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Frandsen J, Pistoljevic N, Quesada JP, Amaro-Gahete FJ, Ritz
C, Larsen S, Dela F, Helge JW. Menstrual cycle phase does not
affect whole body peak fat oxidation rate during a graded exercise
test. J Appl Physiol 128: 681–687, 2020. First published February 20,
2020; doi:10.1152/japplphysiol.00774.2019.—Female sex hormones
fluctuate in a predictable manner throughout the menstrual cycle in
eumenorrheic women. In studies conducted in both animal and hu-
mans, estrogen and progesterone have been found to exert individual
metabolic effects during both rest and exercise, suggesting that estro-
gen may cause an increase in fat oxidation during exercise. However,
not all studies find these metabolic changes with the natural physio-
logical variation in the sex hormones. To date, no studies have
investigated whether whole body peak fat oxidation rate (PFO) and
maximal fat oxidation intensity (FATmax) are affected at different
time points [mid-follicular (MF), late-follicular (LF), and mid-luteal
(ML)] in the menstrual cycle, where plasma estrogen and progester-
one are either at their minimum or maximum. We hypothesized that
an increased plasma estrogen concentration together with low proges-
terone concentration in LF would result in a modest but significant
increase in PFO. We found no differences in body weight, body
composition, or peak oxygen uptake (V̇O2peak) between any of the
menstrual phases in the 19 healthy, young eumenorrheic women
included in this study. PFO [MF: 0.379 (0.324–0.433) g/min; LF:
0.375 (0.329–0.421) g/min; ML: 0.382 (0.337–0.442) g/min;
mean � (95% CI)] and resting plasma free fatty acid concentrations
[MF: 392 (293–492) �mol/l; LF: 477 (324–631) �mol/l; ML: 396
(285–508) �mol/L] were also similar across the menstrual cycle
phases. Contrary to our hypothesis, we conclude that the naturally
occurring fluctuations in the sex hormones estrogen and progesterone
do not affect the whole body PFO and FATmax in young eumenorrheic
women measured during a graded exercise test.

NEW & NOTEWORTHY Menstrual cycle phase does not affect the
peak fat oxidation rate during a graded exercise test. Natural physio-
logical fluctuations in estrogen do not increase peak fat oxidation rate.
FATmax is not influenced by menstrual cycle phase in healthy, young
eumenorrheic women.

estrogen; fat oxidation; female; progesterone; sex hormones

INTRODUCTION

The majority of studies within the field of exercise metab-
olism research have been performed in men, and this represents
a sex bias that is thought to originate from earlier studies that
found similar skeletal muscle fiber-type composition, oxidative
enzyme activity, and lipid metabolism during exercise in well-
trained athletes of both sexes. Hence, no reason was given to
question the ability to translate metabolic findings from men to
women (8, 9, 29). However, more recent metabolic studies
comparing men and women suggest a relatively larger contri-
bution from fat during exercise at the same relative exercise
intensity in women, suggesting that the translational value of
metabolic findings is minor between sexes (5, 17, 23, 28).

Healthy eumenorrheic women experience regular fluctua-
tions in the female sex hormones (estrogen and progesterone),
which may be a potential confounding factor and needs to be
controlled for in both cross-sectional and longitudinal study
designs (26, 27). Consequently, it is often experienced as a
logistical challenge to include women in metabolic studies.

Therefore, more studies investigating the metabolic response
to exercise and sex hormones are warranted.

A number of studies have investigated whether the female
sex hormones (i.e., estrogen and progesterone) influence glu-
cose and fat metabolism during endurance exercise (4, 10, 12,
19, 22, 26, 29). To study this, the menstrual cycle is mostly
divided into three different phases: The mid-follicular phase
[�10 to �5 days from the luteinizing hormone (LH) peak] is
identified by both relatively low plasma estrogen and proges-
terone concentrations. Plasma estrogen concentrations slowly
surge toward the late-follicular (LF) phase (�5 days to �1 day
before LH peak) and peak (between �480 and 1,520 pmol/L)
�2 days to �1 day before the LH peak, whereas plasma
progesterone concentrations remain low. In the ML phase (�5
to �10 days after the LH peak), both plasma estrogen and
progesterone are relatively high (26, 27).

