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Horton, Tracy J., Emily K. Miller, and Kristen Bourret. No
effect of menstrual cycle phase on glycerol or palmitate kinetics
during 90 min of moderate exercise. J Appl Physiol 100: 917–925,
2006; doi:10.1152/japplphysiol.00491.2005.—The systemic flux of
glycerol and palmitate [a representative nonesterified free fatty acid
(NEFA)] was assessed in three different phases of the menstrual cycle
at rest and during moderate-intensity exercise. It was hypothesized
that circulating glycerol and NEFA turnover would be greatest in the
midfollicular (MF) phase of the menstrual cycle, when estrogen is
elevated but progesterone low, followed by the midluteal phase (ML;
high estrogen and progesterone), and lowest in the early follicular
(EF) phase of the menstrual cycle (low estrogen and progesterone).
Subjects included moderately active, eumenorrheic, healthy women.
Testing occurred after 3 days of diet control and after an overnight fast
(12–13 h). Resting and exercise (50% maximal oxygen uptake, 90
min) measurements of tracer-determined glycerol and palmitate ki-
netics were made. There was a significant increase in both glycerol
and palmitate turnover from rest to exercise in all phases of the
menstrual cycle (P � 0.0001). No significant differences, however,
were observed between cycle phases in the systemic flux of glycerol
or palmitate, at rest or during exercise. Maximal peripheral lipolysis
during exercise, as represented by glycerol rate of appearance at 90
min, equaled 8.45 � 0.96, 8.35 � 1.12, and 7.71 � 0.96
�mol �kg�1 �min�1 in the EF, MF, and ML phases, respectively.
Circulating free fatty acid utilization also peaked at 90 min of
exercise, as indicated by the palmitate rate of disappearance (3.31 �
0.35, 3.17 � 0.39, and 3.47 � 0.26 �mol �kg�1 �min�1) in the EF,
MF, and ML phases, respectively. In conclusion, systemic rates of
glycerol and NEFA turnover (as represented by palmitate flux) were
not significantly affected by the cyclic fluctuations in estrogen and
progesterone that occur throughout the normal menstrual cycle, either
at rest or during 90 min of moderate exercise.

nonesterified free fatty acid kinetics; lipolysis

RECENTLY, THERE HAVE BEEN a number of studies that have
addressed the effect of the normal menstrual cycle on whole
body substrate oxidation during exercise. This has been of
interest both from the perspective of establishing any potential
role of the normal variation in estrogen and progesterone on
substrate metabolism as well as establishing the necessity to
control for sex steroid hormone status in metabolic studies
including women. In general, the majority of studies have
shown that the normal cyclic fluctuations in estrogen and
progesterone observed throughout the menstrual cycle do not
affect whole body lipid or carbohydrate oxidation, at rest or
during moderate exercise (5, 28, 29, 57); nevertheless, men-
strual cycle phase may affect substrate metabolism under
certain conditions. For example, lower rates of glucose flux and

carbohydrate oxidation have been observed in the midluteal
(MF) vs. midfollicular (MF) phase when the demand for
glucose production and utilization during exercise begins to
exceed a certain level (potentially �25 �mol �kg�1 �min�1)
and/or if hepatic glycogen is limited due to fasting overnight
(7, 28, 62). In addition, an acute elevation in estrogen via
synthetic hormone administration, on a background of low or
deficient endogenous estrogen, can decrease glucose flux (9,
11, 52), although whether this also drives a decrease in whole
body carbohydrate oxidation is equivocal.

With respect to lipid metabolism, there can be differences in
the sources of lipid utilized, and patterns of lipolysis, even if
differences in whole body lipid oxidation are not observed.
These former variables can be assessed using tracer measures
of systemic nonesterified free fatty acid (NEFA) turnover and
systemic glycerol turnover. Using these techniques, it has been
shown that, during moderate exercise, both circulating NEFA
and triglyceride (TG)-derived free fatty acids (FFA) are uti-
lized as lipid fuel sources (1, 40, 54). Although it has been
assumed that the predominant source of the TG-derived FFA is
intramyocelluar TG (1, 45), a contribution from circulating
(VLDL) TG cannot be ruled out (40). Similar methodology has
been employed to address the effect of oral contraceptives
(OC) on lipid kinetics during exercise in eumenorrheic women.
Results showed that 4 mo of OC use significantly increased
systemic glycerol turnover (8) but had no effect on NEFA
turnover, suggesting increased intracellular reesterification of
NEFA (25). In addition, there was a significant decrease in the
proportion of NEFA uptake that was oxidized (25), and be-
cause whole body lipid oxidation did not change, estimated
TG-derived FFA oxidation was significantly increased. In a
novel study that used a gonadotropin-releasing hormone
(GnRH) antagonist to acutely suppress endogenous hormone
production, although exercise lipid kinetics were not measured
directly, data showed a significant increase in circulating
NEFA concentrations, suggesting increased lipolysis, after
estrogen replacement (9). Very high levels of progesterone,
however, antagonized the effects of estrogen on NEFA levels
(9). In contrast, the administration of exogenous estrogen to
amenorrheic women or men has been reported to have no affect
on exercise glycerol turnover (7, 47). These latter studies
suggest a chronic lack, or absence, of endogenous female sex
steroids might diminish the lipolytic response to exogenous
estrogen.

Studies of the effects of exogenous female sex steroids on
exercise lipid kinetics (8), along with animal and human
studies that show significant effects of estrogen and progester-
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one on various aspects of lipid metabolism (7, 9, 11, 18, 19, 33,
34, 36, 37, 39, 43, 46), suggest the potential for an effect of
menstrual cycle phase on lipolysis and the sources of lipid
utilized. Even though resting glycerol (8) and NEFA turnover
(21) have been reported not to differ across the menstrual
cycle, the greatly increased fuel utilization that occurs with
exercise, and the concurrent hormonal changes, may accentu-
ate any potential effects of normal cyclic fluctuations in estro-
gen and progesterone on lipid metabolism. Only very recently
have data been published from one study on the effect of
menstrual cycle phase on exercise lipid kinetics. Results
showed that in five eumenorrheic women, there were no
differences in systemic glycerol (8) and NEFA (25) turnover
between the follicular and ML phases of the menstrual cycle.
The later study, however, assessed lipid kinetics in the follic-
ular phase when estrogen was very low (�30 pg/ml), as was
progesterone, and compared this with the luteal phase when
both estrogen and progesterone were elevated. Hence, an effect
of the endogenous elevation in estrogen alone, such as occurs
in the MF phase of the menstrual cycle, was not evaluated.
Furthermore, subjects in this study were tested 3 h after eating
a high-carbohydrate (75% energy) snack. Even though this
snack had a low glycemic index, it would still have resulted in
an insulin response sufficient to significantly suppress lipolysis
and lipid utilization in the preexercise period. Furthermore,
because insulin is a potent antilipolytic hormone, some car-
ryover effect to the measures of lipid kinetics during exercise
were likely, thus confounding any potential influence of the sex
steroids (2, 25). Hence the effect of normal cyclic fluctuations
in the female sex steroids, on exercise lipid kinetics, warrants
further investigation.

