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Context: The effect of the female sex steroids, estradiol and progesterone, on muscle protein
turnover is unclear. Therefore, it is unknown whether the changes in the hormonal milieu through-
out the life span in women contribute to the changes in muscle protein turnover and muscle mass
(eg, age associated muscle loss).

Objective: The objective of this study was to provide a comprehensive evaluation of the effect of
sex hormones on muscle protein synthesis and gene expression of growth-regulatory factors [ie,
myogenic differentiation 1 (MYOD1), myostatin (MSTN), follistatin (FST), and forkhead box O3
(FOXO3)].

Subjects and Design: We measured the basal rate of muscle protein synthesis and the expression
of muscle growth-regulatory genes in 12 premenopausal women and four groups of postmeno-
pausal women (n � 24 total) who were studied before and after treatment with T, estradiol, or
progesterone or no intervention (control group). All women were healthy, and pre- and post-
menopausal women were carefully matched on body mass, body composition, and insulin
sensitivity.

Results: The muscle protein fractional synthesis rate was approximately 20% faster, and MYOD1,
FST, and FOXO3 mRNA expressions were approximately 40%–90% greater (all P � .05) in post-
menopausal than premenopausal women. In postmenopausal women, both T and progesterone
treatment increased the muscle protein fractional synthesis rate by approximately 50% (both P �

.01), whereas it was not affected by estradiol treatment and was unchanged in the control group.
Progesterone treatment increased MYOD1 mRNA expression (P � .05) but had no effect on MSTN,
FST, and FOXO3 mRNA expression. T and estradiol treatment had no effect on skeletal muscle
MYOD1, MSTN, FST, and FOXO3 mRNA expression.

Conclusion: Muscle protein turnover is faster in older, postmenopausal women compared with
younger, premenopausal women, but these age-related differences do not appear to be explained
by the age- and menopause-related changes in the plasma sex hormone milieu. (J Clin Endocrinol
Metab 99: 256–265, 2014)

Sexual dimorphism in body composition (more fat and
less muscle in women than men) (1, 2) is thought to

be a secondary sexual characteristic due to differences in
the sex hormone milieu between men and women. T is a

well-known anabolic steroid; it increases muscle protein
synthesis (3–7) and muscle mass (8–11) and is most likely
responsible for the greater increase in lean mass after the
onset of puberty in boys compared with girls (12). Female
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sex steroids, on the other hand, have long been considered
innocent bystanders with regard to muscle protein turn-
over and mass. About a decade ago, however, a study on
rodents showed that ovariectomy increases and proges-
terone and estradiol suppress the rate of muscle protein
synthesis (13). This suggests that female sex steroids might
be important regulators of muscle mass. The results from
subsequent studies evaluating the effect of female sex ste-
roids on muscle protein metabolism in human subjects
have been conflicting though. We found that the basal rate
of muscle protein synthesis is greater in older, postmeno-
pausal compared with younger, premenopausal women
(14), and other investigators reported that the basal rate of
muscle protein synthesis is less in women who received
estrogen replacement therapy after hysterectomy than
age-matched postmenopausal women (15) and less in
women who use oral, hormonal contraceptives com-
pared with those who do not (16). Others, however,
reported no difference in the rate of muscle protein syn-
thesis between hormone users and nonusers (16), be-
tween young and old women (17), or between women
who were studied during the follicular or the luteal
phases of their menstrual cycle (18).

These studies are difficult to interpret, however, be-
cause of their cross-sectional design and differences in sub-
ject characteristics within and between studies [eg, body
composition (14, 17)] as well as potential confounding
influences [eg, differences in free T, IGF-I, and insulin con-
centrations between hormone treated and untreated
women (15, 16)], which may have been induced by the oral
hormone treatments that were used in these studies. Evi-
dence is emerging that increased adiposity may affect the
rate of muscle protein turnover (19), and it is well known
that oral administration of synthetic female sex hormone
derivatives alters the concentration of anabolic and cata-
bolic hormones (eg, IGF-I, cortisol) in plasma, whereas
systemic delivery of unmodified hormones does not
(20–22).