A study in healthy women found that 2 days of sex hormone
suppression by Garnilex (suppressing the endogenous produc-
tion of gonadotropin releasing hormone) to postmenopausal
concentrations (baseline), followed by 3 days of either estra-
diol only (E) or in combination with progesterone (E � P),
resulted in increased whole body fat oxidation during 60 min of
submaximal [54% of maximal oxygen uptake (V̇O2max)] exer-
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cise in the E condition compared with both baseline and E �
P (10). Interestingly, the increased fat oxidation in the E state
was paralleled by an increased plasma free fatty acid (FFA)
concentration and a glycogen-sparing effect compared with the
E � P state. In line with this, we have recently found a strong
relationship between plasma FFA concentrations and whole
body peak fat oxidation (PFO) rate during an incremental
maximal fat oxidation intensity (FATmax) exercise test (15). In
fact, the seminal study by Costill et al. (7) found a glycogen-
sparing effect of elevated plasma FFA concentrations during
submaximal exercise.

Studies in ovariectomized animals have found that 17�-
estradiol (E2) supplementation increases fat oxidation during
endurance exercise (21, 24). This effect of 17�-estradiol (E2)
has also been reported in moderately trained men (11, 20, 29).
Most (4, 12, 19, 31) but not all (22) studies in eumenorrheic
women have found that fat oxidation during moderate sub-
maximal continuous exercise (�30 min) is lower in the mid-
follicular phase (MF) compared with the mid-luteal phase
(ML). Additionally, it has been proposed that progesterone
might exhibit an opposite metabolic influence compared with
estrogen; thus a plasma estrogen-to-progesterone concentration
ratio (E/P; pmol/L:nmol/L) has been proposed as a factor
influencing the exercise metabolism (26).

To date, no studies have investigated the effects of menstrual
cycle phase on the whole body peak fat oxidation rate during
a graded exercise test in healthy eumenorrheic women. There-
fore, it remains uninvestigated whether menstrual cycle phase
affects PFO and FATmax during short-duration (	30 min)
exercise and needs to be controlled for in future studies. Hence,
the purpose of this study was to examine the influence from the
natural cyclic fluctuations in female sex hormones on the
whole body PFO. To do this, we investigated the PFO and
FATmax at three different time points, with expected maximal
natural fluctuations in plasma estradiol and progesterone con-
centrations, hypothesizing that elevated plasma estrogen con-

centrations would lead to a small but significant increase in
whole body PFO and FATmax.

METHODS

Participants

We recruited 29 healthy women to participate in the study. All
subjects had a body mass index (BMI) of 	25 kg/m2 and were
recreationally active. Five subjects withdrew from the study for
personal reasons, and one subject began prednisolone and methotrex-
ate treatment during the testing period and was excluded. After the
testing was completed, all data from the additional four subjects were
excluded from the data analysis; one subject had a plasma C-reactive
protein concentration of �8 mg/l, two subjects were tested twice at
similar time points in the menstrual cycle (based on their plasma sex
hormone concentrations), and one subject could not complete the
exercise protocol. Therefore, the data analysis consists of 19 subjects.
The study was approved by the Ethics Committee in Copenhagen
(H-17024872) and conducted in accordance with the last revised
ethics guidelines of the Declaration of Helsinki. Initially, subjects
received written and oral information about the study and signed an
informed consent form. Hereafter, the subjects reported the exact or
approximate date of their first day of menstruation in their three latest
menstrual periods based on smartphone applications, and the first
experimental day was planned accordingly (details follow).

The participants were not using any medication that could affect
the metabolism. None of the participants used any hormonal contra-
ception.