The aim of the present study, therefore, was to determine
systemic lipid mobilization and utilization across three phases
of the menstrual cycle characterized by very different estrogen
and progesterone levels. The phases included the early follic-
ular (EF; low estrogen and progesterone), MF (elevated estro-
gen and low progesterone), and ML (elevated estrogen and
progesterone) phases. Glycerol kinetics and palmitate kinetics
(representative of plasma NEFA turnover) were measured
during 90 min of moderate-intensity exercise, after an over-
night fast (12–13 h) in moderately active women. Measure-
ments were made in the overnight-fasted state because this is
more likely to elicit an effect of cycle phase vs. measures in the
fed state (25). It was hypothesized that systemic NEFA turn-
over, and systemic glycerol turnover, would be greatest in the
MF phase of the menstrual cycle, when estrogen is elevated but
progesterone low, followed by the ML phase (high estrogen
and progesterone), and lowest in the EF phase of the menstrual
cycle (low estrogen and progesterone). It was further hypoth-
esized that there would be reciprocal cycle phase differences in
the estimate of TG-derived NEFA contribution to total lipid

oxidation because our laboratory has previously observed that
the latter is unaffected by cycle phase (23).

METHODS

Subjects

Lean, healthy women were recruited for the study. Participants
were required to have a regular menstrual cycle (�11 cycles over the
past year) and to be habitually active (�90 min aerobic exercise/wk)
but not competitive athletes. A health and physical examination was
performed on subjects to confirm there was no medical reason for
their exclusion from the study.

Medical exclusions included past or present history of cardiovas-
cular disease, high blood pressure, diabetes, any hormonal imbalance
or metabolic abnormality, or use of OCs or other hormones. A total of
13 subjects took part in the study. One subject was excluded on the
basis of her study day hormone concentrations, which suggested she
was anovulatory. Subject characteristics are given in Table 1. The
study protocol was approved by the University of Colorado Commit-
tee Institutional Review Board for the Protection of Human Subjects.
All subjects read and signed an informed, consent form before
admission into the study.

Preliminary assessments. Measurement of maximal O2 uptake
(V̇O2 max), body composition, and resting metabolic rate (RMR) were
performed in the follicular phase of the menstrual cycle as previously
described (23). Briefly, V̇O2 max was determined by a graded exercise
test to exhaustion using a cycle ergometer (Monark, Varberg, Swe-
den). Body composition was determined by underwater weighing with
percent body fat estimated from body density (5). RMR was measured
in the overnight-fasted state using indirect calorimetry (Sensormedics
2900, Sensormedics, Yorba Linda, CA). V̇O2 max is not affected by
menstrual cycle phase (10, 30), and body composition, assessed by
densitometry, would not be detectably affected by cycle phase. The
RMR was used to estimate energy requirements during the period of
prestudy diet control. Any increase in energy requirements during the
luteal phase (35, 44) was accommodated by provision of optional food
modules (23).

Menstrual cycle monitoring. Subjects provided details of prior
menstrual history as far back as possible and monitored basal body
temperature for at least 3–4 mo before their first study day. Determi-
nation of cycle length and time of ovulation were obtained from these
records. Day 1 of the menstrual cycle was designated as the first day
of menses. Ovulation was indicated by a significant and sustained rise
in basal body temperature (0.3°C or more) midcycle. The last day of
the menstrual cycle was the day before the next menses. Subjects also
used an ovulation prediction kit (First Response Ovulation Predictors
Test, Tambrands Lake Success, NY) to help identify the time of
ovulation. Using a typical cycle length of 28 days, with ovulation at
day 14, the EF studies were performed between days 1 and 4 (low
estrogen and progesterone), the MF studies were performed between
days 8 and 11 (elevated estrogen, low progesterone), and the ML
studies were performed between days 19 and 23 (high estrogen and
high progesterone). Adjustments in the study days were made if cycle
length and/or day of ovulation differed from the typical 28-day

Table 1. Subject characteristics

Subject Age, yr Height, m Body Weight, kg Body Fat, %
V̇O2 max,

ml�kg�1�min�1

EF Phase MF Phase ML Phase

E2, pg/ml Prog, ng/ml E2, pg/ml Prog, ng/ml E2, pg/ml Prog, ng/ml

Mean 29 1.67 59.6 25.4 39.9 24† 0.41 72 0.38 107 11.5*
�SD �5 �0.06 �7.1 �1.5 �5.8 �0.3† �0.04 �9 �0.04 �9 �1.6*

Values are means � SD. V̇O2 max, maximal O2 uptake; EF, early follicular; MF, midfollicular; and ML, midluteal; E2, estradiol concentration; Prog,
progesterone concentration. *Significantly different from MF and EF phases, P � 0.0001. †Significantly different from MF and ML phases, P � 0.0001.
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pattern. Measurements were made in the same or in consecutive
cycles with at least 2 wk separating study days.

Prestudy diet and exercise control. Subjects were fed a controlled
diet, prepared by the General Clinical Research Center (GCRC) diet
kitchen, for 3 days before each study day (23). The diet had the same
composition for all subjects (25% fat, 15% protein, and 60% carbo-
hydrate) and was designed to maintain energy balance (1.6–1.8 �
RMR based on subjects’ habitual activity level). Subjects were re-
quired to refrain from planned exercise the day before each study.

Study Days

Subjects spent the evening before each study day in the GCRC. The
evening meal was consumed between 1900 and 2000. The study
began at 0800 the next day, with samples being drawn for resting
measurements at �0930–1000 (12–13 h fasted). The aim was for all
subjects to complete 3 test days (EF, MF, and ML), and test order was
random (23). Confirmation of cycle phase was always based on serum
estrogen and progesterone levels measured on the day of the study. In
three different subjects, the data from 1 day had to be excluded,
because they were obtained in an incorrect cycle phase. Two other
subjects were only able to complete 2 study days.