The purpose of the study presented here was to evaluate
the effect of menopausal status on muscle protein synthe-
sis and to provide a comprehensive evaluation of the effect
of systemically delivered sex hormones (to avoid oral hor-
mone treatment induced changes in anabolic/catabolic
plasma hormone availability) on muscle protein synthesis.
Accordingly, we measured the basal rate of muscle protein
synthesis in premenopausal women and four groups of
postmenopausal women who were studied before and
after treatment with T, estradiol, or progesterone or no
intervention (control group). Pre- and postmenopausal
women were healthy and carefully matched on body mass,
body composition, and insulin sensitivity. We hypothe-
sized that the rate of muscle protein synthesis would be

greater in postmenopausal compared with premenopausal
women and that T administration would increase and es-
tradiol and progesterone treatment would suppress the
basal rate of muscle protein synthesis. We also measured
the expression of genes involved in the regulation of mus-
cle mass [ie, myogenic differentiation 1 (MYOD1), a myo-
genic growth factor (23); myostatin (MSTN), a muscle
growth inhibitor (24–26); follistatin (FST), which binds to
and thereby inhibits myostatin (27, 28); and forkhead box
O3 (FOXO3), which induces the transcription of ubiqui-
tin ligases (29)] to gain information regarding potential
sex hormone-mediated transcriptional changes.

Materials and Methods

Subjects and prestudy testing
Twelve premenopausal and 24 postmenopausal, sedentary

(�1.5 h of exercise/ per week) and weight-stable (�2 kg change
for at least 6 mo) women participated in this study. Written
informed consent was obtained from all subjects before partic-
ipation in the study, which was approved by the Institutional
Review Board of Washington University School of Medicine (St
Louis, Missouri).

All subjects were considered to be in good health after com-
pleting a comprehensive medical examination, including a de-
tailed history and physical examination, a resting electrocardio-
gram, standard blood tests, and an oral glucose tolerance test
(OGTT). None of the subjects had evidence of chronic illness or
significant organ dysfunction (eg, diabetes mellitus, cirrhosis) or
were taking medications (including hormone replacement ther-
apy or hormonal contraceptives) that could interfere with muscle
protein metabolism, and none reported excessive alcohol intake
or consumed tobacco products. Body fat mass, fat-free mass, and
appendicular muscle mass were determined by using dual-energy
X-ray absorptiometry (Hologic QDR 1000/w).

Experimental design

Protein metabolism study
All subjects completed a baseline protein metabolism study

after having been instructed to adhere to their usual diet, to avoid
alcohol intake, and to refrain from vigorous physical activities
for 3 days. They were admitted to the Clinical Research Unit in
the late afternoon, the day before the protein metabolism study,
consumed a standard dinner between 6:00 and 7:00 PM, and then
fasted, except for water, until the next morning. At 6:00 AM, a
catheter was inserted into an arm vein for the infusion of a stable
isotope labeled leucine tracer; a second catheter was inserted into
a vein of the contralateral hand, which was warmed to 55°C by
using a thermostatically controlled box to obtain arterialized
blood samples. The sampling catheter was kept open with a slow,
controlled infusion of 0.9% NaCl solution (30 mL/h). At 7:00 AM

(time � 0), a continuous infusion of [5,5,5-2H3]leucine (0.12
�mol/kg body weight � min; priming dose: 7.2 �mol/kg body
weight) dissolved in 0.9% NaCl solution was started and main-
tained for 5 hours.

Blood samples were obtained immediately before adminis-
tering the tracer and 60, 120, 180, 240, and 300 minutes after
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starting the tracer infusion to determine plasma hormone and
substrate concentrations and the leucine tracer to tracee ratio
(TTR) in plasma. Muscle tissue (�100 mg) was obtained under
local anesthesia (lidocaine 2%) from the quadriceps femoris by
using a Tilley-Henkel forceps at 120 minutes and 300 minutes to
determine the basal rate of muscle protein synthesis (labeled leu-
cine incorporation into muscle protein; see Calculations) and the
mRNA expressions (initial biopsy only) of MYOD1, MSTN,
FST, and FOXO3.