General Design

Subjects reported to the laboratory on three separate occasions after
an overnight fast (10–12 h). The mean � SD menstrual cycle length
was 31 � 3 days, varying from 25 to 35 days. To establish the exact
days for testing, the menstrual cycle length was set as 100% and the
time of ovulation as 50%. The mid-follicular phase (MF) was tested
at 25% of the menstrual cycle length, the late-follicular phase (LF) at
40–45%, and the mid-luteal phase (ML) at 75% of the menstrual
cycle length. The three visits to the laboratory were completely

Table 1. Characteristics of all 19 subjects

Mid-Follicular Phase Late-Follicular Phase Mid-Luteal Phase
One-Way ANOVA RM

(P Value)

Age, yr 23 (22–25)
Height, cm 171 (167–174)
Body mass index, kg/m2 21.8 (20.8–22.9) 22.0 (20.9–23.0) 22.1 (21.0–23.2) 0.26
Body weight, kg 63.8 (59.6–68.0) 64.0 (59.7–68.4) 64.0 (60.3–68.7) 0.56
Lean body mass, kg 45.6 (43.4–47.8) 45.9 (43.4–48.4) 45.9 (43.8–48.0) 0.35
Fat mass, kg 15.7 (12.8–18.7) 15.7 (12.8–18.5) 15.8 (12.7–18.8) 0.88
Fat mass, % 24.0 (20.7–27.3) 23.9 (20.6–27.2) 23.7 (20.2–27.2) 0.71
V̇O2peak, l/min 2.78 (2.61–2.94) 2.79 (2.61–2.97) 2.75 (2.58–2.92) 0.52
V̇O2peak, ml·min�1·kg�1 43.9 (41.2–46.7) 43.9 (41.3–46.5) 43.3 (40.6–46.0) 0.45
V̇O2peak, ml·min�1·kg LBM�1 60.8 (59.1–62.5) 60.7 (58.9–62.4) 59.5 (56.7–62.3) 0.45

Values are means (95% confidence intervals); n 
 19. LBM, lean body mass; RM, repeated measures; V̇O2peak, peak oxygen uptake.

Table 2. Plasma sex hormone concentrations in all 19 subjects

Variable Mid-Follicular Phase Late-Follicular Phase Mid-Luteal Phase Linear Mixed Model Analyses (P Value)

Estradiol, pmol/l 155 (144–210) 574 (363–785)** 581 (304–727)**** 	0.001
Progesterone, nmol/l 0.8 (0.7–1.0) 0.9 (0.8–1.3) 37.6 (19.6–42.8)**** 	0.0001
LH, IU/L 7.4 (5.5–10.4) 7.6 (7.2–11.9) 6.0 (4.4–8.7)** 	0.01
FSH, IU/L 6.3 (5.8–6.9) 4.7 (4.3–5.5)*** 3.1 (2.7–4.2)*** 	0.0001

Values are median (95% confidence intervals); n 
 19. FSH; follicle-stimulating hormone; LH; luteinizing hormone. **P 	 0.01, ***P 	 0.001, and
****P 	 0.0001, different from the mid-follicular phase.
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similar, apart from the menstrual cycle phase. The subjects were told
to refrain from exercise 24 h before arriving at the laboratory and to
eat a habitually mixed macronutrient diet. The subjects were carefully
instructed to repeat this pretest standardization protocol before each of
the three visits. The tests were conducted in the morning, and each
participant reported to the laboratory at a similar time for the follow-
ing tests. The menstrual cycle phase during the first visit was ran-
domized, and thus nine subjects were in their ML, four subjects were
in their LF, and six subjects were in their MF.