Study protocol. On the morning of the study, subjects were awak-
ened at �0545. An intravenous catheter was placed in an antecubital
vein for infusion of stable isotopes. In the contralateral arm, a
sampling catheter was placed retrograde fashion into a dorsal hand
vein or, if necessary, in a wrist vein. The heated hand technique (38)
was used to obtain arterialized blood samples. Initial blood samples
were drawn for determination of background enrichment followed by
a primed (2 �mol/kg), constant (0.09 �mol �kg�1 �min�1) infusion of
[1,1,2,2,3-2H5]glycerol (Cambridge Isotopes, Andover, MA) starting
at 0800. The glycerol infusion commenced with a constant infusion of
glucose tracer, results of which have been previously reported (23).
Fifty minutes after the start of the glycerol infusion, a constant
infusion (0.04 �mol �kg�1 �min�1) of [1-13C]palmitate (Isotec, Mi-
amisburg, OH), bound to human albumin, commenced. All infusates
were prepared by the Research Pharmacist at University Hospital,
University of Colorado Health Sciences Center, and were tested for
sterility and pyrogenicity before use. The palmitate infusate was
combined with the albumin on the morning of each study and used
that day. Resting substrate kinetics were determined on blood samples
taken at 90, 100, 110, and 120 min. Subjects remained resting in bed
during this time. They then moved to a stationary bike and began the
exercise. The infusion rate of the isotopes was increased 1.8- to 2-fold
to minimize changes in isotope enrichment (45). Blood samples were
drawn after a 5-min warm-up (time 0 for steady-state exercise) and at
10, 20, 30, 45, 60, 75, and 90 min of steady-state exercise. Steady-
state exercise was performed at 50% V̇O2 max. Plasma samples were
analyzed for glycerol and palmitate enrichment and concentration.
Serum or plasma samples were used for enzymatic assays of NEFA
(Wako Chemical USA, Richmond, VA), glycerol (Boehringer Mann-
heim Diagnostics, Indianapolis, IN), TG (Roche Diagnostics Systems,
Indianapolis, IN), and �-hydroxybutyric acid (�-HBA) (Wako Chem-
ical USA). Assays were performed on a COBAS Mira Plus analyzer
with intra-assay coefficient of variations of 1.2, 7.8, 1.3, and 5%,
respectively. Assays for NEFA, TG, and �-HBA were performed
once, and the assay for glycerol was performed twice. Glucose,
insulin, cortisol, epinephrine, norepinephrine, glucagon, estradiol, and
progesterone were also measured as previously described (23).

During the last 30 min of the resting period and during 20 min of
each 30-min exercise period, measurements of respiratory gas ex-
change were made (Sensormedics 2900, Sensormedics, Yorba Linda,
CA). Carbohydrate and fat oxidation were calculated from the volume
of O2 consumed and volume of CO2 expired after correcting for
protein oxidation (29, 51), the latter estimated from urinary nitrogen
excretion. Urinary nitrogen excretion during exercise was calculated
from the minute rate of nitrogen excretion calculated from a 24-h

urine collection. Previously, our laboratory calculated a difference of
less than �0.5% in the estimation of carbohydrate or fat grams
oxidized when using the study period urine collection vs. the rate of
nitrogen excretion estimated from the 24-h urine collection (22, 24).

Determination of glycerol isotope enrichment. This was measured
via gas chromatography-mass spectrometry (GC-MS; GC models
5992 and 5985B, Hewlett-Packard, Palo Alto, CA) using the triacetate
derivative of glycerol. Before GC-MS analysis, plasma samples were
deproteinized with iced ethanol, and the supernatant was lyophilized.
Samples were then derivatized using 200 �l of acetic anhydride-
pyridine solution (1:1) and heating for 10 min at 60°C. Samples were
transferred to GC-MS vials for analysis. Injector temperature of the
GC-MS was set at 250°C, and initial oven temperature was set at
195°C. Oven temperature was increased 10°C/min until a final tem-
perature of 265°C was achieved. Helium was used as the carrier gas
with a 35:1 ml/min splitless injection ratio; transfer line temperature
was set at 250°C, source temperature at 200°C, and quadrupole
temperature at 116°C, and electron impact ionization was used to
monitor selective ions with a mass-to-charge ratio (m/z) of 145 and
148 atomic mass units. Standard curves containing known amounts of
natural and labeled glycerol were run with the biological samples.

Determination of palmitate isotope enrichment and concentration.
NEFAs were extracted from plasma (0.5 ml) using Dole’s mixture.
Heptadecanoic acid and 7,7,8,8-2H4 (D4)-palmitic acid were added to
samples as internal standards to a concentration of 50 nmol. All
standard solutions were prepared in n-heptane to a concentration of
0.05 mg/ml. A mixture of standard NEFA (palmitic, palmitoleic,
linoleic, oleic, and stearic acid) was also prepared to the same
concentration. Trimethylsilyl (TMS) esters of the NEFAs were ob-
tained by derivatization with bis(trimethylsilyl)trifluoroacetamide
(BSTFA) containing 1% chlorotrimethylsilane (TMCS) and acetoni-
trile (BSTFA/1% TMCS-acetonitrile, 1:5 vol/vol). Samples were
heated for 1 h at 60–70°C and transferred to autosampler vials for
analysis. FFA isotope enrichments were measured using GC-MS (GC
model 5890, MS model 5970, Hewlett-Packard). Injector temperature
was set at 275°C, and a DB-1 capillary column (30 m � 1 �m) was
operated at 200°C isothermal for 4 min past injection and then
programmed to 250 at 4°C/min. The transfer line was set at 280°C.
Helium was used as a carrier gas with �1.5 ml/min splitless injection
ratio at the upper temperature limit program. The m/z values were
monitored for the TMS esters of natural, unenriched, palmitate at m/z
313 (M-15) and enriched [1�13C] palmitate at m/z 314. D4-palmitic
acid was monitored at m/z 317 (M-15). Heptadecanoic acid, m/z 327,
was only monitored as a marker. The m/z of the following NEFAs
were also monitored: palmitoleic at m/z 311 and 312; linoleic at m/z
337 and 338; oleic at m/z 339 and 340; and stearic at m/z 341 and 342.
Palmitate concentration was determined by measuring the ratio (313/
317) of palmitate to the D4 internal standard. The concentrations of
palmitoleic, linoleic, oleic, and stearic acid in plasma were determined
using the D4 internal standard because these comprise the majority
(�96.5%) of the circulating NEFAs (25), and this enabled the calcu-
lation of the palmitate contribution to the total plasma NEFA pool.

Calculations. Glycerol and palmitate enrichment and concentration
data were spline fitted to remove noise introduced by analytical and
sampling errors (55). Glycerol and palmitate rate of appearance (Ra)
and rate of disappearance (Rd) were then calculated using the Steele
equation as modified for use with stable isotopes (45, 55).

