., 1990; Dombovy et al., 1987; Galliven et al., 

1997; Jurkowski et al., 1981b) during maximal or sub-maximal exercise. However some 

authors have found higher VO2 (Hessemer & Bruck, 1985b; Williams & Krahenbuhl, 

1997),  HR (Hessemer & Bruck, 1985a, 1985b; Janse de Jonge et al., 2012; Moran, 

Leathard, & Coley, 2000; Pivarnik et al., 1992; Schoene et al., 1981) and VE (Janse de 

Jonge et al., 2012; Jurkowski et al., 1981b; Schoene et al., 1981; Williams & Krahenbuhl, 

1997) during the luteal phase indicating a higher cardiorespiratory strain during this 

phase.  
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It is well recognized that during the luteal phase of an ovulatory cycle 

progesterone levels increase significantly compared to the follicular phase. These high 

progesterone levels during the luteal phase have been associated with an increase in VE 

in both animal (Bayliss & Millhorn, 1992; Tok & Loeschcke, 1979) and human studies 

(Jurkowski et al., 1981b; Schoene et al., 1981; Williams & Krahenbuhl, 1997) . It has 

been suggested that progesterone may lower the threshold of the medullary respiratory 

center, increasing its excitability (Lyons, 1976; Williams & Krahenbuhl, 1997) and that 

this respiratory response (increased ventilation) to progesterone is mediated by an 

estrogen dependent progesterone receptor through a central effect in the hypothalamus 

(Bayliss & Millhorn, 1992). Another factor that may influence VE in humans is body 

temperature with an increase in temperature associated with increased VE (Dempsey et 

al., 1977; MacDougall et al., 1974; White & Cabanac, 1996).   

During the luteal phase of the menstrual cycle the thermoregulatory set-point is 

increased (Carpenter & Nunneley, 1988; Cunningham & Cabanac, 1971; Hessemer & 

Bruck, 1985a) and body temperature is elevated due to the thermogenic effect of 

progesterone (Israel & Schneller, 1950; Southman & Gonzaga, 1965), which may also 

explain the increase in heart rate reported during the luteal phase (Hessemer & Bruck, 

1985a, 1985b; Pivarnik et al., 1992; Schoene et al., 1981). Consequently, there are several 

mechanisms that suggest changes in cardiorespiratory responses to exercise over the 

menstrual cycle.  

The conflicting results in the literature to date on this topic may be due to 

differences in methodology related to training status, exercise protocol, timing of testing 

over the cycle and menstrual cycle phase verification (body temperature, hormone 

measurement). Furthermore, the small sample size in the studies (n<10 participants) may 

result in Type II errors and the associated lack of significant differences between phases.  
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The use of the oral contraceptive (OC) has increased significantly over the years 

in both the general and athletic population. Besides for contraceptive reasons, the OC is 

also used because it reduces cycle-length variability and premenstrual symptoms and it 

allows for cycle manipulation (postponing or skipping bleeding) (Burrows & Peters, 

2007). The exogenous hormones in the OC suppress the natural fluctuations in the 

endogenous hormones to avoid ovulation. The research to date on the potential effects of 

the exogenous hormones in OC on responses to exercise has shown conflicting results 

(Casazza et al., 2002; Giacomoni & Falgairette, 2000; Lebrun et al., 2003; Notelovitz et 

al., 1987; Rechichi et al., 2008; Schaumberg, Jenkins, Janse de Jonge, Emmerton, & 

Skinner, 2017a; Suh et al., 2003). Some authors reported a significant decrease in peak 

oxygen uptake (VO2peak) during the hormonal phase of a contraceptive cycle in active, 

trained or athletic females (Casazza et al., 2002; Giacomoni & Falgairette, 2000; Lebrun 

et al., 2003; Notelovitz et al., 1987; Suh et al., 2003). Other studies, however, have shown 

no differences in VO2peak (Lynch et al., 2001; Lynch & Nimmo, 1998; Ruzić et al., 2003), 

VE (Casazza et al., 2002; Giacomoni & Falgairette, 2000; Lebrun et al., 2003; Montes, 

Lally, & Hale, 1983) or HR (Giacomoni & Falgairette, 2000; Lebrun et al., 2003; Lynch 

et al., 2001; Lynch & Nimmo, 1998; Suh et al., 2003) over the OC cycle. The different 

types of OC used (monophasic, biphasic or triphasic) and different test days chosen by 

each study may explain some of these conflicting findings, but further research is needed 

into the potential effect of the OC on exercise responses. 

In an attempt to address some of the methodological issues encountered so far, the 

current study focused on only active endurance trained females to ensure practical 

implications of the findings for female athletes. Testing for the menstrual cycle group was 

conducted at three time points to coincide with the different hormonal environments 

throughout the menstrual cycle.  
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Strict menstrual cycle phase verification was applied for the menstrual cycle  

participants, while the OC participants were limited to the monophasic OC only.  

Furthermore, the menstrual cycle and OC phase were verified through 

measurement of female steroid hormones. The purpose of this study was to investigate 

whether the ventilatory and cardiorespiratory responses to submaximal endurance 

exercise are affected by acute endogenous hormonal fluctuation throughout the normal 

menstrual cycle and exogenous hormonal levels from monophasic oral contraceptive 

cycle in well-trained endurance athletes. 

 

Material and methods 

Participants 

Twenty-three healthy endurance-trained females with either regular menstrual 

cycles (mean±SD; n=15; age=35.6 ± 4.2 years; height=163.9 ± 5.9 cm; body mass=58.1 

± 5.2 kg; VO2peak= 50.3 ± 3.6 ml·min-1·kg-1) or taking OC (n=8; age=30.1 ± 4.8 years; 

height=164.3 ± 9.5 cm; body mass=59.3 ± 6.0 kg; VO2peak= 51.7 ± 3.9 ml·min-1·kg-1 ) 

were recruited for this study. The Research Ethics Committee of the Technical University 

of Madrid approved the project and written informed consent was obtained from each 

participant.  

Inclusion criteria were: (a) healthy female between 25 and 40 years; (b) 

eumenorrheic menstrual cycles for last year for regular menstrual cycle group or taking 

monophasic contraceptive pill for the OC group for at least 6 months; (c) participating in 

endurance sports (athletics or triathlon) between 5 and 12 hours per week; (d) free of iron 

deficiency (serum ferritin >20µg/l, haemoglobin >115 µg/l and transferrin saturation 

<16%); (e) no thyroid problems; (f) non-smokers; (g) not consuming medication or 

dietary supplements that alter vascular function (e.g., tricyclic antidepressants, α-
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blockers, β-blockers, etc.); (h) not pregnant; (i) no ovariectomy. Eumenorrheic menstrual 

cycles were defined as regularly occurring menstrual cycles ranging from 24 to 35 days 

in length (Lebrun et al., 1995).  

All regular menstrual cycle participants were asked to complete information about 

the length of their last four menstrual cycles to determine the average cycle length 

(number of days from the cycle onset to the next one). Day 1 of the menstrual cycle was 

characterised by the onset of menstrual bleeding. These data were provided to a 

gynaecologist, who calculated approximate days of mid-follicular phase, mid-luteal phase 

and ovulation. Blood samples were collected for determination of sex hormone 

concentrations to confirm participants were in the correct phase during testing. OC group 

phases were based on OC ingestion with day 1 of the OC cycle coinciding with the first 

inactive pill consumption (7 days of non-hormonal phase) followed by 21 days of active 

pill consumption (hormonal phase). 

Study Design  

The participants of both the regular menstrual cycle and OC groups performed the 

same experimental protocol on a treadmill in each hormonal phase. The menstrual cycle 

group participated in three laboratory sessions corresponding to the early-follicular phase 

(day 3±0.85), mid-follicular phase (day 8±1.09) and luteal phase (day 21±1.87). The OC 

group performed two laboratory sessions corresponding to the non-hormonal phase 

during the inactive pill week (day 6±1.76) and in the hormonal-phase during the second 

week of the active pill (day 16±2.22). All testing sessions were identical. 

All participants completed a 72-hour diet-record around the first testing session 

(during the day before of the test, the testing day and the day after the test). They were 

asked to replicate this diet for each of the testing sessions. 

 Screening protocol 
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Initial testing involved screening and measurement of VO2peak. All initial testing 

was performed during the early follicular phase (between days 2 and 5 of a normal cycle) 

for the menstrual cycle group or the non-hormonal phase for the OC group (days 3-7). 

Resting blood samples were obtained in an early morning fasted state. The gynaecologist 

of the project verified that none of the participants showed signs of inflammation, iron 

deficiency, thyroid problems or menstrual cycle dysfunction.  

Body composition, as well as height and body mass (Beurer GmbH, Germany) 

were measured. For the body composition analysis, a Dual-Energy X-ray Absorptiometry 

(DEXA) scanner (GE Lunar Prodigy apparatus, GE Healthcare, Madison, Wisconsin, 

USA) was used to measure body fat mass (%), total body fat mass (kg) and free fat mass 

(kg). DEXA scan analyses were conducted using GE Encore 2002 software (v 6.10.029).  

A maximal graded exercise test to exhaustion was completed with a computerized 

treadmill (H/P/COSMOS 3PW 4.0, H/P/Cosmos Sports & Medical, Nussdorf-Traunstein, 

Germany) to determine each participant’s VO2peak. Participants began with a warm-up of 

3 minutes at 6km/h. The speed was then increased by 0.2 km/h every 12 seconds. A slope 

of 1% was set throughout the test. Expired gases were measured breath-by-breath with 

the gas analyser Jaeger Oxycon Pro (Erich Jaeger, Viasys Healthcare, Germany). Heart 

response was continuously monitored with a 12-lead ECG.  

VO2peak was determined as the mean of the three highest breath-by-breath VO2 

measurements in the incremental test to exhaustion. The maximal aerobic speed was 

recorded as the minimum speed required to elicit VO2peak. For the submaximal test the 

speed equivalent to 75% of the maximal aerobic speed was calculated. 

Experimental protocol 

Participants attended the laboratory at 07.00 am the testing day. They had 

breakfast 2 hours before the test and were instructed to abstain from alcohol, caffeine, 
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and exercise for 24 hours prior to each test. Participants travelled to the laboratory by 

motorized vehicle to exclude physical activity before the testing sessions. Prior to the test 

weight and blood pressure were measured, and blood samples were taken for later 

confirmation of the cycle phase. After this, the steady-state running test protocol was 

performed. This consisted of a 5 minute warm-up at the speed corresponding to 60% of 

VO2peak followed by 40 minutes of continuous running at the speed corresponding to 75% 

of VO2peak. The same absolute velocity was used for each of the testing sessions. Each 

test finished with a 5 minute recovery at the speed corresponding to 30% of VO2peak. The 

testing protocol (40 minutes at the speed corresponding to 75% of VO2peak) maximal 

aerobic speed on a treadmill) has been previously selected by other studies (Sim et al., 

2015).  

During exercise, oxygen uptake (VO2), oxygen uptake relative to body mass 

(VO2/kg), carbon dioxide production (VCO2), heart rate (HR), ventilation (VE), tidal 

volume (VT), breathing frequency (BF), ventilatory equivalent for oxygen (VE/VO2) and 

ventilatory equivalent for carbon dioxide (VE/VCO2) were measured continuously using 

the same apparatus as mentioned for the maximal test. The percentage of intensity of 

VO2peak (%VO2peak) was calculated as VO2/VO2peak·x 100. For statistical analysis, all the 

variables described above were averaged over 5 minutes during the 40 minutes at the 

speed corresponding to 75% of VO2peak starting at minute 10.  