Experimental Design

Body composition and blood sampling. When subjects arrived in
the morning, body composition (lean body mass, fat mass, and fat
percentage) was measured (Bio impedance; Tanita Corporation, To-
kyo, Japan). Before this measure, subjects were told to empty their
bladder. Then, a resting venous blood sample was obtained from the
antecubital vein to allow for the measure of plasma glucose, free fatty
acids (FFA), lactate, and glycerol (EDTA; Vacutainer BD, Franklin
Lakes, NJ). Plasma concentrations of insulin, luteinizing hormone
(LH), follicle-stimulating hormone (FHS), progesterone, and estradiol
(Apronitin/EDTA Vacutainer BD) were also analyzed. The blood
samples were immediately centrifuged at 4,000 g for 10 min at 4°C
(Centrifuge Hettich Universal 30 RF; Hettich, Tuttlingen, Germany)
and stored at �80°C for later analysis (COBAS 6000 analyzer 501C;
Roche).

FATmax and V̇O2peak tests. Subsequently, a graded exercise test
was performed on a cycle ergometer (Ergomedic 839E; Monark,
Varberg, Sweden). We conducted a modified version of a previous
validated exercise protocol (1), starting with 5 min of complete rest
sitting on the cycle ergometer, after which the initial workload was set
to 60 W for 3 min. This was followed by workload increments of 25
W every 3rd minute until a respiratory exchange ratio (RER) of �1.0
was achieved for more than 30 consecutive seconds, and no further
workloads were applied.

Then, the subjects rested for 10–15 min, before the V̇O2peak test
was initiated. The V̇O2peak test was commenced at 100 W for 5 min,
followed by an increased workload of 25 W each following minute.
Every subject was verbally motivated to continue until volitional
exhaustion. During both tests, pulmonary V̇O2 and V̇CO2 was mea-
sured by continuous breath by breath with an automated online system
(i.e., indirect calorimetry, Oxycon Pro System; Jaeger, Würzburg,
Germany). Before each test, the system was carefully calibrated to
ambient conditions, with an automated volume calibration and gas
analyzers calibrated with a calibration gas mixture (5% CO2 and 16%
O2 in N2).

Substrate oxidation was calculated from the equation by Frayn with
the assumption that protein oxidation rate was continuous and negli-
gible (16): fat oxidation (g/min) 
 (1.67 � V̇O2) � (1.67 � V̇CO2)

To calculate PFO and FATmax, averaged V̇O2 and V̇CO2 data from
the last 60 s of each incremental step were used to construct a
third-degree polynomial regression curve fit, with fat oxidation as
the dependent variable and relative exercise intensity (%V̇O2peak)
as the independent variable (Sigmaplot 13.0; Systat Software, San
Jose, CA) (2, 3).

Per-Protocol Subdivision

To outline the potential effects of plasma estrogen concentration,
we a posterior evaluated the participants who had elevated plasma
estrogen concentrations at the time of the LF test. Plasma estradiol
concentration peaks between 482 and 1,517 pmol/L (5th to 95th
percentiles) up to 24 h before the peak in LH (27). Seven of the
subjects in this study fulfilled these values at the LF test and were
analyzed separately. We termed this the high-estrogen phase (HE).

Statistics

Linear mixed models were used for comparisons of time points
while accounting for repeated measurements in the same participants
on blood data (through participant-specific random effects). The
statistical software R was used for the analyses (R Core Team, 2018).

Table 3. Plasma substrates, metabolites, and hormone concentrations in all 19 subjects

Variable Mid-Follicular Phase Late-Follicular Phase Mid-Luteal Phase One-Way ANOVA RM (P Value)

Glucose, mmol/L 4.9 (4.8–5.1) 5.0 (4.8–5.1) 4.9 (4.7–5.1) 0.60
Lactate, mmol/L 0.68 (0.55–0.82) 0.72 (0.62–0.82) 0.68 (0.57–0.79) 0.73
Glycerol, �mol/L 54 (44–65) 67 (45–88) 53 (41–65) 0.18
FFA, �mol/L 392 (293–492) 477 (324–631) 396 (285–508) 0.31
Insulin, �mol/L 43 (36–51) 44 (37–52) 43 (33–52) 0.88