Ra �
F � Vd	
C2 � C1�/2�	
E2 � E1�/
t2 � t1��


E2 � E1�/2
� F

Rd � Ra � Vd
C2 � C1�/
t2 � t1�

where Ra is rate of appearance of tracee (�mol �kg�1 �min�1), F is
infusion rate of tracer (�mol �ml�1 �min�1), E is plasma enrichment,
Vd is effective volume of tracee distribution [230 ml/kg body wt for
glycerol and 40 ml/kg body wt for palmitate (45)], t1 is time 1 of
sampling, t2 is time 2 of sampling, C1 is tracee concentration at t1, C2
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is tracee concentration at t2, E1 is plasma enrichment at t1, and E2 is
plasma enrichment at t2.

Determination of circulating hormone and substrate levels. Ap-
proximately 7 ml of whole blood were allowed to clot, and the serum
was separated off after spinning. This was used for determination of
hormone and substrate concentrations. All plasma, serum, and super-
natant samples were stored at �70°C until analysis. For each subject,
samples from all study days were run simultaneously for all assays.

Data Analysis

For each dependent variable, a repeated-measures ANOVA was
used to determine the effect of menstrual cycle phase, time, and their
interaction. If a significant menstrual cycle � time interaction was
observed, an unpaired t-test was used to determine whether there were
specific time points where cycle phase differences occurred. Analyses
were performed using JMP statistical software (SAS Statistical Soft-
ware, Cary, NC).

RESULTS

Energy expenditure, O2 uptake and heart rate during the 90-
min cycle exercise were not different between cycle phases, as
previously reported (23). On average, subjects exercised at
51.1, 50.1, and 50.6% of V̇O2 max during the EF, MF, and ML
phases, respectively. Similarly, whole body, protein, fat, and
carbohydrate oxidation were not different between phases of
the menstrual cycle (23).

Circulating Substrate and Hormone Concentrations

As expected, resting concentrations of progesterone were
significantly greater in the ML phase (P � 0.0001) vs. the EF
and MF phases (Table 1). Estradiol concentration was signif-
icantly lower in the EF phase vs. both the MF and ML (P �
0.0001) phases. There was no significant difference in the
estradiol concentration between the MF and ML phases.

Figure 1 shows the change in circulating lipids and lipid-
derived substrates from rest to exercise during each phase of
the menstrual cycle. Values were adjusted for changes in
plasma volume. There was a significant effect of time, but not
cycle phase, on all parameters. Circulating glycerol increased
significantly with the onset of exercise, whereas significant
increases in NEFA concentrations were not observed until 45
min of exercise. TG levels remained relatively constant until
75 and 90 min of exercise when they significantly increased
compared with rest. �-HBA concentration mirrored changes in
circulating NEFA levels. After an initial fall, �-HBA concen-
trations gradually increased such that they were significantly
elevated by 90 min of exercise. Our laboratory has previously
reported no significant effect of cycle phase on rest and exercise
changes in insulin and counterregulatory hormones (23).

Glycerol Kinetics

Plasma isotope enrichments for glycerol are shown in
Fig. 2A. Glycerol Ra and Rd, at rest and during exercise, are

Fig. 1. A: glycerol concentration at rest (�15
min) and during 0–90 min of cycle exercise.
Significant effect of time (P � 0.0001). B:
nonesterified free fatty acid concentration at
rest (�15 min) and during 0–90 min of cycle
exercise. Significant effect of time (P �
0.0001). C: triglyceride concentration at rest
(�15 min) and during 0–90 min of cycle
exercise. Significant effect of time (P �
0.001). D: �-hydroxybutyric acid concentra-
tion at rest (�15 min) and during 0–90 min
of cycle exercise. Significant effect of time
(P � 0.0001).
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shown in Fig. 3. At rest, average glycerol turnover did not
differ between the EF, MF, or ML phases (Ra  2.64 � 0.58,
2.89 � 0.63, and 2.57 � 0.44 �mol �kg�1 �min�1, respec-
tively). Exercise resulted in a significant increase in glycerol Ra

and Rd compared with rest, in all phases of the cycle (P �
0.0001). The maximum increase in glycerol Ra was observed at
90 min of exercise when values were approximately threefold
above resting. There was no significant effect of menstrual
cycle phase on exercise glycerol kinetics, including the maxi-
mum glycerol Ra (8.46 � 0.95, 8.36 � 1.12, and 7.71 � 0.96
�mol �kg�1 �min�1 in the EF, MF, and ML phases, respec-
tively) or glycerol Rd (7.91 � 0.89, 8.00 � 1.17, and 7.18 �
0.97 �mol �kg�1 �min�1, respectively).

Palmitate Kinetics and Total NEFA Utilization

Plasma isotope enrichments for palmitate are shown in Fig.
2B. Figure 4 shows the palmitate Ra and Rd at rest and
throughout exercise. At rest, palmitate turnover did not differ
between the EF, MF, or ML phases (Ra  1.52 � 0.13, 1.53 �
0.10, and 1.79 � 0.17 �mol �kg�1 �min�1, respectively).
Again, there was no significant effect of cycle phase on

palmitate kinetics, whereas there was a significant effect of
time (P � 0.0001). Maximum palmitate Rd was observed at 90
min of exercise and equaled 3.31 � 0.35, 3.17 � 0.39, and
3.47 � 0.26 �mol �kg�1 �min�1 in the EF, MF, and ML phases,
respectively.

Palmitate’s contribution to total plasma NEFA was not
significantly different between cycle phases at rest (26.5 �
0.02% EF, 28.0 � 0.03% MF, and 28.8 � 0.04% ML) or
during exercise (27.6 � 0.02, 28.0 � 0.03, and 28.7 � 0.04%,
respectively) with no difference between rest and exercise
values. Consequently, when total NEFA turnover was esti-
mated from the contribution of palmitate to total NEFAs, no
effect of menstrual cycle phase was also observed on resting
NEFA Ra (5.66 � 0.25, 5.46 � 0.19, and 6.16 � 0.25
�mol �kg�1 �min�1 in the EF, MF, and ML phases, respec-
tively) or exercise Ra (maximal Ra at 90 min equaled 12.15 �
0.38, 11.59 � 0.44, and 12.26 � 0.26 �mol �kg�1 �min�1,
respectively). The same was true for NEFA Rd at rest (EF
5.73 � 0.57, MF 5.46 � 0.40, and ML 6.13 � 0.61
�mol �kg�1 �min�1) and during exercise (maximal Rd at 90 min
equaled 11.84 � 1.26, 11.34 � 1.40, and 11.95 � 0.88
�mol �kg�1 �min�1, respectively). The total NEFA Rd was used
to estimate the minimum and maximum potential contribution

Fig. 2. A: plasma isotopic enrichment of [2H5]glycerol. B: plasma isotopic
enrichment of [1-13C]palmitate.