Blood sample analysis 

All blood samples were obtained in a rested and fasted state by venepuncture into 

a vacutainer containing clot activator. Following inversion and clotting, the whole blood 

was centrifuged (Biosan LMC-3000 version V.5AD) for ten minutes at 3000 rpm and 

transferred into Eppendorf tubes and stored frozen at -80ºC until further analysis. Within 

1 to 15 days after testing the serum samples were delivered to the clinical laboratory for 
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determination of sex hormones in order to verify menstrual cycle phase. Total estradiol 

17-Beta, progesterone, follicle-stimulating hormone, luteinizing hormone were measured 

via ADVIA Centaur ® solid-phase competitive chemiluminescent enzymatic 

immunoassay (Siemens city, Germany). 

Coefficients of variation reported by the laboratory were 7.74 for FSH, 10.77 for 

LH, 7.48 for estradiol and 14.11 for progesterone. 

Statistical analysis 

Data are expressed as mean ± SEM. All statistical analyses were performed using 

the mixed linear model to analyse the repeated-measures (i.e., cycle phases and time 

throughout test) data for the participants’ cardiorespiratory responses. The models 

performed included menstrual cycle phase (early follicular, mid-follicular and luteal 

phase for the menstrual cycle group; and hormonal and non-hormonal phase for the OC 

group) and time (average of every 5 min during the 40 min at the speed corresponding to 

75% VO2peak starting at minute 10) as fixed effects and individual response as random 

effect. For each fixed factor that showed a significant main effect Bonferroni´s post hoc 

tests were applied to examine the pairwise comparisons. Statistical significance was set 

at the level of p≤0.05.  

Cohen effects sizes (ES) were calculated to verify the magnitude of the mean 

differences between cycle phases. The ES were interpreted based on the following 

criteria: <0.2 = trivial, 0.2 to 0.6 = small effect, 0.6 to 1.2 = moderate effect, 1.2 to 2.0 = 

large effect, and >2.0 = very large effect (Hopkins, 2006). The 90% confidence interval 

(CI) was also calculated. Magnitude based inferences were carried out to determine the 

effect of the cycle phases. When a clear interpretation was possible, a qualitative inference 

was given as follows: 0.5% to 5%, very unlikely; 5% to 25%, unlikely; 25% to 75%, 

possibly; 75% to 95%, likely; 95% to 99.5%, very likely; and >99.5%, most likely 
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(Batterham & Hopkins, 2006). SPSS version 22 (IBM; Armonk, NY, USA) was used to 

perform the statistical analyses. 

 

Results 

Hormone levels are presented as mean±SD in each phase of the menstrual cycle 

for both groups. The participants in the menstrual cycle group displayed the expected 

hormone fluctuations with oestrogen lowest in the early follicular phase (39.4±18.4 

pg/ml) increased in the mid follicular phase (82.7±51.3 pg/ml) and highest during the 

luteal phase (110.7±33.6 pg/ml), while progesterone was highest during the luteal phase 

(10.43±5.58 ng/ml) regarding to early-follicular phase (0.91±0.79 ng/ml) and mid-

follicular phase (0.53±0.31 ng/ml). All menstrual cycle participants met the minimum 

progesterone limit of 3 ng.mL-1 set to verify occurrence of a regular luteal phase (R. Israel, 

Mishell, Stone, Thorneycroft, & Moyer, 1972). For the participants in the OC group 

natural fluctuations in endogenous oestrogen and progesterone were supressed as 

demonstrated by the low oestrogen (13.6±3.7 pg/ml) and progesterone (0.45±0.19 ng/ml) 

concentrations in the hormonal phase compared to the higher oestrogen and progesterone 

concentrations in the non-hormonal phase (36.0±27.6 ng/ml and 0.45±0.21 pg/ml 

respectively).  

In the menstrual cycle group significant main effects of the menstrual cycle phase 

were found for VO2 (F2,34=3.426, p=0.044), %VO2peak (F2,34=3.984, p=0.028), HR 

(F2,36=6.162, p=0.005), VT (F2,45=4, p=0.03), VE/VO2 (F2,33=4.868, p=0.014) and 

VE/VCO2 (F2,39=4.251, p=0.021). The main effect of menstrual cycle phase was not 

significant for VO2/kg (F2,35=2.918, p=0.067), VCO2 (F2,31=0.319, p=0.729) and BF 

(F2,39=0.421, p=0.66), while a trend towards significance was found for VE (F2,37=2.79, 

p=0.07). The fixed factor time (data not shown) was significant in all variables except in 
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VO2, VO2/kg and %VO2peak. However, no significant interactions for menstrual cycle 

phase and time were found for any of the variables (all Fs<1). Specifically, the pairwise 

comparisons for the factor menstrual cycle phase are presented in Table 4 and Figure 10. 

The magnitude based inference analysis suggested a likely effect of mid-follicular phase 

for VO2 (Figure 10A) and %VO2peak (Figure 10C), showing significant greater values in 

this phase compared to early follicular phase. Also, luteal phase showed significant higher 

values compared to mid-follicular phase for HR (Figure 10E), VT (Figure 10G), VE/VO2 

(Figure 10I) and VE/VCO2 (Figure 10J), with a small and likely effect of this phase (Table 

4). 
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Fig. 10. Cardiorespiratory responses during exercise at each menstrual phase in women with 
regular menstrual cycles: dark grey colour bar, early follicular phase; light grey colour bar, mid-
follicular phase; and white colour bar, luteal phase. A) VO2, Oxygen uptake; B) VO2/kg, Oxygen 
uptake relative to body mass; C) %VO2peak, Percentage corresponding to VO2peak; D) VCO2, 
Carbon dioxide production; E) HR, Heart rate; F) VE, Ventilation; G) VT, Tidal volume; H) BF, 
Breathing frequency; I) EqO2, Ventilatory equivalent for oxygen (VE/VO2); J) EqCO2, Ventilatory 
equivalent for carbon dioxide (VE/VCO2). *Significant differences with early follicular phase. 
$Significant differences with mid-follicular phase. 
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Table 4: Pairwise comparison for cardiorespiratory variables in women with regular 
menstrual cycles. Results expressed as effect size (ES), statistical significance (P) and 
magnitude-based inference. 

Variable  ES  (90% CI) p Chances of being 
positive/trivial/negative 

Qualitive 
inference 

VO2 

Early vs Mid 0.26 (0.10, 0.43) 0.049 77.1/22.9/0.0 Likely 

Early vs 
Luteal 0.28 (0.12-0.43) 0.148 84.0/16.0/0.0 Likely 

Mid vs Luteal 0.02 (-0.12, 0.15) 1.000 0.5/99.4/0.1 Trivial 

VO2/kg 

Early vs Mid 0.28 (0.10, 0.45) 0.148 81.1/18.9/0.0 Likely 

Early vs 
Luteal 0.35 (0.16, 0.54) 0.094 93.9/6.1/0.0 Likely 

Mid vs Luteal 0.07 (-0.10, 0.25) 1.000 7.8/92.0/0.2 Trivial 

%VO2peak 

Early vs Mid 0.36 (0.13, 0.58) 0.035 91.6/8.4/0.0 Likely 

Early vs 
Luteal 0.38 (0.17, 0.59) 0.084 95.2/4.8/0.0 Very 

Likely 

Mid vs Luteal 0.02 (-0.17, 0.21) 1.000 3.1/95.9/1.1 Trivial 

VCO2 

Early vs Mid 0.06 (-0.08, 0.20) 1.000 2.7/97.3/0.0 Trivial 

Early vs 
Luteal 0.09 (-0.04, 0.22) 1.000 4.7/95.3/ 0.0 Trivial 

Mid vs Luteal 0.03 (-0.09, 0.16) 1.000 0.4/99.5/0.0 Trivial 

HR 

Early vs Mid -0.16 (-0.39, 0.07) 0.877 0.1/63.2/36.7 Trivial 

Early vs 
Luteal 0.36 (0.15, 0.57) 0.051 93.5/6.5/0.0 Likely 

Mid vs Luteal 0.26 (0.09, 0.43) 0.004 76.9/23.1/0.0 Likely 

VE 

Early vs Mid 0.02 (-0.12, 0.16) 1.00 0.7/99.2/0.1 Trivial 

Early vs 
Luteal 0.27 (0.16, 0.39) 0.14 89.5/10.5/0.0 Likely 

Mid vs Luteal 0.25 (0.08, 0.42) 0.13 72.8/27.7/0.0 Possibly 

VT 

Early vs Mid -0.03 (-0.13, 0.06) 1.000 0.0/100.0/0.0 Trivial 

Early vs 
Luteal 0.13 (0.04, 0.23) 0.161 8.0/92.0/0.0 Trivial 

Mid vs Luteal 0.17 (0.07, 0.27) 0.024 25.0/75.0/0.0 Trivial 

 
BF Early vs Mid 0.08 (-0.09, 0.25) 1.000 8.3/91.5/0.1 Trivial 
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 Early vs 
Luteal 0.12 (-0.02, 0.25) 1.000 10.9/89.1/ 0.0 Trivial 

Mid vs Luteal 0.04 (-0.17, 0.24) 1.000 5.6/93.2/1.2 Trivial 

VE/VO2 

Early vs Mid -0.35 (-0.54, -0.16) 0.081 0.0/5.6/94.4 Likely  

Early vs 
Luteal 0.02 (-0.17, 0.22) 1.000 3.6/95.1/1.3 Trivial 

Mid vs Luteal 0.37 (0.13, 0.62) 0.042 91.8/8.2/0.0 Likely 

 
VE/VCO2 

Early vs Mid -0.07 (-0.27, 0.12) 0.865 0.3/89.6/10.1 Trivial 

Early vs 
Luteal 0.29 (0.08, 0.51) 0.423 80.5/19.5/0.0 Likely 

Mid vs Luteal 0.37 (0.19, 0.54) 0.017 97.2/2.8/0.0 Very 
likely 

CI, confidence interval; Early, Early follicular phase; Mid, Mid-follicular phase; Luteal, Luteal phase; 
VO2, Oxygen uptake; VO2/kg, Oxygen uptake relative to body mass; %VO2peak, Percentage 
corresponding to VO2peak; VCO2, Carbon dioxide production; HR, Heart rate; VE, Ventilation; VT, Tidal 
volume; BF, Breathing frequency. 
 
 
 

In the oral contraceptives group, the main effect of the fixed factor cycle phase 

was significant for VE (F1,14=5.95, p=0.03), BF (F1,12=7.377, p=0.018), VE/VO2 

(F1,12=5.874, p=0.032) and VE/VCO2 (F1,10=19.5, p=0.001). The cycle phase was not 

significant for VO2 (F1,13=0.129, p=0.725), VO2/kg (F1,13=0.132, p=0.723), %VO2peak 

(F1,37=2.231, p=0.144), VCO2 (F1,15=0.19, p=0.669), HR (F1,9=0.201, p=0.665) and VT 

(F1,13=0.104, p=0.753). Significant effects were found for the fixed factor time (data not 

shown) for HR, VT, BF, VE/VO2 and VE/VCO2. Nevertheless, we did not find any 

statistical interaction of cycle phase and time factor in any of the variables (all F<1). 

The pairwise comparisons for the factor cycle phase are presented in Table 5 and 

Figure 11. The pairwise comparisons showed significantly higher values in hormonal 

phase for VE (Figure 11F), BF (Figure 11H), VE/VO2 (Figure 11I) and VE/VCO2 (Figure 

11J). The obtained ES and magnitude based inference results showed a small but likely 
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effect of hormonal  phase for VE, BF and VE/VO2; whereas the effect for VE/VCO2 was 

moderate and most likely (Table  5). 