Values are means (95% confidence intervals); n 
 19. FFA, free fatty acids; RM, repeated measures.
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Fig. 1. Fat oxidation rates at different phases in the menstrual cycle. Third-
order polynomial regression fit of mean � SE fat oxidation rates at 20, 30, 40,
50, 60, 70, 80, and 90% of peak oxygen uptake (V̇O2peak). A: black open circles
represent mid-follicular phase, red open circles late-follicular phase, and blue
open circles mid-luteal phase. The representative dashed lines represent the
polynomial regression fits; n 
 19. B: black open circles represent mid-
follicular phase, red open circles high-estrogen phase, and blue open circles
mid-luteal phase. The representative dashed lines represent the polynomial
regression fits. Data shown are means � SE; n 
 7.
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Subject characteristics (i.e., anthropometrics, body composition, and
V̇O2peak) were analyzed using a one-way ANOVA with repeated
measures. When significance was present, a Tukey post hoc multiple
comparison model was applied (SPSS statistics version 25; IBM
Software, Chicago, IL). Fat oxidation curves are depicted as the mean
of the fat oxidation rate for each subject at 10, 20, 30, 40, 50, 60, 70,
80, and 90% of V̇O2peak and the according third-degree polynomial
regression curve fit. All figures were constructed in GraphPad prism
8 (GraphPad Software, La Jolla, CA). All data are presented as
means � 95% confidence intervals if not otherwise stated. The level
of significance was set at P 	 0.05.

RESULTS

Subject Characteristics

No changes in body weight or composition were observed at
different time points in the menstrual cycle (Table 1). Absolute
peak oxygen uptake (V̇O2) remained unchanged between the
different time points (P 
 0.53) (Table 1). Relative to either
total body weight (P 
 0.45) or lean body mass (P 
 0.45),
peak oxygen uptake (V̇O2peak) was also similar across the
different time points.

Hormones, Metabolites, and Substrates

As expected, plasma estradiol concentrations were higher in
the late-follicular phase (LF; P 	 0.0001) and mid-luteal phase
(ML; P 	 0.0001) compared with the mid-follicular phase
(MF). Plasma progesterone concentrations were similar be-
tween MF and LF (P 
 0.99) but higher in ML compared with
both MF (P 	 0.0001) and LF (P 	 0.0001) (Table 2). Plasma
luteinizing hormone concentrations (LH) and plasma follicle-
stimulating hormone concentrations (FSH) fluctuated as ex-
pected in the three specific menstrual phases. (Table 2). Plasma
glucose (P 
 0.60) and lactate (P 
 0.73) concentrations were
not different at the distinct time points in the menstrual cycle
(Table 3). Plasma free fatty acid (FFA) and glycerol concen-

trations were also not different (P 
 0.18 and P 
 0.31,
respectively) at the three measurement points (Table 3). Sim-
ilarly, there were no differences in plasma insulin concentra-
tions (P 
 0.88; Table 3).

Peak Fat Oxidation Rate

Peak fat oxidation rate (PFO) did not differ (P 
 0.76)
between the subjects tested in MF [0.379 (0.324 – 0.433)
g/min; mean (95% CI)], LF [0.375 (0.329 – 0.421) g/min], or
ML [0.389 (0.337– 0.442) g/min] (Fig. 1). Because the body
weight was stable throughout the study, there were also no
differences (P 
 0.76) in the PFO relative to body weight
(data not shown). The relative intensities at which PFO
occurred (FATmax) were also similar (P 
 0.60) between
MF [51 (48 –54) %V̇O2peak], LF [50 (47–52) %V̇O2peak] and
ML [50 (47–53) %V̇O2peak] (Fig. 1).

There was no association between PFO and plasma estra-
diol concentration (R2 
 0.002, P 
 0.73), PFO and plasma
FFA concentrations (R2 
 0.037, P 
 0.15), plasma FFA
and estradiol concentrations (R2 	 0.01, P 
 0.79), or
plasma glycerol and estradiol concentrations (R2 	 0.001,
P 
 0.89) (Fig. 2).