Fig. 3. A: glycerol rate of appearance at rest (�15 min) and during cycle
exercise (0–90 min). Significant effect of time (P � 0.0001). B: glycerol rate
of disappearance at rest (�15 min) and during cycle exercise (0–90 min).
Significant effect of time (P � 0.0001).
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of plasma NEFA to whole body fat oxidation during exercise
(Table 2). To do this, an average molecular mass, typical of the
plasma NEFA pool (284 g), was used. Assuming 60–100% of
NEFA Rd was oxidized during exercise, on the basis of
previous studies (13, 25, 45, 49, 54), the contribution of plasma
NEFA to whole body fat oxidation was very similar between
cycle phases (minimal estimate: 34 � 4% EF, 36 � 3% MF,
and 35 � 2% ML; maximal estimate  57 � 7% EF, 60 � 5%
MF, and 58 � 4% ML). Consequently, the potential contribu-
tion of other lipid sources (plasma TG and muscle TG) to total

fat oxidation was similar between cycle phases, and this ranged
from a minimum of �42% to a maximum of �65%.

DISCUSSION

This study determined the effect of normal menstrual cycle
fluctuations in estrogen and progesterone on resting and exer-
cise lipid kinetics. It was unique in that it compared the
response to moderate-intensity, long-duration exercise, across
three phases of the menstrual cycle [EF (low estrogen and
progesterone), MF (elevated estrogen, low progesterone), and
ML (elevated estrogen and progesterone)] in the overnight-
fasted state. Contrary to what was hypothesized, we observed
no difference in systemic glycerol and/or palmitate kinetics
between the different phases of the menstrual cycle, either at
rest or during exercise. This suggests no effect of cyclic
changes in estrogen and progesterone on systemic lipolysis and
NEFA utilization.

The present data agree with previous studies that show no
difference in resting glycerol (8) or NEFA (21) kinetics when
comparing the follicular with the ML phase of the menstrual
cycle. Only one other study has investigated the effect of
menstrual cycle phase on glycerol (8) and plasma NEFA (25)
kinetics during moderate exercise (45 and 65% of peak O2

uptake, 60-min duration). This study differed from the present
investigation in that it investigated only two phases of the
menstrual cycle (follicular vs ML), in a small number of
subjects (n  5), with measurements made 3 h after a light
meal. The present data were collected in three phases of the
menstrual cycle (EF, MF, and ML), on 10–11 subjects, with
testing performed in overnight-fasted state. Despite these dif-
ferences, both studies are consistent in the observation of no
significant effect of menstrual cycle phase on systemic glycerol
and NEFA kinetics during exercise. Given the fact that estro-
gen and progesterone have been shown to significantly affect
lipolysis and lipid metabolism in both animals and humans (7,
9, 11, 18, 19, 33, 34, 36, 37, 39, 43, 46), present and previous
data (8, 25) suggest that the fluctuations (2, 4, 15, 31, 32, 56)
in estrogen and progesterone that cover the majority of the days
in the normal menstrual cycle are of insufficient magnitude,
and/or duration, to significantly affect resting or exercise lipid
kinetics and whole body lipid oxidation. This does not rule out
subtle differences that the current techniques are not sensitive
enough to detect. Indeed, in our laboratory’s previous report on
glucose kinetics across the menstrual cycle, there was greater
correspondence between glucose Ra or Rd measured within the
same phase of the cycle vs. glucose kinetics compared across
all phases of the menstrual cycle, despite no significant effect
of cycle phase per se (23). These previous data show that

Fig. 4. A: palmitate rate of appearance at rest (�15 min) and during cycle
exercise (0–90 min). Significant effect of time (P � 0.0001). B: palmitate rate
of disappearance at rest (�15 min) and during cycle exercise (0–90 min).
Significant effect of time (P � 0.0001).

Table 2. Estimate of the contribution of circulating NEFAs to total lipid oxidation during exercise

n
Total Lipid Oxidation

60% NEFA Rd Oxidized 100% NEFA Rd Oxidized

kcal/90 min kcal/90 min % Total lipid oxidation kcal/90 min % Total lipid oxidation

Early follicular 10 277�29 87�6 34.3�4 145�11 57.1�7
Midfollicular 11 255�19 91�15 35.7�3 151�16 59.5�5
Midluteal 10 256�23 87�6 35.0�2 145�9 58.3�4

Values are means � SE; n, no. of subjects. Minimum and maximum potential contribution of nonesterified free fatty acids (NEFAs) to total fat oxidation
assumes that 60–100% of NEFA uptake [rate of disappearance (Rd)] is oxidized; kcal, is kilocalories and assumes a caloric equivalent of 9.44 kcal/g for
endogenous lipid oxidation.
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studying women within the same phase of the cycle can reduce
the variability in the metabolic parameter(s) of interest. Thus it
may be prudent to control for menstrual cycle phase when
conducting metabolic studies in women, to decrease within- or
between-subject variation and enhance the statistical power to
detect a significant effect of group and/or treatment.

It is probable that the degree and/or duration of exposure to
elevated estrogen and/or progesterone may be important in
determining whether or not there are significant effects on lipid
metabolism. Indeed, a reduction in endogenous estrogen and
progesterone (to �50 pg/ml and 1.36 ng/ml, respectively), via
short-term suppression of GnRH, has been observed to result in
a significant reduction in resting and exercise NEFA concen-
tration compared with when estrogen was replaced for 3 days
(9). Coincident with this elevation in NEFA levels was a
significant increase in resting and exercise lipid oxidation and
a decrease in circulating glucose utilization (9). Compared with
the present study, sex steroid hormone levels in the GnRH-
suppressed condition were similar to those observed in the EF
phase of the menstrual cycle (24 pg/ml estrogen and 0.41 ng/ml
progesterone), whereas the elevation in endogenous estrogen
observed during the MF (72 pg/ml) and ML (107 pg/ml) phases
was much lower than those achieved in the GnRH-sup-
pressed � estrogen-replaced condition (�260 pg/ml). This
may explain why no menstrual cycle differences in lipid
metabolism were observed in the present study between low-
and high-estrogen states. In the GnRH suppression study, the
effects of estrogen were negated by the addition of progester-
one, although the circulating progestin level achieved (�47
ng/ml) (9) was approximately three- to fourfold higher than the
progesterone level we observed during the ML phase of the
menstrual cycle (11.5 pg/dl). More chronic exposure to ele-
vated sex steroid levels, via 4-mo treatment with a combined
OC, resulted in a significant increase in glycerol Ra during
exercise but not rest, with no effect on whole body lipid
oxidation or NEFA kinetics (8, 25). It was estimated that the
exogenous estrogen concentration achieved during the 3 wk of
active combined OC use was �400 pg/ml (8, 25), but no
estimate was made of the exogenous progestin level. Studies of
exogenous hormone administration, therefore, suggest that
only in the 2–3 days of the late-follicular phase of the men-
strual cycle, when estrogen is greatly elevated but progesterone
is still low, may there be measurable increases in lipid mobi-
lization and differences in the pattern of lipid utilization. Any
small effects of elevated estrogen in the ML phase of the cycle
may be decreased by the presence of progesterone, and the
level of progesterone may determine the extent of this antag-
onism.