A 

 

B 

 

C 

 
D 

 

E 

 

F 

 

G 

 

H 

 

I 

 

J 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 11. Cardiorespiratory responses during exercise in women on oral contraceptives: dark grey 
colour bar, non-hormonal phase; light grey colour bar, hormonal phase. A) VO2, Oxygen uptake; 
B) VO2/kg, Oxygen uptake relative to body mass; C) %VO2peak, Percentage corresponding to 
VO2peak; D) VCO2, Carbon dioxide production; E) HR, Heart rate; F) VE, Ventilation; G) VT, Tidal 
volume; H) BF, Breathing frequency; I) EqO2, Ventilatory equivalent for oxygen (VE/VO2); J) 
EqCO2, Ventilatory equivalent for carbon dioxide (VE/VCO2). *Significant differences with non-
hormonal phase.  
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Table 5: Pairwise comparison for cardiorespiratory variables in women on oral contraceptives. 
Results expressed as effect size (ES), statistical significance (P) and magnitude based inference. 

Variable  ES  (90% CI) p Chances of being 
positive/trivial/negative 

Qualitive 
inference 

VO2 
Hormonal vs 

Non-
hormonal 

0.13 (0.00, 0.27) 0.725 15.2/84.8/0.0 Trivial 

VO2/kg 
Hormonal vs 

Non-
hormonal 

0.24 (-0.01, 0.48) 0.723 62.1/37.8/0.1 Possibly 

%VO2peak 

Hormonal vs 
Non-

hormonal 
0.19 (-0.01, 0.38) 0.144 44.8/55.2/0.0 Unclear 

VCO2 
Hormonal vs 

Non-
hormonal 

0.05 (-0.10, 0.20) 0.669 2.3/97.6/0.1 Trivial 

HR 
Hormonal vs 

Non-
hormonal 

-0.08 (-0.38, 
0.23) 0.665 3.7/75.9/20.4 Trivial 

VE 
Hormonal vs 

Non-
hormonal 

0.25 (0.11, 0.38) 0.03 75.8/24.2/0.0 Likely 

VT 
Hormonal vs 

Non-
hormonal 

0.03 (-0.08, 0.14) 0.753 0.3/99.7/0.0 Trivial 

 
BF 

 

Hormonal vs 
Non-

hormonal 
0.26 (0.08, 0.44) 0.018 76.0/24.0/0.0 Likely 

VE/VO2 
Hormonal vs 

Non-
hormonal 

0.38 (0.11, 0.66) 0.032 91.2/8.8/0.0 Likely 

 
VE/VCO2 

 

Hormonal vs 
Non-

hormonal 
0.60 (0.33, 0.87) 0.001 99.7/ 0.3/0.0 Most likely 

CI, confidence interval; VO2, Oxygen uptake; VO2/kg, Oxygen uptake relative to body mass; %VO2peak, 
Percentage corresponding to VO2peak; VCO2, Carbon dioxide production; HR, Heart rate; VE, 
Ventilation; VT, Tidal volume; BF, Breathing frequency. 
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Discussion 

This study investigated potential changes in cardiorespiratory and ventilatory 

parameters during submaximal endurance exercise over the menstrual cycle and oral 

contraceptive cycle. Our study performed testing at three time points for the regular 

menstrual cycle group in line with the different hormonal profiles (early follicular, mid-

follicular and luteal phase). For the OC group testing was conducted during the non-

hormonal phase (non-active OC) and the hormonal phase (active OC). To the authors’ 

knowledge the current study is the first to investigate cardiorespiratory and ventilatory 

responses to steady state submaximal endurance running in these different hormonal 

environments. For the regular menstrual cycle group our study showed significant 

changes in VO2, %VO2peak, HR, VE/VO2, VE/VCO2 and VT over the three phases of the 

cycle. The oral contraceptive group presented significant changes in VE, VE/VO2, and 

VE/VCO2 over a monophasic OC cycle. 

For the menstrual cycle group, a significant increase in VO2 levels and %VO2peak 

was found at the mid-follicular phase compared to early follicular phase (p=0.049 and 

p=0.035 respectively). Most previous research has reported no effect of the menstrual 

cycle phases on VO2 during submaximal exercise (Bailey et al., 2000; De Souza et al., 

1990; Dombovy et al., 1987; Galliven et al., 1997; Hackney et al., 1994; Hessemer & 

Bruck, 1985b; Jurkowski et al., 1981a; Nicklas et al., 1989; Pivarnik et al., 1992) however 

none of these studies compared the early follicular and mid follicular phases.  Some 

studies have found significantly higher VO2 levels in the luteal phase than the follicular 

phase during exercise at 80% of VO2max (Williams & Krahenbuhl, 1997) and at 70% of 

VO2max (Hessemer & Bruck, 1985b). These studies indicated a higher cardiorespiratory 

strain during luteal phase and suggested this may be explained by the higher body 

temperature during the luteal phase due to higher progesterone. The current study also 
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found higher VO2/kg values during the luteal phase compared to the early follicular phase, 

however this finding did not reach significance (p=0.067). Surprisingly the highest VO2 

levels occurred during the mid-follicular phase when progesterone values were 

considerably lower (0.53 ng/mL) in relation to those concentrations found in luteal phase 

(10.43ng/mL). The novel comparison between early and mid-follicular phases in the 

current study has highlighted that is perhaps not progesterone, but more likely oestrogen 

and potentially the ratio between oestrogen and progesterone that may explain the higher 

VO2 in the mid-follicular phase. 

The OC group showed no differences for VO2, VO2/kg and %VO2peak between the 

hormonal and non-hormonal phases. These results support the majority of the studies 

using a variety of monophasic oral contraceptives and reporting no significant differences 

in VO2 over the OC cycle for trained (Rechichi et al., 2008) and untrained women (Lynch 

et al., 2001). Only one study has reported changes in exercising VO2 throughout the OC 

cycle showing lower VO2 during the hormonal-phase using monophasic oral 

contraceptives (Giacomoni & Falgairette, 2000). However, these authors attributed these 

differences in VO2 to biomechanical rather than metabolic factors, due to the lack of 

significant differences in HR, ventilatory parameters or substrate differences over the OC 

cycle. The findings of the current study built on the limited research to date confirming 

that the VO2 responses to submaximal exercise seem to override the potential effects of 

exogenous hormones in monophasic OC. 

Increases in body temperature and progesterone concentrations during the luteal 

phase have been associated with elevated VE at rest (Macnutt, De Souza, Tomczak, 

Homer, & Sheel, 2012; Schoene et al., 1981; Takano, 1984; Takano, Sakai, & Iida, 1981; 

Williams & Krahenbuhl, 1997) and during exercise (Janse de Jonge et al., 2012; Schoene 

et al., 1981; Williams & Krahenbuhl, 1997). Some authors (Bayliss & Millhorn, 1992) 
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reported that the respiratory response to progesterone is mediated at hypothalamic sites 

through an oestrogen-dependent progesterone receptor- mediated mechanism. Williams 

and Krahenbuhl (1997) found a significantly higher VE in the mid-luteal phase during 

running on a treadmill at 55% and 80% of VO2max and associated these changes to the 

stimulatory effect of progesterone on ventilation. Despite our participants presenting 

higher VE levels during the luteal phase (figure 10F), this finding did not reach 

significance (p=0.07). Our current results are in agreement with the findings of several 

studies reporting no differences in VE over the menstrual cycle during exercise (De Souza 

et al., 1990; Dombovy et al., 1987; Matsuo et al., 2003; Regensteiner et al., 1990).  

However, despite our non-significant finding, the magnitude-based inference 

analysis showed there is a likely effect of obtaining higher VE levels in the luteal phase 

when compared to the early follicular phase. The progesterone levels in the current study 

may have been insufficient to show significant effects on VE during submaximal exercise 

in the luteal phase. It has also been suggested that the exercise intensity may mask the 

progesterone effect on VE, since the increase in VE due to exercise would be greater than 

the increase associated with progesterone (Janse de Jonge, 2003). 

The current study showed a higher ventilatory drive for VE/VO2 (p=0.042), 

VE/VCO2 (p=0.017) and VT (p=0.024) in the luteal phase compared to mid-follicular 

phase for the regular menstrual cycle group. These findings suggest that during the luteal 

phase there is a lower ventilatory efficiency, since a greater ventilatory drive is needed 

for the same oxygen consumption during exercise. This higher ventilatory drive in the 

luteal phase could indicate that the participants in the present study exhibited a typical 

response to the stimulatory effect of progesterone. Similar results have been reported by 

some studies (Dombovy et al., 1987; Schoene et al., 1981) finding higher VE/VO2 or 

VE/VCO2 levels during the luteal phase. The higher ventilatory drive was not associated 
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with an additional oxygen requirement in the luteal phase. However, it is suggested that 

any factor resulting in an increase in ventilatory drive may impair exercise performance. 

Similarly, the OC group presented significantly higher VE/VO2 and VE/VCO2, as 

well as VE and BF, during the hormonal phase compared to the non-hormonal phase. The 

endogenous progesterone levels were very low in both the non-hormonal and hormonal 

phases of the OC cycle, so it is likely that the exogenous hormones in the OC may have 

played a role in this finding. In addition, the magnitude-based inference analysis for the 

OC group indicates a likely effect for most of these variables, while VE/VCO2, presents a 

most likely effect. These results suggest that during exogenous hormone consumption in 

the active pill phase performance could be impaired due to a lower ventilatory efficiency 

compared to the non-hormonal phase. The increase in VE and BF may result in a higher 

rating of perceived exertion during this phase.   

Rating of perceived exertion was not assessed in the current study but would be 

an important factor to include in future research. Our results are in agreement with 

Rechichi, Dawson and Goodman (2008), who studied 13 well-trained cyclists performing 

a cycle endurance test at the highest power output possible throughout 60 min of cycling. 

They reported higher levels for VE and VE/VO2 during monophasic OC consumption 

(hormonal phase) compared to the withdrawal phase (non-hormonal phase). As in the 

current study, no alterations in VO2 levels were associated with this increase in VE 

(Rechichi et al., 2008). It could be suggested that longer duration exercise during the 

active pill phase may cause greater ventilatory strain resulting in fatigue and a potential 

decline in performance. 

Our results are in conflict with other studies (Giacomoni & Falgairette, 2000; 

Montes et al., 1983), which reported no differences in VE or VE/VO2 between OC phases.  

However, the study by Montes, Lally and Hale (1983), was conducted in 1983 and 
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the results related to this earlier generation OC would not be applicable to the current 

formulations of OC. In addition, the participants in the study by Giacomoni & Falgairette 

(2000) were untrained, which may partly explain the difference compared to the trained 

participants in the current study. Furthermore, the different types of monophasic OC 

agents used, containing different progesterone formulations, may explain some of the 

differences. This highlights the importance of the current study finding significant 

differences in VE, VE/VO2, and VE/VCO2 between the non-hormonal and hormonal phase 

of current generation monophasic OC in trained females. 

For the menstrual cycle group, a significant increase in HR during the luteal phase 

was found compared to mid-follicular phase (p=0.004) and an almost significant increase 

compared to early follicular phase (p=0.051). The magnitude-based inference analysis 

indicated that there was a likely effect of the luteal phase on HR. These results agree well 

with several studies that also reported higher HR levels during submaximal exercise in 

the luteal phase (Hessemer & Bruck, 1985a, 1985b; Pivarnik et al., 1992; Schoene et al., 

1981).  It has been suggested that the greater HR response during the luteal phase is due 

to the increased body temperature of approximately 0.3-0.5 ºC (Horvath & Drinkwater, 

1982) during that time. However, other studies have reported no change over the 

menstrual cycle in HR during exercise (Bailey et al., 2000; De Souza et al., 1990; 

Dombovy et al., 1987; Galliven et al., 1997; Jurkowski et al., 1981b). Janse de Jonge, 

Thompson, Chuter, Silk and Thom (2012), reported significantly higher HR levels at rest 

during the luteal phase, but found no difference between MC phases for HR during 

maximal exercise. As earlier suggested for VE, it could be that the large effect of exercise 

intensity on HR masks the effect of the higher temperature during the luteal phase on HR.  