Subgrouping

Based on the plasma estradiol concentrations (�482 pmol/
L), a subgroup of seven subjects was analyzed during their
high-estrogen phase (HE; Table 4). In this group, plasma
estradiol concentrations were lower in MF compared with HE
(P 	 0.005) and also in MF compared with ML (P 	 0.05)
(Table 4). Plasma progesterone concentrations were similar
(P 
 0.22) in MF and HE but elevated in ML compared with
both MF (P 	 0.01) and HE (P 	 0.01) (Table 4). Plasma LH
and FSH concentrations fluctuated as expected between the
specific menstrual cycle (data not shown).

Fig. 2. Bivariate plots of peak fat oxidation
rate (PFO), plasma estradiol, free fatty acids
(FFA), and glycerol. A: scatterplot of corre-
lation between PFO and plasma estradiol
concentrations, B: scatterplot of correlation
between PFO and plasma FFA concentra-
tions, C: scatterplot of correlation plasma
FFA concentrations and plasma estradiol
concentrations. D: scatterplot of correlation
between plasma glycerol concentrations and
plasma estradiol concentrations. �, Seven
subjects at their peak estrogen phase; Œ, all
remaining 51 measurement points. Bivariate
correlation analyses were conducted on all
58 data points.
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The body weight (P 
 0.11) and the body composition
(body fat percentage, P 
 0.34; lean body mass, P 
 0.42)
remained unchanged. Absolute (P 
 0.47) and relative (P 

0.51) V̇O2peak were also similar. Plasma glucose (P 
 0.26),
lactate (P 
 0.28), FFA (P 
 0.21), glycerol (P 
 0.50), and
insulin (P 
 0.73) also remained unchanged between the
different time points in the menstrual cycle (Table 5).

Peak fat oxidation rates were also similar between MF
[0.428 (0.339–0.517) g/min], HE [0.402 (0.324–0.479)
g/min], and ML [0.435 (0.317–0.553) g/min]. Similarly, FAT-
max was consistent (P 
 0.25) across the different phases
[MF 
 55 (50–60) %V̇O2peak; HE 
 51 (47–55) %V̇O2peak;
ML 
 53 (47–60) %V̇O2peak].

DISCUSSION

In this study, we demonstrate that the physiological fluctu-
ations in female sex hormones do not exhibit an effect on the
whole body PFO and FATmax.

Furthermore, we found that resting plasma metabolites and
insulin concentrations remain stable despite major physiolog-
ical variation in basal plasma estrogen and progesterone con-
centrations.

A number of human studies have found that exercise me-
tabolism, i.e., substrate oxidation, during exercise varies with
varying plasma concentrations of sex hormones (10, 12, 19, 26,
29). It has been a relatively consistent observation that elevated
plasma estrogen concentrations increase the reliance on fat as
oxidative fuel during endurance exercise and that progesterone
may counteract this effect (26, 29). It has been demonstrated in
women that whole body fat oxidation measured by indirect
calorimetry was higher at submaximal intensities (35% and
60%) in ML compared with MF (19). Yet the data in this
present study, conducted in young women and with naturally
occurring fluctuations in sex hormone plasma concentrations,
do not support these previous findings. Animal studies have
demonstrated that administering 17�-estradiol in 3–6 days to
male rats resulted in increased endurance performance, in-
creased plasma FFA concentrations, and had a glycogen-
sparing effect (24). Similarly, 17�-estradiol administration also
elicited an increase in fatty acid transporters and skeletal

muscle fatty acid contents, implying an estrogen-mediated
augmentation of the fatty acid utilization machinery in male
rats (13).

Together these data indicate that estrogen may increase
whole body fat oxidation during submaximal endurance exer-
cise. It has been proposed that the potential upregulation in the
lipolytic activity in the presence of high plasma estrogen
concentrations is caused by an increased catecholamine sensi-
tivity, which could increase the lipolytic rate during exercise
(26). However, these mechanistic findings are most convincing
in animal models (26).