The results from the present and previous studies on men-
strual cycle effects on lipid metabolism apply to eumenorrheic
women who are habitually moderately active. If the degree of
exposure to circulating estrogen and/or progesterone is impor-
tant in determining whether or not effects on lipid metabolism
are observed, then similar results are likely in trained, eumen-
orrheic women because such individuals generally demonstrate
a reduction in the magnitude of the sex steroid fluctuations
across the menstrual cycle (3). It is debatable, however, as to
whether individuals characterized by greater cyclic changes in
estrogen and/or progesterone, such as sedentary individuals,
might demonstrate more pronounced effects of the menstrual
cycle on lipid metabolism. Because an effect of combined OC

use was observed on exercise glycerol kinetics, it raises the
question of whether or not there are effects of single or
combined sex steroid administration on lipid metabolism in
other groups, such as postmenopausal women or women with
polycystic-ovarian syndrome. Although estrogen replacement
therapy has been observed to decrease resting systemic NEFA
kinetics in postmenopausal women (28), observations during
exercise have not been made.

In the present investigation, we estimated the potential
contribution of TG-derived FFA (circulating TG and muscle
TG) to total lipid oxidation across the three phases of the
menstrual cycle. This was calculated on the basis of the
difference between whole body lipid oxidation and systemic
NEFA Rd. The unknown fate of the NEFA taken up within
tissues, however, is a limitation to this estimate because the
NEFA taken up by tissues can be partitioned between reesteri-
fication (to stored TG) and oxidation, with small amounts
directed toward structural or functional components. At rest,
the majority of NEFA Rd undergoes reesterification (13, 25,
54), whereas during exercise more is directed toward oxida-
tion. The exact proportion of NEFA Rd that is oxidized during
exercise appears to vary considerably (�60–100%), and it is
likely due to factors such as exercise intensity and duration,
subject training status, sex, and whether measurements are
made systemically vs. across the active limb (13, 14, 20, 25,
48–50, 53, 54). Using this range for the percentage of NEFA
Rd oxidized, we estimated that the potential minimum and
maximum contribution of plasma NEFA to total lipid oxidation
was 34 and 56%, respectively. Importantly, this was true
irrespective of menstrual cycle phase. Consequently, the esti-
mated contribution of TG-derived FFA to total lipid oxidation
was significant, potentially ranging from 44 to 66%. This
agrees well with other studies that have directly measured
plasma NEFA oxidation, via tracers, to estimate the contribu-
tion of circulating plasma NEFA vs. TG-derived NEFA to total
lipid oxidation during exercise (16, 25, 40, 45, 54). Although
the present study suggests that there was no effect of menstrual
cycle phase on the proportion of whole body lipid oxidation
derived from the different lipid sources, it has to be recognized
that this assumes no effect of menstrual cycle phase on the
proportion of NEFA Rd that is directed toward reesterification
vs. oxidation. Nevertheless, data from the study of Jacobs et al.
(25) suggest this is the case.

It is worth considering the interpretation of the data obtained
from the measurement of systemic glycerol and NEFA (palmi-
tate) turnover. Both of these isotopic measures of tracee Ra

predominantly represent peripheral lipolysis. Peripheral
sources of systemic glycerol and NEFA release include sub-
cutaneous adipose tissue, muscle TG, and circulating TG.
Under resting or overnight-fasted conditions, subcutaneous
adipose tissue is by far the greatest contributor to systemic
glycerol and NEFA Ra (27, 42), whereas with exercise the
contribution from muscle TG, and possibly circulating TG,
increases (16, 25, 40, 45, 54). Whether glycerol or NEFA Ra is
a better measure of lipolysis is debatable, and both measures
have their limitations. During exercise, NEFA Ra may under-
estimate peripheral lipolysis due to a portion of the NEFA that
are released from TG hydrolysis not entering the circulation,
for example, due to oxidation within muscle, and/or some
intracellular reesterification (55). NEFA Ra, therefore, may be
more representative of net NEFA export from subcutaneous
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adipose tissue. With respect to the systemic measure of glyc-
erol Ra, this may better represent peripheral lipolysis during
exercise (26). There is no reutilization of glycerol within
subcutaneous adipose tissue because this tissue lacks glycerol
kinase (12) and potentially just a small amount of reutilization
within muscle (17). By using both glycerol and NEFA tracers
to measure lipid mobilization in the present investigation,
limitations of each tracer were somewhat offset, thus strength-
ening the observation of no effect of menstrual cycle phase on
total peripheral lipolysis and net NEFA export.

Because circulating TG and �-HBA are other potential
sources of lipid-derived fuels, we measured changes in the
circulating levels of these substrates at rest and with exercise
throughout the menstrual cycle. If circulating TG-derived FFA
were a significant fuel source during exercise, it may be
predicted that circulating TG concentrations would fall because
the production rate may not be able to increase sufficiently to
match utilization over the relatively short time frame of the
exercise. This is because VLDL-TG has a slow turnover rate
(41). However, no decrease in circulating TG levels was
observed, nor was there an effect of menstrual cycle phase.
Although this could be interpreted to suggest that the source of
TG-derived FFA during exercise was predominantly muscle
TG, this is a tenuous conclusion without more direct measures
of circulating and/or muscle TG utilization. Nevertheless, the
lack of a difference in circulating TG levels during exercise
throughout the menstrual cycle does correspond with the lack
of a difference in the estimated utilization of non-plasma-
derived FFA (muscle and circulating TG). Although we did not
measure the kinetics of �-HBA production and utilization, the
lack of difference in concentration between cycle phases would
also suggest no effect on either of these parameters. This is
reinforced by the observation that the precursor for �-HBA
production, plasma NEFA, differed neither in concentration
nor in rate of production and clearance throughout the men-
strual cycle. The pattern of change in �-HBA did, however,
correspond with the change in circulating NEFA levels.

In summary, menstrual cycle variations in the level of
estrogen to progesterone, ranging from low to moderately high,
had no significant effect on lipolysis and circulating NEFA
utilization during prolonged, moderate-intensity exercise in
habitually active women. Data also suggest that there is a
significant contribution of TG-derived NEFA, derived from
circulating and/or intramuscular TG, to total lipid oxidation
during exercise in all phases of the menstrual cycle.