For the OC group no difference in HR was found over the OC cycle, which may 

be explained by the low and similar concentrations of progesterone during both the 
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hormonal and non-hormonal phases. This finding agrees well with other studies reporting 

no differences in HR over the OC cycle using low-dose monophasic OC agents 

(Giacomoni & Falgairette, 2000; Lynch et al., 2001; Lynch & Nimmo, 1998) or triphasic 

OC (Lebrun et al., 2003; Suh et al., 2003). These results suggest that there are no changes 

in HR during submaximal exercise over the OC cycle. 

Curiously, HR levels in both phases for the OC group were higher than those 

obtained for the regular menstrual cycle group at any phase suggesting that perhaps 

exogenous progesterone may affect HR.  

This study aimed to investigate the three different hormonal environments during 

the menstrual cycle. The verification of the actual menstrual cycle phase at the time of 

testing is therefore a very important factor. Some authors suggest a conservative 

minimum serum progesterone concentration of greater that 6.0 ng.mL-1 during the luteal 

phase to confirm a regular ovulatory cycle (Schaumberg et al., 2017a). Others, however, 

have suggested that progesterone concentrations lower than 3.0 ng.mL-1 represent a luteal 

phase deficient or anovulatory cycle (Israel et al., 1972). In the current study 11 

participants met the conservative minimum limit of 6.0 ng.mL-1, while four participants 

had lower luteal phase progesterone concentrations (between 4.18 and 5.72 ng.mL-1) 

which still met the 3.0 ng.mL-1 minimum. The lower luteal phase progesterone 

concentrations in these four participants may have been insufficient to affect the exercise 

parameters measured in the current study and could potentially have masked some 

findings. To improve the timing of menstrual cycle phase testing to coincide better with 

the different hormonal environments, recent research has suggested that urinary ovulation 

prediction tests can be used in combination with serum hormone measurements 

(Schaumberg, Jenkins, Janse de Jonge, Emmerton, & Skinner, 2017b). Emphasis on 

improved methodology to ensure testing in and verification of the different hormonal 
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environments is of utmost importance for future menstrual cycle research to clarify the 

current inconsistencies in findings. 

The current study assessed the potential effects of the three different hormonal 

states during the menstrual cycle and the two different hormonal environments during the 

monophasic OC cycle on responses to submaximal exercise. The exercise session was 

designed to simulate a regular training session for an endurance athlete. The results of 

this study therefore assist female endurance athletes and their coaches in better 

understanding the effects of endogenous and exogenous female hormones on exercise 

responses. 

 

Conclusion 

For the regular menstrual cycle group, the results of the present study 

demonstrated that HR and ventilatory parameters (VE/VO2, VE/CO2) were significantly 

increased during the luteal phase combined with a likely increase in VE. These results 

indicate a possible higher strain during the luteal phase compared to the early follicular 

phase and mid-follicular phase in trained endurance athletes. Furthermore, our testing at 

three time points over the cycle showed that absolute VO2 levels were significant higher 

during mid-follicular phase compared to the early follicular phase, which suggests that 

progesterone may not be the only factor modifying these parameters. For female 

endurance athletes with a regular menstrual cycle these findings suggest that coaches and 

athletes should be aware of the menstrual cycle phase when planning training programs 

as responses to the same absolute running speed will be different throughout the menstrual 

cycle. Future research should be conducted to assess how this may affect endurance 

performance over the menstrual cycle. 

For the OC group the current study showed greater VE, ventilatory parameters and 
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BF during the hormonal phase compared to the non-hormonal phase. This may suggest a 

greater effort and associated rating of perceived exertion during the hormonal phase, 

which would be an interesting area for further investigation. No changes in VO2, HR and 

other parameters were found during submaximal exercise suggesting that the monophasic 

OC does not adversely affect most of the exercise responses during submaximal 

endurance exercise. The higher HR response in the OC group compared to the menstrual 

cycle group suggests further comparisons between females with a regular menstrual cycle 

and those taking OC are needed. Furthermore, future research should focus on ratings of 

perceived exertion, as well as measures of endurance performance. Based on the current 

study findings it appears that the use of a monophasic OC may not greatly affect exercise 

responses to submaximal exercise. The monophasic OC may therefore provide an option 

for females with a regular menstrual cycle who suffer from period pain or pre-menstrual 

symptoms that affect their ability to train and compete optimally. Furthermore, the OC 

will enable females to manipulate their cycle timing for travel, training and competition. 
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Abstract 

This study investigated the effects of both the regular menstrual cycle and oral 

contraceptive use on iron metabolism before and after steady state exercise in endurance-

trained women. Twenty-three healthy endurance-trained women performed 40 minutes 

of running at the speed corresponding to 75% of their peak oxygen uptake (VO2peak). The 

participants with regular menstrual cycles (n=15) performed the test during the early 

follicular phase, mid-follicular phase and luteal phase. The participants taking oral 

contraceptives (n=8) performed the test during the hormonal phase and the non-hormonal 

phase. For each test, hepcidin, interleukin-6 (IL-6), c-reactive protein (CRP), ferritin, 

transferrin and iron were measured before exercise and at 0h and 3h post-exercise. Data 

were analyzed using the mixed linear model. For the menstrual cycle group, hepcidin, 

ferritin and transferrin were not different across menstrual cycle phases (p>0.05). IL-6 

and CRP reported a trend (p=0.082 and p=0.091, respectively) for change over the 

menstrual cycle and iron (total) was significantly lower during the early follicular phase 

compared to the mid-follicular phase. The time-course for hepcidin and IL-6 responses to 

exercise was different. Hepcidin peak levels occurred at 0h post-exercise, whereas the 

highest IL-6 levels happened at 3h post-exercise. In the luteal phase IL-6 reported a 

significant interaction for menstrual cycle phases and time (p=0.014), showing higher IL-

6 levels at 3h post-exercise compared to the early follicular phase (p=0.004) and the mid-

follicular phase (p=0.002). Iron levels were significantly lower (p=0.009) during early 

follicular phase regarding to mid-follicular phase. For the oral contraceptive (OC) group 

hepcidin, IL-6 and transferrin levels remained unchanged throughout the OC cycle. Iron 

levels were significantly higher during the hormonal phase (p=0.024) and a similar trend 

for higher levels during the hormonal phase was found for ferritin (p=0.058) and CRP 
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(p=0.089). The time-course for responses to the exercise test did not show any significant 

effects or interactions in the OC group. 

In conclusion, in the regular menstrual cycle group the significant interaction between 

menstrual cycle phase and time demonstrated a higher IL-6 after exercise during the luteal 

phase. As progesterone is elevated during the luteal phase, this finding suggests that 

progesterone may cause more inflammation during this phase. Nevertheless, this increase 

in IL-6 was not accompanied by an increase in hepcidin levels. The lower iron levels 

found during early follicular phase and during non-hormonal phase of the OC cycle 

suggest that the bleeding experienced by females during menses is responsible for the 

reduction in iron levels due to the loss of haemoglobin. Therefore, the type of exercise 

performed during the early follicular phase and non-hormonal phase of the OC should be 

chosen carefully in order not to further compromise iron stores. For the monophasic OC 

cycle there were no significant differences in hepcidin and IL-6 concentrations between 

the hormonal and non-hormonal phases, but the magnitude-based inference showed that 

the results for IL-6 were unclear. Further research with higher participant numbers is 

recommended to investigate the potential protective effect of oestrogen on inflammatory 

markers.  

Key words: oestrogen, progesterone, iron metabolism, female athletes. 

 

Introduction 

Iron deficiency is the most prevalent micronutrient disease worldwide affecting 

up to 50% of the world´s population (McClung et al., 2009). Iron is an essential element 

for adequate delivery of oxygen to the tissues and it is an indispensable component of 

oxygen storage and transport proteins, such as haemoglobin, myoglobin and cytochromes 

involved in the mitochondrial respiration (McClung, 2012). Premenopausal women have 
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a higher prevalence of iron deficiency than men because of the additional iron demands 

in menstruation and pregnancy (Harvey et al., 2005). In addition several studies have 

reported that physical exercise, particularly endurance sports, may encourage a negative 

iron balance, resulting in development of iron deficiency or iron deficiency Anaemia  

(Milic et al., 2011; Schumacher et al., 2002; Suedekum & Dimeff, 2005; Weaver & 

Rajaram, 1992). Therefore, female endurance athletes are at higher risk of compromising 

even more iron stores than other population. 

The main homeostasis mechanism to maintain iron balance is the efficient and 

productive absorption at the small intestine (Andrews, 1999). This important balance 

depends primarily on the hepatic peptide hepcidin. Hepcidin is the master regulator of 

iron homeostasis, through the inhibition of cellular efflux of iron. Hepcidin binding to 

ferroportin (Fpn), induces its internalization and degradation and modulates duodenal 

iron absorption and recycling in macrophages (Ganz, 2011). Hepcidin has been reported 

to be synthesised or up-regulated by elevated iron status, infection and inflammation 

(Nicolas et al., 2002). This situation would limit further iron absorption, compromising 

serum iron levels (Nemeth & Ganz, 2006a). However, hepcidin is decreased or inhibited 

by anaemia, hypoxia or increased erythropoietic drive (Nicolas et al., 2002), allowing 

iron mobilization from macrophages and hepatocytes, and increasing iron absorption 

from the diet (Nemeth, Rivera, et al., 2004; Nemeth, Tuttle, et al., 2004; Nemeth & Ganz, 

2006a, 2006b).  

Exercise is known to increase several inflammatory markers, but specially IL-6 

(Pedersen, Steensberg, & Schjerling, 2001), which has been associated with hepcidin 

elevation after exercise. This finding suggests that IL-6 is one of the main signals 

affecting exercise-induced hepcidin antimicrobial peptide (HAMP) gene expression 

(Pedersen et al., 2001; Peeling et al., 2009a; Peeling, Dawson, Goodman, Landers, & 
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Trinder, 2008). However, Peeling et al. (2014) reported that the initial iron status could 

override IL-6 signalling to regulate hepcidin. To date, however, these findings have 

mainly been reported in studies with male athletes as participants, so it remains unclear 

if similar findings would be expected for female athletes.  

In addition, peak hepcidin levels have been reported at 3h post-exercise in several 

studies carried out with male athletes (Díaz et al., 2015; Peeling et al., 2009a, 2009b, 

2009c), but only one study has shown this result in female athletes taking the oral 

contraceptive pill (Sim et al., 2015). The limited research on the hepcidin response to 

exercise in females has reported peak hepcidin levels at different times after exercise. 

Newlin et al. (2012) showed a 200% higher hepcidin levels at 2h after exercise compared 

to 1h after exercise during the mid-follicular phase. Roecker et al. (2005) found maximal 

increased hepcidin levels 24h after the running competition (marathon) in urine. 

However, these studies carried out the intervention at only one moment during the 

menstrual cycle or OC cycle, missing important observations related to the possible 

effects of female hormone fluctuations on hepcidin response to exercise.  

Some studies have already shown a relationship between hepcidin and oestrogen. 

In a recent study by Lehtihet et al. (2016) serum hepcidin-25 levels were reduced almost 

40% when endogenous oestrogen was elevated as part of pre-treatment for in vitro 

fertilisation. In animal research, Robertson et al. (2009) have reported significantly 

reduced hepcidin levels in the estradiol treated group. Similar to these results, Yang et al. 

(2012) showed an inhibition of hepcidin mRNA expression by oestrogen treatment in 

human liver cells and also in vivo in mice. According to some authors (Girasole et al., 

1992; Pottratz et al., 1994), estradiol does not only seem to reduce only hepcidin levels, 

but also one of the main hepcidin expression regulators, the cytokine IL-6. These findings 
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support that cytokine-stimulated IL-6 production by bone marrow and bone-derived cells 

from rodents and humans is inhibited by 17β estradiol.  