In contrast, in this present study, we find no changes in
whole body peak fat oxidation rates despite relatively marked
differences in plasma concentrations of the sex hormones. But
to the best of our knowledge, no prior study has investigated
the influence of sex hormone fluctuations on a graded exercise
protocol aimed at investigating the whole body peak fat oxi-
dation rate. Interestingly, we found no fluctuations in plasma
substrate concentrations, e.g., FFA, which has previously been
reported to be elevated along with elevated plasma estradiol
concentrations (10). Recently, we have reported that increased
plasma FFA concentrations are closely tied to increases in
whole body peak fat oxidation rates (15). Because there were
no significant changes in plasma FFA concentrations from MF
[392 (293–492) �mol/L] to LF [477 (324–631) �mol/L],
these were not associated with variations in PFO (Table 3 and
Fig. 2B). This was also the case in the seven subjects in the HE
phase. Their plasma FFA concentrations were slightly numer-
ically lower in MF [335 (192–477) �mol/L] and in ML [328
(230–426) �mol/L] and also not associated with PFO (Table 5
and Fig. 2B). Overall, we report no association between plasma
estradiol concentrations and PFO (r2 	 0.001, P 
 0.88; Fig.
2A), plasma FFA concentrations and PFO (r2 
 0.06, P 

0.10; Fig. 2B), plasma estradiol concentrations and plasma
FFA concentrations (r2 
 0.002, P 
 0.79; Fig. 2C), or plasma
estradiol concentrations and plasma glycerol concentration
(r2 	 0.001, P 
 0.89; Fig. 2D). Taken together, these results
suggest that changes in basal plasma estradiol concentrations
do not affect the whole body peak fat oxidation during a
subsequent graded exercise test. It can be speculated that the

Table 4. Sex hormones in 7 subjects subdivided based on their peak estradiol concentration

Variable Mid-Follicular Phase Estrogen Peak Phase Mid-Luteal Phase
Linear Mixed Model Analyses

(P Value)

Estradiol, pmol/L 211 (167–284) 914 (644–1,414)** 587 (297–928)* 	0.001
Progesterone, nmol/L 0.7 (0.6–1.0) 1.2 (0.6–1.4) 42.1 (22.0–62.2)** 	0.01
LH, IU/L 6.1 (4.4–7.5) 7.6 (4.7–14.5) 5.2 (2.5–6.8) 0.40
FSH, IU/L 6.0 (4.9–7.5) 3.8 (3.1–5.2)** 3.1 (2.4–4.6)** 	0.001

Values are median (95% confidence intervals); n 
 7. FSH, follicle-stimulating hormone; LH, luteinizing hormone. *P 	 0.05 and **P 	 0.01, different from
the mid-follicular phase.

Table 5. Plasma metabolite and hormone concentrations in the 7 subdivided subjects with elevated estradiol concentrations

Variable Mid-Follicular Phase Estrogen Peak Phase Mid-Lutealv Phase One-Way ANOVA RM (P Value)

Glucose, mmol/L 4.9 (4.7–5.1) 5.1 (4.9–5.3) 5.0 (4.7–5.3) 0.26
Lactate, mmol/L 0.53 (0.40–0.67) 0.61 (0.45–0.78) 0.61 (0.46–0.77) 0.28
Glycerol, �mol/L 43 (28–58) 42 (32–52) 38 (32–45) 0.50
FFA, �mol/L 335 (192–477) 328 (230–426) 278 (152–394) 0.21
Insulin, �mol/L 36 (29–43) 40 (26–54) 39 (24–53) 0.73

Values are means (95% confidence intervals); n 
 7. FFA, free fatty acids; RM, repeated measures.
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discrepancies between previous findings and the current study
are found in the exercise protocol applied. Longer (�30 min),
continuous submaximal exercise as previously applied in the
literature (4, 5, 10, 12, 20, 31) was compared with the short-
duration (	30 min) graded exercise protocol. It may be that
differences in myocellular fatty acid transportation and adipose
tissue lipolytic rate may be more pronounced during long-
duration endurance-type exercise (10, 12, 19, 26, 29).