ACKNOWLEDGMENTS

The authors thank all of the subjects who volunteered for the study for their
time and cooperation. We also thank the General Clinical Research Center
nursing, dietary, and laboratory staff for their valuable assistance as well as the
Mass Spectrometry and Energy Balance Core Laboratories of the Colorado
Nutrition Research Unit for their important provision of testing and analytical
services.

GRANTS

This investigation was supported by National Institues of Health Grants
HL-59331, HL-04226, DK-48520, and M01 RR-00051.

REFERENCES

1. Ahlborg G, Felig P, Hagenfeldt L, Hendler R, and Wahren J. Substrate
turnover during prolonged exercise in man. Splanchnic and leg metabo-

lism of glucose, free fatty acids, and amino acids. J Clin Invest 53:
1080–1090, 1974.

2. Bailey SP, Zacher CM, and Mittleman KD. Effect of menstrual cycle
phase on carbohydrate supplementation during prolonged exercise to
fatigue. J Appl Physiol 88: 690–697, 2000.

3. Bonen A. Exercise-induced menstrual cycle changes. A functional, tem-
porary adaptation to metabolic stress. Sports Med 17: 373–392, 1994.

4. Braun B, Mawson JT, Muza SR, Dominick SB, Brooks GA, Horning
MA, Rock PB, Moore LG, Mazzeo RS, Ezeji-Okoye SC, and Butter-
field GE. Women at altitude: carbohydrate utilization during exercise at
4,300 m. J Appl Physiol 88: 246–256, 2000.

5. Brozek J, Grande F, Anderson JT, and Keys A. Densitometric analysis
of body composition: revision of some quantitative assumptions. Ann NY
Acad Sci 110: 113–140, 1963.

6. Campbell SE, Angus DJ, and Febbraio MA. Glucose kinetics and
exercise performance during phases of the menstrual cycle: effect of
glucose ingestion. Am J Physiol Endocrinol Metab 281: E817–E825,
2001.

7. Carter S, McKenzie S, Mourtzakis M, Mahoney DJ, and Tarnoplosky
MA. Short-term 17�-estradiol decreases glucose Ra but not whole body
metabolism during endurance exercise. J Appl Physiol 90: 139–146, 2001.

8. Casazza GA, Jacobs KA, Suh SH, Miller BF, Horning MA, and
Brooks GA. Menstrual cycle phase and oral contraceptive effects on
triglyceride mobilization during exercise. J Appl Physiol 97: 302–309,
2004.

9. D’Eon TM, Sharoff C, Chipkin SR, Grow D, Ruby BC, and Braun B.
Regulation of exercise carbohydrate metabolism by estrogen and proges-
terone in women. Am J Physiol Endocrinol Metab 283: E1046–E1055,
2002.

10. De Souza MJ, Maguire MS, Rubin KR, and Maresh CM. Effects of
menstrual phase and amenorrhea on exercise performance in runners. Med
Sci Sports Exerc 22: 575–580, 1990.

11. Faix D, Neese R, Kletke C, Wolden S, Cesar D, Coutlangus M,
Shackleton CH, and Hellerstein MK. Quantification of menstrual and
diurnal periodicities in rates of cholesterol and fat synthesis in humans. J
Lipid Res 34: 2063–2075, 1993.

12. Frayn KN, Coppack SW, Fielding BA, and Humphreys SM. Coordi-
nated regulation of hormone-sensitive lipase and lipoprotein lipase in
human adipose tissue in vivo: implications for the control of fat storage
and fat mobilization. Adv Enzyme Regul 35: 163–178, 1995.

13. Friedlander AL, Casazza GA, Horning MA, Buddinger TF, and
Brooks GA. Effects of exercise intensity and training on lipid metabolism
in young women. Am J Physiol Endocrinol Metab 275: E853–E863, 1998.

14. Friedlander AL, Casazza GA, Horning MA, Usaj A, and Brooks GA.
Endurance training increases fatty acid turnover, but not fat oxidation, in
young men. J Appl Physiol 86: 2097–2105, 1999.

15. Galliven EA, Singh A, Michelson D, Bina S, Gold PW, and Deuster
PA. Hormonal and metabolic responses to exercise across time of day and
menstrual cycle phase. J Appl Physiol 83: 1822–1831, 1997.

16. Guo Z, Burguera B, and Jensen MD. Kinetics of intramuscular triglyc-
eride fatty acids in exercising humans. J Appl Physiol 89: 2057–2064,
2000.

17. Guo Z and Jensen MD. Blood glycerol is an important precursor for
intramuscular triacylglycerol synthesis. J Biol Chem 274: 23702–23706,
1999.

18. Hansen FM, Fahmy N, and Nielson JH. The influence of sexual
hormones on lipogenesis and lipolysis in rat fat cells. Acta Endocrinol 95:
566–570, 1980.

19. Hatta H, Atomi Y, Shinohara S, Yamamoto Y, and Yamada S. The
effects of ovarian hormones on glucose and fatty acid oxidation during
exercise in female ovariectomized rats. Horm Metab Res 20: 609–611,
1988.

20. Havel RJ, Ekelund LG, and Holmgren A. Kinetic analysis of the
oxidation of palmitate-1–14C in man during prolonged heavy muscular
exercise. J Lipid Res 8: 366–373, 1967.

21. Heiling VJ and Jensen MD. Free fatty acid metabolism in the follicular
and luteal phases of the menstrual cycle. J Clin Endocrinol Metab 74:
806–810, 1992.

22. Horton TJ, Drougas HJ, Sharp TA, Martinez LA, Reed GW, and Hill
JO. Energy balance in endurance-trained female cyclists and untrained
controls. J Appl Physiol 76: 1937–1945, 1994.

23. Horton TJ, Miller EK, Glueck D, and Tench K. No effect of menstrual
cycle phase on glucose kinetics and fuel oxidation during moderate-

924 MENSTRUAL CYCLE AND LIPID METABOLISM

J Appl Physiol • VOL 100 • MARCH 2006 • www.jap.org



intensity exercise. Am J Physiol Endocrinol Metab 282: E752–E762,
2002.

24. Horton TJ, Pagliassotti MJ, Hobbs K, and Hill JO. Fuel metabolism in
men and women during and after long-duration exercise. J Appl Physiol
85: 1823–1832, 1998.

25. Jacobs KA, Casazza GA, Suh SH, Horning MA, and Brooks GA. Fatty
acid reesterification but not oxidation is increased by oral contraceptive
use in women. J Appl Physiol 98: 1720–1731, 2005.

26. Jensen MD. Regional glycerol and free fatty acid metabolism before and
after meal ingestion. Am J Physiol Endocrinol Metab 276: E863–E869,
1999.