All of these results combined suggest that hepcidin inhibition by estradiol may act 

as a protective mechanism to increase iron absorption and recycling to compensate for 

iron losses that occur during menses. In addition, a recent study (Li et al., 2016) reported 

that progesterone presence in animals could lead to an increase in hepcidin expression. 

This study reported as well elevated hepcidin levels in women who received progesterone 

supplementation due to a fertility treatment. Therefore, progesterone concentrations may 

also influence on iron metabolism. 

Oral contraceptive (OC) use is popular amongst females and it is becoming more 

prevalent in athletic populations (Brynhildsen et al., 1997). Due to the aforementioned 

results, some authors (Sim, Dawson, Landers, Trinder, & Peeling, 2014) suggest that 

perhaps the OC cycle, which contains continuous doses of estradiol could provide 

interesting evidence about how this female sex hormone may influence hepcidin levels 

and consequently iron absorption. In addition, several authors (Frassinelli-Gunderson et 

al., 1985; Larsson et al., 1992; Milman et al., 1992) have already observed that OC use 

may improve iron serum levels, noting significantly higher ferritin levels in women who 

have been taking the oral contraceptive pill. However, it is unclear whether this 

improvement in iron levels is related to a reduction in menstrual blood loss or due to the 

hepcidin and IL-6 inhibition and therefore an increase on iron absorption. Sim et al. 

(2015) were the first to explore post-exercise IL-6 and hepcidin responses during different 

phases of a monophasic OC cycle. Their results showed no differences between phases, 

suggesting that exogenous hormones do not alter IL-6 and hepcidin response to exercise. 

However, estradiol and progestogen levels were not measured in this study, which limited 

the interpretation of their findings related to these female hormones.  
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Based on the potential relationships between both the exogenous and endogenous 

female hormones and the hepcidin response to exercise and the very limited research in 

this area to date further investigations are warranted. Therefore, the aim of this work was 

to investigate the potential differences in hepcidin and IL-6 responses to endurance 

exercise between the different hormonal phases of a regular menstrual cycle (i.e. early 

follicular, mid-follicular and luteal phases) and OC cycle (i.e. hormonal and non-

hormonal phases) in female endurance athletes.  

Furthermore, the potential effects of these female hormone fluctuations on iron 

metabolism will also be investigated. 

 

Material and methods 

 Participants 

Twenty-three healthy endurance-trained females with regular menstrual cycles 

(n=15; age: 35.6 ± 4.2 years; stature: 163.9 ± 5.9 cm; body mass: 58.1 ± 5.2 kg; VO2peak: 

50.3 ± 3.6 ml·min-1·kg-1) or taking OC (n=8; age: 30.1 ± 4.8 years; stature: 164.3 ± 9.5 

cm; body mass: 59.3 ± 6.0 kg; VO2peak: 51.7 ± 3.9 ml·min-1·kg-1) were recruited for this 

study. The Research Ethics Committee of the Technical University of Madrid approved 

the project and written informed consent was provided by each participant. At the time of 

recruitment, all participants were healthy females between 25 and 40 years old who 

trained 5 to 12 hours per week for endurance sports. Each participant in the menstrual 

cycle group had an eumenorrheic menstrual cycle defined as a normally occurring 

menstrual cycle ranging from 24 to 35 days in length (Lebrun et al., 1995; Middleton & 

Wenger, 2006). Each participant in the oral contraceptive group was required to have 

been taking a monophasic oral contraceptive for at least 6 months prior to this study. 
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Further, inclusion criteria required participants to meet the following: (i) 

presenting with healthy iron parameters (serum ferritin >20µg/l, haemoglobin >115 µg/l 

and transferrin saturation >16%); (ii) not presenting thyroid problems; (iii) not taking 

medication or dietary supplements that alter vascular function (e.g., tricyclic 

antidepressants, α-blockers, β-blockers, etc.); (iv) non-smokers; (v) non-pregnant or 

ovariectomised. 

Hormone verification 

All participants in the menstrual cycle group were asked to complete information 

about the length of their four previous menstrual cycles to determine the average cycle 

length (number of days from the cycle onset to the next one). These data were provided 

to the gynaecologist of the project, who calculated approximate days of early follicular 

phase, mid-follicular phase, mid-luteal phase and ovulation. During the study blood 

samples for determination of sex hormone concentrations were collected to confirm 

participants were in the right phase. OC group phases were based on the non-hormonal 

phase, 7 days of non-active OC consumption, followed by the hormonal phase, 21 days 

of active OC ingestion. Day 1 of the OC cycle coincided with the first inactive pill (non-

hormonal phase) of the package.  

Oral Contraceptive Pill 

Participants used different monophasic OC preparations during the research, 

including different doses of exogenous hormones. These preparations were: Loette diario 

(100µg levonorgestrel, 20µg ethinylestradiol; n=1); Donabel (2,000µg dienogest, 30µg 

ethinylestradiol; n=1); Drossure (3,000µg drosperinone, 30µg ethinylestradiol; n=1); 

Drosurelle (3,000µg drosperinone, 20µg ethinylestradiol; n=1); Yasmin (3,000µg 

drosperinone, 30µg ethinylestradiol; n=1); STADA Genéricos (100µg levonorgestrel, 

20µg ethinylestradiol; n=2); Gestinyl (75µg gestodene, 20µg ethinylestradiol; n=1). All 
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these brands included three weeks of 21 exogenous hormone pills and one week of 7 

placebo pills with no hormonal load (0 µg dose for both estradiol and progestogen during 

the non-hormonal phase). During the hormonal-phase test (between 15 and 21 day) the 

mean daily dose was either 20µg (n=5) or 30µg (n=3) of ethinylestradiol, and 100µg of 

levonorgestrel (n=3), 2000µg of dienogest (n=1), 3000µg of drosperinone (n=3) or 75µg 

of gestodene (n=1) for progestogen. 

Screening protocol 

Before experimental data were collected over the different phases of the menstrual 

cycle and OC cycle, participants visited the laboratory to perform initial testing to confirm 

each participant met the inclusion criteria.  

All the initial testing was performed during the early follicular phase (between 

days 2 and 5 of a normal cycle) for the regular menstrual cycle group, or the non-hormonal 

phase (between day 3 and 7) for the OC group. Resting blood samples were obtained in 

early morning fasted state. The gynaecologist of the project verified that none of the 

participants showed signs of inflammation, iron deficiency, thyroid problems or 

menstrual cycle dysfunction. 

Body composition, as well as height and body mass were measured for all the 

participants. A stadiometer SECA was used for measuring the height and a Beurer GmbH 

(range 0-150 kg) Germany scale was used for body mass. For the body composition 

analysis, a Dual-Energy X-ray Absorptiometry (DEXA) scan was performed, which 

measured body fat mass (%), total body fat mass (kg) and free fat mass (kg), using a GE 

Lunar Prodigy apparatus (GE Healthcare, Madison, Wisconsin, USA).  

A maximal graded exercise test to exhaustion was performed on a computerized 

treadmill (H/P/COSMOS 3PW 4.0, H/P/Cosmos Sports & Medical, Nussdorf-Traunstein, 

Germany) to determine each subject’s VO2peak. Expired gases were measured breath-by-
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breath with the gas analyser Jaeger Oxycon Pro (Erich Jaeger, Viasys Healthcare, 

Germany). Heart response was continuously monitored with a 12-lead ECG. Participants 

began with a warm-up of 3 minutes at 6km/h. Once the warm-up finished, the speed was 

then increased by 0.2 km/h every 12 seconds until exhaustion. A slope of 1% was set 

throughout the test.  

VO2peak was determined as the mean of the three highest breath-by-breath VO2 

measurements in the incremental test to exhaustion. The maximal aerobic speed was 

recorded as the minimum speed required to elicit VO2peak. The speed equivalent to 75% 

of the maximal aerobic speed was calculated for use in the submaximal endurance testing. 

Experimental Overview 

The participants in the regular menstrual cycle group were tested at the following 

three times:  

1) Early follicular phase: day 3±0.85 of the menstrual cycle, indicating the bleeding 

period, when endogenous hormones are very low. 

2) Mid-follicular phase: day 8±1.09 of the menstrual cycle, indicating mid to high 

oestrogen levels and low progesterone levels.  

3) Luteal phase: day 21±1.87 of the menstrual cycle, representing high progesterone 

levels and mid to high oestrogen levels. 

Day 1 of the menstrual cycle was characterized by the beginning of the menstrual 

bleeding. 

The participants in the OC group performed two testing sessions corresponding 

to:  

1) Non-hormonal phase: day 5.5±1.76 of the OC cycle, representing the inactive 

hormone therapy including the withdrawal bleeding period. 
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2) Hormonal phase: day 16±2.22 of the OC cycle, indicating the second week of 

active hormone therapy. 

Day 1 of the OC cycle started with the first inactive pill. 

All testing sessions were identical. All participants completed a 72-hour diet-

record around the first testing session (during the day before of the test, the testing day 

and the day after the test). Participants were asked to replicate this diet for each of the 

testing sessions. In addition, participants recorded their physical activity in a training 

diary from the start to the end of the study. 

Experimental protocol 

Subjects attended at the laboratory at 07:00 am the test day, in order to minimize 

any potential diurnal effects on serum hepcidin and iron parameters levels (Kroot et al., 

2010; Sim et al., 2017). The participants had breakfast 2 hours before arriving at the 

laboratory and abstained from alcohol, caffeine, and exercise for 24 hours before each 

test. Subjects travelled to the laboratory by motorized vehicle to exclude physical activity 

before the experimental test. Prior to the test, bioelectrical impedance analysis and vital 

signs (temperature, pulse, respirations and blood pressure) were recorded, and blood 

samples were taken by a nurse for later confirmation of the menstrual cycle phase. After 

this, the running test protocol was explained and performed. This consisted of 5 minutes 

of warm-up at the speed corresponding to 60% of VO2peak followed by 40 minutes of 

continuous running at the speed corresponding to 75% of VO2peak, finishing with a 5 

minute active recovery. Blood samples were taken before exercise (baseline levels), 

immediately after exercise (0h post-trial) and 3 hours after exercise (3h post-trial). The 

following variables related to iron metabolism were assessed for each blood sample: 

hepcidin, IL-6, C-reactive protein (CRP), ferritin, transferrin and iron.  

Blood samples analysis 
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All blood samples were obtained in a rested and fasted state by venipuncture using 

clot activator vacutainer tubes. Following inversion and clotting, the whole blood was 

centrifuged (Biosan LMC-3000 version V.5AD) for ten minutes at 3000 rpm and 

transferred into Eppendorf tubes and stored frozen at -80ºC until further analysis. Within 

1 to 15 days after testing the serum samples were delivered to the clinical laboratory for 

determination of sex hormones in order to verify menstrual cycle phase. Total estradiol 

17-Beta, progesterone, follicle-stimulating hormone (FSH), luteinizing hormone (LH) 

were measured via ADVIA Centaur ® solid-phase competitive chemiluminescent 

enzymatic immunoassay (Siemens Healthineers, Germany). Coefficients of variation 

reported by the laboratory were 7.48 for estradiol, 14.11 for progesterone, 7.74 for FSH, 

10.77 for LH.  

Laboratory Assays 

All samples were stored at -80ºC until analysis. Samples were allowed to defrost 

at room temperature and homogenized on a vortex. 

Serum samples were analysed in a AU400 clinical analyzer (Beckman Coulter 

Ltd) for Iron (OSR6186), Ferritin (OSR61203), Transferrin (OSR6152) and C-reactive 

protein (OSR6199), using Beckman reactives; and in a Immulite 1000 (Siemens 

Healthineers) for Interleukin 6 (IL-6 Ref 6604071). Hepcidin was analysed using a 

microplate ELISA Kit (Elabscience Human Hepc25 Elisa kit. Catalog Nº. E-EL-H5497). 