Not all studies, however, report increased lipolysis and
whole body fat oxidation rate during continuous exercise in the
presence of increased plasma estrogen concentrations. A study
by Horton et al. (22) measured whole body fat oxidation and
glucose kinetics during constant load (�50% of V̇O2max) ex-
ercise by isotopic tracer technique and indirect calorimetry.
Interestingly, researchers found no differences in plasma sub-
strate concentrations (glucose, insulin, FFA, glycerol, and
lactate) at rest between the different menstrual cycle phases.
Furthermore, no differences were found in RER or glucose
kinetics during exercise, supporting the finding of this present
study. The equivocal findings regarding the effect of the sex
hormone variation within the menstrual cycle in eumenorrheic
young women may indicate that underlying cofounding vari-
ables such as diet (14) and physical activity or both (25) are
masking the potential minor difference in whole body fat
oxidation rate exerted by changes in sex hormone concentra-
tions. Some studies have found that the macronutrient intake,
energy balance, and physical activity level change during the
menstrual cycle phases (6, 18). However, in the present study,
we carefully instructed the participants to replicate the 24 h
before the experimental day (i.e., with regard to macronutrient
intake and physical activity), and our findings of unchanged
PFO and FATmax across the menstrual cycle may in fact be
partly due to this control of diet and physical activity.

Progesterone might have an antiestrogenic effect (antilipo-
lytic effect), and therefore, the ratio between plasma concen-
trations of estrogen and progesterone (E/P ratio) has been
proposed as a marker of endurance performance and substrate
utilization during exercise (26). Herein, it is proposed that
endurance performance may be improved in the luteal phase,
but only when the E/P ratio is high within the luteal phase
compared with the follicular phase. As we previously have
found that the PFO is related to endurance performance in
female triathletes, it could be speculated that PFO is elevated
when the E/P ratio is high in the luteal phase (30). Neverthe-
less, we found no association between the difference in E/P
ratio (�E/P ratio) and �PFO, �FFA, or �V̇O2peak between MF
and ML. The E/P ratios in the different phases were
(means � SD) 277 � 237 in the mid-follicular, 684 � 562 in
the late-follicular, and 273 � 944 in the mid-luteal phase.

Limitations

In this study, we use a graded exercise test with 3-min
continuous exercise steps to investigate the whole body fat
oxidation rates over a wide range of intensities. However, as
previous studies have been conducted using one or two fixed
continuous workloads, interpretations should be done with
caution. Whether whole body fat oxidation rate during a
short-graded exercise test (	30 min) represents fat oxidation
rates during longer (�30 min) continuous exercise remains
questionable. Because we have not obtained muscle biopsies in

this study we are unable to address whether menstrual cycle
phase affects glycogen concentrations in skeletal muscle,
which may be of importance for longer-duration exercise fuel
use. We have, however, found that in healthy, trained
women, whole body peak fat oxidation rates measured by a
short-duration graded exercise test are related to endurance
exercise performance, indicating that fuel use during a
graded exercise test in the fasted state can be extrapolated to
longer durations (30).

Conclusion

In conclusion, we found no relationship between natural
fluctuations in sex hormone concentrations during the men-
strual cycle and the whole body peak fat oxidation rate in
young, healthy eumenorrheic women. Furthermore, body com-
position, peak oxygen uptake (V̇O2peak), and plasma FFA,
glycerol, glucose, lactate, or insulin concentrations did not
change significantly across the menstrual cycle. Future re-
search involving women should, however, aim to unravel if
naturally (i.e., different menstrual cycle phases or postmeno-
pausal state) occurring fluctuations in plasma estrogen and
progesterone concentrations exert a lipolytic effect in different
tissues.
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