27. Jensen MD, Cryer PE, Johnson CM, and Murray MJ. Effects of
epinephrine on regional free fatty acid and energy metabolism in men and
women. Am J Physiol Endocrinol Metab 270: E259–E264, 1996.

28. Jensen MD, Martin ML, Cryer PE, and Roust LR. Effects of estrogen
on free fatty acid metabolism in humans. Am J Physiol Endocrinol Metab
266: E914–E920, 1994.

29. Jequier E, Acheson K, and Schutz Y. Assessment of energy expenditure
and fuel utilization in man. Annu Rev Nutr 7: 187–208, 1987.

30. Jurkowski JE, Jones NL, Walker WC, Younglai EV, and Sutton JR.
Ovarian hormonal responses to exercise. J Appl Physiol 44: 109–114,
1978.

31. Kanaley JA, Boileau RA, Bahr JA, and Misner JE. Substrate oxidation
and GH responses to exercise are independent of menstrual phase and
status. Med Sci Sports Exerc 24: 873–880, 1992.

32. Kanaley JA, Boileau RA, Bahr JM, Misner JE, and Nelson RA.
Cortisol levels during prolonged exercise: the influence of menstrual phase
and menstrual status. Int J Sports Med 13: 332–336, 1992.

33. Kim HJ and Kalkhoff RK. Sex steroid influence on triglyceride metab-
olism. J Clin Invest 56: 888–896, 1975.

34. Krotkiewski M and Bjorntorp P. The effect of progesterone and of
insulin administration on regional adipose tissue cellularity in the rat. Acta
Physiol Scand 96: 122–127, 1976.

35. Lissner L, Stevens J, Levtisky DA, Rasmussen KM, and Strupp B.
Variation in energy intake during the menstrual cycle: implications for
food-intake research. Am J Clin Nutr 48: 956–962, 1988.

36. Mandour T, Kissebah AH, and Wynn V. Mechanism of oestrogen and
progesterone effects on lipid and carbohydrate metabolism: alteration in
the insulin:glucagon molar ratio and hepatic enzyme activity. Eur J Clin
Invest 7: 181–187, 1976.

37. Matute ML and Kalkhoff RK. Sex steroid influence on hepatic gluconeo-
genesis and glycogen formation. Endocrinology 92: 762–768, 1972.

38. McGuire EAH, Helderman JH, Tobin JD, Andres R, and Berman M.
Effects of arterial versus venous sampling on analysis of glucose kinetics
in man. J Appl Physiol 41: 565–573, 1976.

39. McKenzie S, Phillips SM, Carter S, Lowther S, Gibala MJ, and
Tarnoplosky MA. Endurance exercise training attenuates leucine oxida-
tion and BCOAD activation during exercise in humans. Am J Physiol
Endocrinol Metab 278: E580–E587, 2000.

40. Mittendorfer B, Horowitz JF, and Klein S. Effect of gender on lipid
kinetics during endurance exercise of moderate intensity in untrained
subjects. Am J Physiol Endocrinol Metab 283: E58–E65, 2002.

41. Mittendorfer B, Patterson BW, and Klein S. Effect of sex and obesity
on basal VLDL-triacylglycerol kinetics. Am J Clin Nutr 77: 573–579,
2003.

42. Nielsen S, Guo Z, Johnson CM, Hensrud DD, and Jensen MD.
Splanchnic lipolysis in human obesity. J Clin Invest 113: 1582–1588,
2004.

43. Pasquier YN, Pecquery R, and Giudicelli Y. Increased adenylate cy-
clase catalytic activity explains how estrogens “in vivo” promote lipolytic
activity in rat white fat cells. Biochem Biophys Res Commun 154: 1151–
1159, 1988.

44. Piers LS, Doggavi SN, Rijskamp J, van Raaij JMA, Shetty PS, and
Hautvast J. Resting metabolic rate and thermic effect of a meal in the
follicular and luteal phases of the menstrual cycle in well-nourished Indian
women. Am J Clin Nutr 61: 296–302, 1995.

45. Romijn JA, Coyle EF, Sidossis LS, Gastaldelli A, Horowitz JF, Endert
E, and Wolfe RR. Regulation of endogenous fat and carbohydrate
metabolism in relation to exercise intensity and duration. Am J Physiol
Endocrinol Metab 265: E380–E391, 1993.

46. Rondinone CM, Baker ME, and Rodbard D. Progestins stimulate the
differentiation of 3T3-L1 preadipocytes. J Steroid Biochem Mol Biol 42:
795–802, 1992.

47. Ruby BC, Robergs RA, Waters DL, Burge M, Mermier C, and
Stolarczyk L. Effects of estradiol on substrate turnover during exercise in
amenorrheic females. Med Sci Sports Exerc 29: 1160–1169, 1997.

48. Sacchetti M, Saltin B, Osada T, and Van Hall G. Intramuscular fatty
acid metabolism in contracting and non-contracting human skeletal mus-
cle. J Physiol 540: 387–395, 2002.

49. Sidossis LS, Coggan AR, Gastaldelli A, and Wolfe RR. Pathway of free
fatty acid oxidation in human subjects. Implications for tracer studies.
J Clin Invest 95: 278–284, 1995.

50. Sidossis LS, Wolfe RR, and Coggan AR. Regulation of fatty acid
oxidation in untrained vs. trained men during exercise. Am J Physiol
Endocrinol Metab 274: E510–E515, 1998.

51. Simonson DC and DeFronzo RA. Indirect calorimetry: methodological
and interpretive problems. Am J Physiol Endocrinol Metab 258: E399–
E412, 1990.

52. Suh SH, Casazza GA, Horning MA, Miller BF, and Brooks GA.
Effects of oral contraceptives on glucose flux and substrate oxidation rates
during rest and exercise. J Appl Physiol 94: 285–294, 2003.

53. Turcotte LP, Richter EA, and Kiens B. Increased plasma FFA uptake
and oxidation during prolonged exercise in trained vs. untrained humans.
Am J Physiol Endocrinol Metab 262: E791–E799, 1992.

54. Van Loon LJ, Greenhaff PL, Constantin-Teodosiu D, Saris WH, and
Wagenmakers AJ. The effects of increasing exercise intensity on muscle
fuel utilisation in humans. J Physiol 536: 295–304, 2001.

55. Wolfe RR. Radioactive and Stable Isotope Tracers in Biomedicine. New
York: Wiley-Liss, 1992.

56. Zderic TW, Coggan AR, and Ruby BC. Glucose kinetics and substrate
oxidation during exercise in the follicular and luteal phases. J Appl Physiol
90: 447–453, 2001.

925MENSTRUAL CYCLE AND LIPID METABOLISM

J Appl Physiol • VOL 100 • MARCH 2006 • www.jap.org