Samples were assayed in/as duplicate.  

A Thermofisher Multiskan Ascent microplate reader connected to a computer, 

was used to read ELISA microplate absorbances. The Ascent software used controls 

microplate reader and using ELISA microplate calibration data to calculate the final 

concentration of hepcidin in each sample. 

Statistical analysis  
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Data are expressed as mean values ± SD. Firstly, the mixed linear model was used 

to analyse the repeated-measures data. The analyses performed included cycle phase 

(early follicular, mid-follicular and luteal phase for the regular menstrual cycle group; 

and hormonal and non-hormonal phase for the OC group) and time (baseline, 0h and 3h 

post-exercise) as fixed effects and individual response as random effect. In order to 

control for significant effects for fixed factors, the Bonferroni´s post hoc test was applied 

to examine the pairwise comparison of each significant factor. Statistical significance 

level was set at the level of p≤0.05. Secondly, effect size (ES) was calculated to verify 

the magnitude of the mean differences between the phases and their interpretation was 

based on the following criteria: <0.2 = trivial, 0.2 to 0.6 = small effect, >0.6 to 1.2 = 

moderate effect, >1.2 to 2.0 = large effect, and >2.0 = very large effect (Hopkins, 2006).  

The ES values were presented as 90% confidence interval (CI). Finally, 

magnitude-based inferences were carried out to determine the effect of the cycle phases. 

When a clear interpretation was possible, a qualitative descriptor was assigned to the 

following quantitative chances of cycle effect: 0.5% to 5%, very unlikely; 5% to 25%, 

unlikely; 25% to 75%, possibly; 75% to 95%, likely; 95% to 99.5%, very likely; and 

>99.5%, most likely (Batterham & Hopkins, 2006). SPSS version 22 (IBM; Armonk, NY, 

USA) was used to perform the statistical analyses. 

 

Results 

Hormone levels (mean±SD) presented in each phase of the regular menstrual 

cycle group fulfilled the expected fluctuations for a typical menstrual cycle. Oestrogen 

showed the lowest levels in the early follicular phase (39.4±18.4 pg/ml), increasing during 

the mid-follicular phase (82.7±51.3 pg/ml) and presenting its highest levels in the luteal 

phase (110.7±33.6 pg/ml). Progesterone exhibited its highest concentrations in the luteal 
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phase (10.43±5.58 ng/ml) in comparison with the low levels found in early follicular 

phase (0.91±0.79 ng/ml) and mid-follicular phase (0.53±0.31 ng/ml). Hormone levels 

registered for the OC group were as expected for this type of cycle. Oestrogen showed 

higher levels during non-hormonal phase (36.0± 27.6 pg/ml) compared to hormonal 

phase (13.6± 3.7 pg/ml). For progesterone levels both phases were practically identical 

with 0.45±0.19 ng/ml in the hormonal and 0.45±0.21 ng/ml in the non-hormonal phase. 

In the regular menstrual cycle group significant main effects of the menstrual 

cycle phase were found for iron (F2.40=5.288, p=0.009), while CRP (F2.51=2.508; p=0.091) 

and IL-6 (F2.28=2.726; p=0.083) showed a trend towards significance. No significant 

changes over the menstrual cycle phases were found for hepcidin (F2.39=0.394; p=0.677), 

transferrin (F2.43=0.181; p=0.835) and ferritin (F2.40=0.938; p=0.400). For the effect of 

time (baseline, 0h and 3h post-exercise), differences were found for transferrin 

(F2.89=6.332, p=0.003), ferritin (F2.99=4.713, p=0.011), IL-6 (F2.77=11.684, p<0.001; 

Figure 12A) and hepcidin (F2.80=7.629, p=0.001; Figure 12B). A significant interaction 

for menstrual cycle phase and time was only found for IL-6 (F4.81=3.357, p=0.014; Figure 

12A).  

 

Fig. 12. IL-6 (A) and hepcidin (B) values in women with regular menstrual cycles (Mean ± 
SEM). *Significant differences with early follicular phase. ΩSignificant differences with mid-
follicular phase. #Significant differences with baseline. βSignificant differences compared to 
0h post-exercise. 
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Values and pairwise comparisons are presented in Table 6 for iron, ferritin, 

transferrin and CRP for all the factors. Figure 12 shows the results for hepcidin and IL-6 

on regular menstrual cycle group.  

Effect sizes and magnitude-based inferences for menstrual cycle phase in the 

regular menstrual cycle group are shown in Table 7. A small but likely effect for IL-6 

was found with higher values in the luteal phase compared to the early follicular phase.  

In addition, we found a small and moderate effect for CRP with the early follicular 

phase showing higher values than the mid-follicular phase (very likely effect) and the 

luteal phase (most likely effect), respectively. Finally, the effect size analysis showed a 

moderate effect for iron with lower values in the early follicular phase compared to the 

mid-follicular phase (most likely effect) and luteal phase (very likely effect). 
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Table 6: Mean (±SEM) serum iron, ferritin, transferrin and CRP at baseline, 0h and 3h post-
exercise in women with regular menstrual cycles (early follicular, mid-follicular and luteal phases) 
and on oral contraceptives (hormonal and non-hormonal phases). 

  Regular menstrual cycle group  Oral contraceptive group 

  Early Mid Luteal Total  Non-H H Total 

Iron 

µg/dl 

Baseline 54.6±10.2 71.5±10.2 78.6±10.3 68.2±8.8  56.9±14.4 81.3±14.4 69.1±12.9 

0h 59.8±10.2 83.0±10.2 78.7±10.3 73.8±8.8  60.8±14.4 90.2±14.4 75.5±12.9 

3h 61.5±10.2 84.0±10.2 79.0±10.4 74.8±8.8  66.6±14.4 83.7±14.4 75.1±12.9 

Total 58.6±9.5 79.5±9.5* 78.7±9.7   61.4±13.5 85.0±13.5¥  

Ferritin 

ng/ml 

Baseline 25.4±6.2 28.3±6.2 29.2±6.2 27.7±5.8  51.8±24.7 63.0±24.7 57.4±24.3 

0h 27.8±6.2 33.5±6.2 33.7±6.2 31.7±5.8#  53.6±24.7 74.5±24.7 64.1±24.3 

3h 27.1±6.2 29.1±6.2 29.8±6.2 28.6±5.8  52.9±24.7 66.2±24.7 59.5±24.3 

Total 26.8±6.0 30.3±6.0 30.9±6.0   52.8±24.5 67.9±24.5  

Transferrin 

mg/dl 

Baseline 299.7±11.0 295.0±11 296.7±11.0 297.1±10  333.0±19 304.0±19 318.5±17 

0h 307.3±11.0 306.3±11 312.6±11.0 308.7±10#  327.4±19 315.6±19 321.5±17 

3h 302.9±11.0 300.9±11 300.0±11.0 301.3±10  326.3±19 292.8±19 309.6±17 

Total 303.3±10 300.7±10 303.1±10   328.9±17 304.1±17  

CRP 

mg/dl 

Baseline 2.03±0.61 1.24±0.61 0.90±0.61 1.39±0.54  1.35±4.47 7.78±4.47 4.56±3.83 

0h 1.95±0.61 1.22±0.61 0.95±0.61 1.38±0.54  1.39±4.47 8.07±4.47 4.73±3.83 

3h 1.79±0.61 1.14±0.61 0.84±0.61 1.26±0.54  1.42±4.47 7.08±4.47 4.25±3.83 

Total 1.93±0.58 1.20±0.58 0.90±0.58   1.39±4.03 7.64±4.03  

Early, Early follicular phase; Mid, Mid-follicular phase; Luteal, Luteal phase; H, Hormonal phase; Non-H, 
Non-hormonal phase; IL-6, CRP, C reactive protein. * Significant differences with early follicular phase. ¥ 

Significant differences with non-hormonal phase. # Significant differences with baseline. 
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Table 7: Pairwise comparison for iron metabolism and inflammatory parameters in women 
with regular menstrual cycles. Results expressed as effect size (ES), statistical significance 
(P) and magnitude-based inference. 

Variable  ES  (90% CI)  P 
Chances of being 

positive/trivial/negati
ve 

Qualitive 
inference 

Hepcidin 

Early vs Mid 0.10 (-0.14, 0.34) 1.000 18.8/80.3/0.9 Trivial 

Early vs 
Luteal 

0.03 (-0.15, 
0.22) 1.000 3.7/95.6/0.8 Trivial 

Mid vs 
Luteal 

-0.06 (-0.30, 
0.17) 1.000 1.5/86.5/11.9 Trivial 

IL-6 

Early vs Mid 0.08 (-0.30, 0,45) 1.000 24.8/68.2/7.0 Possibly trivial 

Early vs 
Luteal 0.43 (-0.07, 0.94) 0.351 82.6/16.6/0.8 Likely 

Mid vs 
Luteal 0.36 (-0.14, 0.86) 0.078 74.1/24.3/1.5 Possibly 

CRP 

Early vs Mid -0.57 (-1.00, -
0.15) 0.138 0.1/ 4.1/ 95.8 Very Likely 

Early vs 
Luteal 

-0.72 (-1.02, -
0.43) 0.137 0.0/0.1/99.9 Most Likely 

Mid vs 
Luteal 

-0.15 (-0.50, 
0.19) 1.000 2.3/ 58.8/ 38.9 Possibly trivial  

Iron 

Early vs Mid 0.60 (0.30, 0.89) 0.006 99.5/0.5/0.0 Most likely 

Early vs 
Luteal 0.69 (0.19, 1.19) 0.082 97.3/2.6/0.1 Very likely 

Mid vs 
Luteal 0.10 (-0.43, 0.62) 1.000 34.2/53.1/12.7 Possibly trivial 

Ferritin 

Early vs Mid 0.05 (-0.24, 0.35) 0.629 15.2/80.1/4.6 Trivial 

Early vs 
Luteal 

-0.11 (-0.35, 
0.12) 0.735 0.5/76.9/22.6 Trivial 

Mid vs 
Luteal 

-0.16 (-0.52, 
0.19) 1.000 2.1/56.1/41.8 Unclear 

Transferrin 

Early vs Mid -0.06 (-0.34, 
0.22) 1.000 3.2/81.7/15.2 Trivial 

Early vs 
Luteal 

-0.06 (-0.31, 
0.20) 1.000 2.4/84.8/12.8 Trivial 

Mid vs 
Luteal 0.00 (-0.28, 0.28) 1.000 7.8/85.0/7.2 Trivial 

CI, confidence interval; Early, Early follicular phase; Mid, Mid-follicular phase; Luteal, Luteal phase; 
IL-6, Interleukin-6; CRP, C reactive protein. 
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The oral contraceptive group showed significant menstrual cycle phase effects for 

iron (F1.42=5.456; p=0.024) and a trend to significance for ferritin (F1.37=3.810; p=0.058) 

and CRP (F1.40=3.036; p=0.089). The main effect of OC phase was not significant for 

transferrin (F1.40=2.418; p=0.128), hepcidin (F1.16=2.077; p=0.169; Figure 13B), and IL-

6 (F1.16=1.594; p=0.224; Figure 13A). The fixed factor time did not present significant 

effects for any variables and no statistical interaction of OC phase and time was found in 

any of the variables. Values and pairwise comparisons are indicated in Table 8 for iron, 

ferritin, transferrin and CRP for all the factors. Figure 13 shows the results for hepcidin 

and IL-6 on OC group. 

The effect sizes and magnitude-based inference results for the OC group are 

reported in Table 8. A small but likely effect for OC phase was observed for ferritin, 

showing lower values during the hormonal phase. 

 

 

Fig. 13. IL-6 (A) and hepcidin (B) values in women with oral contraceptive cycles (Mean ±    
SEM). 
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Table 8: Pairwise comparison for iron metabolism and inflammatory parameters in women on 
oral contraceptives. Results expressed as effect size (ES), statistical significance (P) and 
magnitude-based inference. 

Variable  ES  (90% CI) P 
Chances of being 

positive/trivial/negativ
e 

Qualitive 
inference 

Hepcidin 
Hormonal vs 

Non-
hormonal 

0.06 (-0.19, 0.32) 0.169 11.1/ 86.6/ 2.3 Trivial 

IL-6 
Hormonal vs 

Non-
hormonal 

-0.09 (-1.17, 0.99) 0.224 26.0/33.7/40.3 Unclear 

CRP 
Hormonal vs 

Non-
hormonal 

0.32 (-0.73, 1.37) 0.089 61.1/26.1/12.8 Possibly 

Iron 
Hormonal vs 

Non-
hormonal 

0.08 (-0.75, 0.92) 0.024 36.6/42.1/21.3 Unclear 

Ferritin 
Hormonal vs 

Non-
hormonal 

0.58 (-0.13, 1.29) 0.058 88.5/9.6/1.9 Likely 

Transferrin 
Hormonal vs 

Non-
hormonal 

-0.19 (-1.04, 0.66) 0.128 14.5/36.7/48.8 Unclear 

CI, confidence interval; IL-6, Interleukin-6; CRP, C reactive protein. 
 

 

Discussion 

This study is the first to investigate the potential effects of the different hormonal 

environments throughout the regular menstrual cycle and the oral contraceptive cycle on 

hepcidin, markers of inflammation (IL-6 and CRP) and iron parameters (iron, ferritin, 

transferrin) after endurance exercise in female athletes. To provide further details on 

potential mechanisms, this study also investigated the time-course for changes in these 

variables from immediately prior to exercise, to completion of exercise and 3 hours post-

exercise.  

Despite not finding significant changes over the regular menstrual cycle for 

hepcidin and IL-6, our findings indicate that the time-course for these variables did not 

emulate the typical response observed in male or female athletes in previous studies where 
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the different phases of the menstrual cycle were not taken into account. In our study we 

found that inflammation did not regulate the hepcidin response after exercise. The focus 

on both the menstrual cycle phases and the time-course in this study demonstrated a 

significant interaction of these two effects for IL-6 with the greatest IL-6 levels recorded 

at 3h post-exercise for the luteal phase. For hepcidin, however, there was no significant 

interaction between menstrual cycle phases and time and peak levels occurred 

immediately after exercise (0h post) for all three phases of the menstrual cycle. It could 

therefore be suggested that the well-known process whereby IL-6 and hepcidin regulate 

each other may have been affected by differences in hormone concentrations throughout 

the menstrual cycle. 

In the oral contraceptive group, we observed a trend towards a higher 

inflammatory state during hormonal phase when oestrogen concentrations were 

significantly lower than in the non-hormonal phase, suggesting the protector role that 

oestrogens may have on inflammation. 

Some studies have reported an inhibition in the inflammatory cytokine IL-6 production 

or expression in vitro (Girasole et al., 1992; Pottratz et al., 1994) and in vivo in animals 

(Jilka et al., 1992) by 17β estradiol. These findings may indicate a possible inhibition of 

IL-6 production during the late follicular phase when oestrogen concentrations are 

increased. The current study conducted testing in the mid-follicular phase instead of the 

late follicular phase, so it could be that our oestrogen concentrations during the mid-

follicular phase were not high enough to produce significant changes in IL-6 levels. 

Future research in this area should consider including the late follicular oestrogen peak to 

investigate this further.   

Although our study did not show statistical differences for IL-6 between menstrual 

cycle phases, we observed a trend for higher IL-6 serum levels during the luteal phase 
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when both progesterone and oestrogen levels were elevated. The magnitude-based 

inference analysis showed there is a likely effect of obtaining higher IL-6 levels in the 

luteal phase when compared to the early follicular phase. Specifically, this study reported 

significantly greater values of IL-6 at 3h post-exercise during the luteal phase compared 

to the early follicular phase and the mid-follicular phase.  

Our findings at rest are in contrast with Angstwurm et al. (1997), who reported 

the lowest resting IL-6 levels during the luteal phase. Other authors, (Jilma et al., 1997), 

however, support our findings and also found no significant differences in IL-6 baseline 

levels over the menstrual cycle (follicular, mid-cycle and luteal phase). Nevertheless, they 

did find that women who showed an average 10-fold increase in progesterone levels at 

mid-cycle had a higher increase in CRP levels than women who presented lower 

progesterone levels. Since the ovulation process has been described as comparable to an 

inflammatory reaction (Espey, 1980), Jilma et al. (1997) suggested that it may be the 

responsible for the increase in systemic CRP levels at ovulation and that this increase in 

CRP during the menstrual cycle could be caused by the direct effect of the progesterone 

increase during the luteal phase. Our study does not support the previous results, since 

we found no significant change in CRP levels over the menstrual cycle and we even found 

a trend towards a decrease throughout the menstrual cycle with the lowest CRP levels 

when progesterone was high during the luteal phase. The previous studies in this area 

have only investigated resting levels throughout the menstrual cycle. The novel 

investigation of responses to exercise in the current study showed an increase in IL-6 at 

3h post exercise during the luteal phase. This finding suggests that the inflammation 

produced after exercise is higher during the luteal phase and this may be associated with 

the presence of elevated progesterone levels.  
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IL-6 is known to up-regulate hepcidin levels (Nemeth, Rivera, et al., 2004) and 

therefore decrease iron absorption. Several studies have reported that circulating levels 

of IL-6 have been implicated as the primary mediator of hepcidin production (Nemeth, 

Rivera, et al., 2004). In male athletes it has been shown that after endurance exercise 

hepcidin levels are significantly elevated 3h after the peak in IL-6, which occurrs 

immediately post-exercise (Peeling et al., 2009a, 2009b, 2009c). We have found only one 

study confirming the previously reported time-course for both parameters in 

eumenorrheic women (Newlin et al., 2012). However, this study only performed the test 

during the mid-follicular phase and did not take into account the different phases of the 

menstrual cycle. Our current study is the first to report different time-course for hepcidin 

and IL-6 in response to endurance exercise in female athletes over the menstrual cycle.  

We found the highest hepcidin concentrations immediately after exercise (0h post) 

in all phases of the menstrual cycle, while the interaction between menstrual cycle phase 

and time course resulted in significantly higher IL-6 levels at 3h post-exercise during the 

luteal phase. These results suggest that the increase in hepcidin levels after exercise was 

not preceded by an increase in IL-6.  

The current study is the first to show that hepcidin levels in females were not 

different over the phases of the menstrual cycle. A recent study (Lehtihet et al., 2016) of 

31 healthy females during suppression and stimulation of endogenous oestrogen levels as 

part of pretreatment for in vitro fertilization, reported that gonadotropin-stimulated 

endogenous oestrogen markedly decreased circulating hepcidin-25 levels. Due to a lack 

of further studies in females it is interesting to note that animal experiments reported so 

far in the literature are contradictory. Hepcidin expression was downregulated by 

estradiol in the liver of largemouth bass (Robertson et al., 2009). Similarly to this study 

several authors reported an inhibition of hepcidin mRNA expression by oestrogen 
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treatment in human liver cells and in vivo in mice  (Hou et al., 2012; Yang et al., 2012). 

Contrary to these results, Ikeda et al. (2012) found that oestrogen-deficient conditions 

after ovariectomy in mice resulted in augmented iron absorption in the duodenum because 

of the down-regulation of hepcidin in the liver and contributed to increased body iron 

storage. These were the first reports showing regulation of hepcidin expression by 

estradiol. 

What is unknown in the previous studies is whether the inhibition or up-regulation 

of hepcidin occurred through a direct effect of estradiol on hepcidin or if it was mediated 

by IL-6. As mentioned earlier, hepcidin is stimulated by IL-6, which might be inhibited 

by estradiol. Therefore, the inhibition of IL-6 by estradiol could cause the consequent 

inhibition in hepcidin and result in an increase in iron absorption. As IL-6 levels were not 

measured by these previous investigations its potential effect on hepcidin levels remains 

unknown. Due to the novelty of the current study it is complicated to explain our results 

based on the current literature. 

It has recently been shown that progesterone may up-regulate serum hepcidin in 

humans (Li et al., 2016). In 20 women undergoing an in vitro fertilization protocol an 

increase in serum hepcidin levels was observed after 20 days of treatment with daily 50 

mg of intramuscular progesterone supplementation. However, these findings may not be 

applicable when a regular menstrual cycle or oral contraceptive cycle are studied, since 

the endogenous and exogenous progesterone levels are much lower. For example, for a 

monophasic oral contraceptive cycle the daily progesterone dose is normally around 2-3 

mg.  

Furthermore, IL-6 and the female sex hormones are not the only signals regulating 

hepcidin expression. According to the literature (Peeling et al., 2014), an athlete´s iron 

status may dictate both the pre-exercise levels of hepcidin and also the magnitude of 
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hepcidin response to an acute exercise stimulus. Our study showed that ferritin, transferrin 

and hepcidin serum levels were significantly immediately after exercise (0h post) 

compared to baseline levels in the different phases of the menstrual cycle. Ferritin and 

hepcidin levels also appeared to be increasing throughout the menstrual cycle, reaching 

elevated levels for both variables during luteal phase (non-significant). Similarly, Kim et 

al. (1993) reported that serum ferritin was significantly lower during menses (early 

follicular phase) and highest in the luteal phase. In addition, Peeling et al. (2014) showed 

that basal serum hepcidin was sequentially greater as the baseline serum ferritin levels 

increased, overriding the inflammatory-driven increase.  

Moreover, in our study iron levels were significantly lower during menses (early 

follicular phase) when the bleeding phase occurred. This value coincided with the lowest 

ferritin and hepcidin levels, although these variables did not show a significant change 

over the menstrual cycle.  

Due to the possible effects, that estradiol may have on hepcidin and IL-6 and 

consequently on the iron absorption, it could be hypothesized that the estradiol in oral 

contraceptives may have some positive effects on iron absorption through the inhibition 

of IL-6 or hepcidin. The current study demonstrated lower endogenous oestrogen 

concentrations during the hormonal phase than the non-hormonal phase (13.6± 1.3 and 

36.0± 9.8 pg/ml, respectively), which agrees well with previous studies (Rechichi et al., 

2009). Besides a lower iron concentration during the non-hormonal phase compared to 

the hormonal phase, no further significant differences were found for any of the other 

variables. Similar results have been reported by Salkeld et al. (Salkeld et al., 2001) and 

Ives et al. (Ives et al., 2011), who showed that IL-6 was unaffected by exogenous 

hormones during different phases of an OC cycle.  
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One of these studies found a significant correlation between IL-6 concentrations 

and the progestin dose of the OC cycle (Salkeld et al., 2001). The 8 OC participants in 

this study used OCs with 4 different types of progestins, so we could not investigate this 

relationship. 

Despite not finding any significant interactions between OC phase and time, 

Figure 13A suggests that the time course for IL-6 was different between the OC phases.  

During the non-hormonal phase we observed that IL-6 peak levels occured at 0h post-

exercise followed by a decrease at 3h post-exercise. During the hormonal phase, however, 

IL-6 levels appeared higher at 0h post-exercise than at baseline and increased even more 

at 3h post-exercise. Our results suggest that during the hormonal phase there was more 

long-lasting inflammation than in the non-hormonal phase. As higher oestrogen 

concentrations were found in the non-hormonal phase, it could be suggested that 

oestrogens may have an anti-inflammatory effect, decreasing IL-6 levels (Girasole et al., 

1992; Jilka et al., 1992; Pottratz et al., 1994). 

Our study demonstrated that hepcidin levels before and after exercise did not 

change over the oral contraceptive cycle. This supports the findings by Sim et al. (2015) 

who reported that both basal and 3h post-exercise hepcidin levels were similar during the 

different phases of the OC cycle. These findings suggest that use of the monophaseic OC 

with low dosage of estradiol (∼30 µg daily) does not alter post-exercise hepcidin activity.  

Despite our study not showing significant differences for hepcidin and IL-6 

between OC phases, ferritin levels were considerably higher (more than double) for both 

phases compared to the regular menstrual cycle group. These results agree with some 

studies (Frassinelli-Gunderson et al., 1985; Larsson et al., 1992; Milman et al., 1992) 

showing significantly higher serum ferritin levels in women using hormonal 

contraception, suggesting improved iron levels with an oral contraceptive cycle.  
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Several studies have reported an increase in serum ferritin and iron levels 

immediately post-exercise, as ferritin may act as an acute phase protein and serum iron 

increases as a result of haemolysis (Peeling et al., 2009a; Sim et al., 2012, 2015). Our iron 

and ferritin serum levels did not significantly increase after exercise, but we observed 

significant differences between oral contraceptive phases. Iron levels were significantly 

higher in hormonal phase, whereas ferritin values were almost significantly higher 

(p=0.058) for the same phase, compared to the non-hormonal phase. Despite not 

observing significant differences over the time-course for any phase, interestingly in the 

non-hormonal phase iron levels not only remained elevated but also kept increasing 3h 

post-exercise. In the hormonal phase, however, iron levels returned to their baseline levels 

at 3h post-exercise. These findings agree well with Sim et al. (2015), who suggest that   

the high concentration of exogenous estradiol during the hormonal phase has been 

associated with a reduction in oxidative stress, which can increase haemolysis. Therefore, 

the high exogenous estradiol during the hormonal phase could cause a return of iron to 

baseline levels at 3h post-exercise. Nevertheless, it should be taken into account that no 

female sex hormones were measured in the study by Sim et al. (2015), which considerably 

limits the interpretation of potential relationships between variables as well as comparison 

of results. 

The current study has addressed a gap in the research through investigation of 

novel variables like hepcidin, IL-6 and CRP in different hormonal environments in 

females. The strengths of our study included the inclusion of different endogenous and 

exogenous female hormone profiles and the recruitment of a homogenous group for both 

the regular menstrual cycle and oral contraceptive group (young, active and healthy 

women). Moreover, the addition of an exercise stimulus and the investigation of the time 

course of changes in response to that stimulus has provided useful information for female 
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athletes who undergo hormonal fluctuations through a regular menstrual cycle or oral 

contraceptive use. 

 

Conclusion 

Our results demonstrated that a different time course for hepcidin and IL-6 may 

exist after exercise when the female hormone fluctuation from a regular menstrual cycle 

are taken into account. The increase in IL-6 did not up regulate hepcidin levels in female 

athletes with regular menstrual cycle.  Furthermore, sex hormone concentrations during 

the luteal phase influenced the time-course of IL-6 levels after endurance exercise.  

Therefore, an exercise stimulus accompanied by high progesterone levels during 

the luteal phase could lead to a significantly higher inflammatory response at 3h post-

exercise than during the early follicular and mid-follicular phase. It has been suggested 

that both oestrogen and progesterone may affect hepcidin and IL-6 levels and 

consequently iron metabolism. Perhaps the endogenous hormone concentrations of a 

regular menstrual cycle or the exogenous concentrations from a monophasic oral 

contraceptive cycle are not high enough to produce changes in hepcidin or IL6 or iron 

metabolism. However further research with larger participant numbers and including the 

late follicular oestrogen peak is recommended to elucidate the influence of female sex 

hormones on hepcidin, IL-6 and iron parameters. 

In addition, ferritin and iron levels were significantly lower during early follicular 

phase, probably due to bleeding during menses. These results could indicate that during 

this phase female athletes with regular menstrual cycles should avoid training sessions 

where a high VO2 is required. 



Study IV 
 

129 
 

Inflammation seemed to be lower when oestrogen levels were significantly higher 

during non-hormonal phase, suggesting that oestrogen could exert its protective effect, 

but a higher sample size would be necessary to verify this hypothesis. 

 

Practical applications and future research lines 

The results of this study indicate that iron parameters are compromised for both 

the early follicular phase and the non-hormonal phase, so it is recommended to avoid 

demanding endurance training, in order not to deteriorate irons stores even further. In 

addition, greater inflammation was found during the luteal phase of the regular menstrual 

cycle. This finding suggests that those exercises that may cause greater inflammation, 

such as strength exercises, should not be performed during the luteal phase, but instead 

during the follicular phase when oestrogen is higher.  

Although no changes in iron metabolism were found between monophasic OC 

phases, it was shown that ferritin levels were much higher in the OC group compared to 

the regular menstrual cycle group. So besides benefits such as reduced period pain and/or 

pre-menstrual symptoms OC use may improve iron levels. 
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CONCLUSIONS 

The overall aim of this thesis was to verify the influence of a regular menstrual 

cycle and with oral contraceptive on substrate oxidation, cardiorespiratory variables and 

iron metabolism. Therefore, conclusions presented below allude to the four contributions 

of this thesis represented by each of the four studies that compose the subsections of this 

work.  

Conclusions of Study I 

Conclusion 1: Despite the controversy found in the literature, endogenous and 

exogenous hormones may modify aerobic performance through alterations in 

cardiorespiratory variables and iron absorption. Therefore, future studies in this line are 

necessary in order to clarify the real influence of sexual hormones on aerobic 

performance. 

Conclusions of Study II 

Conclusion 1: No differences in RER throughout regular menstrual cycle neither 

in OC cycle were observed. 

Conclusion 2: No changes in RER between hormonal and non-hormonal phases, 

whereas a higher fat oxidation was registered during hormonal phase in OC group. 

Conclusions of Study III 

Conclusion 1: Heart rate and ventilatory parameters were significantly increased 

during the luteal phase, suggesting a higher strain compared to the early follicular and 

mid-follicular phases. Absolute VO2 levels were significantly higher during mid-

follicular compared to the early follicular phase, which suggests that progesterone may 

not be the only factor modifying these parameters. 

Conclusion 2: A monophasic OC cycle did not adversely affect most of the 

exercise responses (i.e. HR and VO2) during submaximal endurance exercise. Breathing 
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pattern changes were found during the hormonal phase suggesting a possible higher effort 

that may be associated with a higher rate of perceived exertion during this phase.  

Conclusions of Study IV 

Conclusion 1: Endogenous hormones concentrations did not produce changes in 

hepcidin, ferritin and transferrin levels; although a decrease in serum iron levels were 

observed for the early follicular phase.  Meanwhile, it was observed higher levels of IL-

6 during luteal phase after 3h post-exercise, indicating that an exercise stimulus 

accompanied by high progesterone levels may cause a significant higher inflammation 

during this phase. 

Conclusion 2: A monophasic oral contraceptive cycle did not produce changes in 

hepcidin and IL-6 along the different phases but it may improve iron parameters (i.e. iron 

and ferritin) during hormonal phase regarding to non-hormonal phase. 
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STRENGTHS 

Several strengths of IronFEMME pilot study and this thesis should be highlighted:  

• This is the first study analyzing the menstrual cycle influence on iron absorption 

metabolism after an exercise stimulus. 

• This is a novel protocol designed to determine the influence of an exercise stimuli 

on the acute post-exercise hepcidin response of female athletes with OC and 

regular menstrual cycles. Therefore, this pilot study provides preliminary data 

regarding the effect of the hormonal status, as well as the effect size, which will 

then be used to conduct appropriate power and sample-size analysis for follow-up 

work.   

• This study was a randomized controlled study. 

• Each participant selected for the project completed all the experiments for the 

different phases of each group: regular menstrual cycle and OC group. 

• Participants from OC group used monophasic OC in order to homogenize the 

exogenous hormonal concentrations. 

• Tests were conducted in three different hormonal states for regular menstrual 

cycle group and in two for the monophasic OC cycle group, trying to find those 

specific moments where the differences in hormones concentrations are more 

significant.  

• Menstrual cycle phase verification was carried out with baseline serum hormone 

measurement. 

• Physical activity of each subject was registered and supervised during the whole 

intervention.  

• All participants completed and replicated a 72-hour diet-record (during the day 

before of the test, the testing day and the day after the test) for the different phases. 
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• The adequate design of exercise protocol using the same duration and intensity 

during the different phases ensured a correct comparison among the different 

phases for both study groups. 

 

LIMITATIONS 

After carrying out the project, analyzing the data, discussing and comparing our 

results with other studies, we present a critical view of our work, listing the main 

limitations below: 

• Sample size was small since it was the first study investigating the novel variable 

hepcidin for the different phases of a regular menstrual cycle, being difficult to 

perform a previous sample-size analysis.  

• The non-use of ovulation prediction tests in order to exclude anovulatory cycles, 

deficiency luteal phase and identify in advance the accurate days to find highest 

levels of progesterone during luteal phase. 

• Tests were conducted during mid-follicular phase instead of late follicular test 

when oestrogen concentration are significantly higher. 

• Some tests were not able to be conducted during the same cycle or between two 

cycles in a row due to the participant´s availability. 
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FUTURE RESEARCH LINES  

This project has given the possibility to study the influence of regular menstrual 

cycle and with OC in substrate oxidation, cardiorespiratory and iron parameters.  

Learning from it and having a wider view of similar projects, future studies should 

take into consideration the following points: 

• Future research lines may include postmenopausal women as a control group. 

• Organize multi-center collaborations in order to obtain a large sample size to 

ensure power. 

• Add ovulation tests as well as blood verification to ensure normal cycles with 

higher hormonal concentrations in order to increase the possibility of producing 

changes in the study variables.  

• Include rate of perceived exertion for the different phases of the menstrual cycle 

and OC.  

• Include a more exhaustive exercise such an interval protocol in order to produce 

a higher inflammation and observe a greater hepcidin response. 
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PRACTICAL APPLICATIONS 

Experts in sport science and practicing trainers still keep applying the same 

methodology to train both women and men. To date, hormonal variations are not 

considered and taking into account to develop and plan a training session.  The best way 

to develop a well-designed, controlled and supervised exercise with certified trainers is 

to deeply know how women physiology and their hormonal fluctuations can influence 

over aerobic performance. Below some practical applications are highlighted, which have 

been obtained and importantly considered from this work:  

• Coaches and athletes should be aware of the menstrual cycle phase when planning 

training programs, as responses to the same absolute running speed could be 

different throughout the menstrual cycle. 

• Since during luteal phase a higher strain has been reported compared to the early 

follicular and mid-follicular phase in trained endurance women, session trainings 

with high intensity or volume might be avoided, especially for those days that 

progesterone concentrations are excessively elevated (around days 19-22). 

• Iron parameters seems to be compromised for both early follicular phase and non-

hormonal phase, so it would be recommendable avoid a demanding endurance 

training during the first days of bleeding, in order not to deteriorate even more 

irons stores, since part of the haemoglobin necessary for oxygen consumption 

comes from the iron of our organism. 

• Those exercises that may cause greater inflammation, such as strength exercises 

or high intensity efforts, should be performed during that phase where oestrogens 

are isolated higher, since our results reported more inflammation when higher 

progesterone levels occurred for regular menstrual cycle group. 
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• In order to replace the iron deficiency with supplementation or an iron-fortified 

diet, females athletes may wait several hours after exercise to reduce hepcidin 

levels, considering that the smallest iron absorption seems to occur when highest 

hepcidin levels are, between 0h and 3h post-exercise. 
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