Hormone treatment and repeat protein metabolism
studies (postmenopausal women only)

After completing the baseline study, postmenopausal women
were randomized to one of four groups (n � 6 per group): control
(no intervention), and T, estradiol, or progesterone treatment,
which was started within 2 weeks after completing the baseline
study. Subjects randomized to the T group applied 1.25 g/d of T

transdermally (Androgel 1%; Abbvie Inc) for 21 days. Assuming
an absorption rate of 10%, this regimen was expected to deliver
approximately 1250 �g of T daily and raise plasma T concen-
tration by approximately 7-fold (6). This increase in concentra-
tion is comparable with the concentration typically found in
women with hyperandrogenemia due to polycystic ovary syn-
drome (30, 31) but somewhat below the normal range for eu-
gonadal men (32). Subjects randomized to the estradiol group
applied estradiol transdermally for 14 days by using continuous
delivery patches designed to deliver 0.1 mg estradiol per day (31
cm2 patches applied once a week; Mylan Pharmaceuticals Inc),
followed by a 14-day period without treatment. The 14-day
treatment period was repeated two more times with a 14-day
no-treatment period in between. This regimen was expected to
raise (during the active drug delivery phase) plasma estrogens to
concentrations comparable with those in young healthy women
during the mid- to late-follicular phase of the menstrual cycle

Table 1. Subjects’ Age, Body Composition, and Baseline Plasma Substrate and Hormone Concentrations

Premenopausal
(n � 12)

Postmenopausal
(n � 24) P Value

Age, y 33 � 2 61 � 2 �.01
Body mass index, kg/m2 29.7 � 1.7 29.8 � 1.2 .96
Body mass, kg 78 � 5 79 � 3 .83
Fat-free mass, kg 48 � 2 46 � 1 .45
Appendicular muscle mass, kg 19.4 � 1.0 17.8 � 0.5 .12
Body fat, % 38 � 2 41 � 1 .19
Fasting insulin, mU/L 3.9 (3.1, 5.0) 3.5 (2.5, 4.4) .25
Fasting insulin, pM 27 (22, 35) 24 (18, 30)
Fasting glucose, mg/dL 88 � 2 92 � 1 .10
Fasting glucose, mM 4.88 � 0.10 5.09 � 0.07
2-Hour post-OGTT plasma glucose, mg/dL 105 � 5 116 � 4 .14
2-Hour post-OGTT plasma glucose, mM 5.83 � 0.28 6.42 � 0.24
HOMA-IR score 0.8 (0.7, 1.1) 0.7 (0.5, 1.0) .38
Leucine, mg/dL 1.37 � 0.08 1.31 � 0.05 .47
Leucine, �M 105 � 6 100 � 4
Triacylglyerol, mg/dL 62 � 7 94 � 8 .01
Triacylglyerol, mM 0.71 � 0.08 1.06 � 0.09
Total cholesterol, mg/dL 164 � 8 197 � 6 �.01
Total cholesterol, mM 4.26 � 0.22 5.10 � 0.15
HDL-cholesterol, mg/dL 57 � 4 66 � 3 .10
HDL-cholesterol, mM 1.47 � 0.09 1.71 � 0.09
LDL-cholesterol, mg/dL 95 � 7 113 � 5 .04
LDL-cholesterol, mM 2.46 � 0.18 2.93 � 0.12
Total T, ng/dL 26 � 2 21 � 3 .23
Total T, nM 0.92 � 0.08 0.71 � 0.11
Bioavailable T, ng/dL 0.6 � 0.1 0.4 � 0.1 .26
Bioavailable T, nM 0.020 � 0.004 0.015 � 0.002
E1 � E2, pg/mL 144 � 11 84 � 6 �.01
E1 � E2, pM 529 � 40 311 � 21
Progesterone, ng/mL 3.63 � 1.49 0.16 � 0.04 �.01
Progesterone, nM 11.5 � 4.7 0.5 � 0.1
FSH, U/L 5 � 1 71 � 4 �.01
SHBG, mg/L 7.88 � 1.26 4.71 � 0.44 �.01
SHBG, nM 70 � 11 42 � 4
Cortisol, ng/dl 70 (29, 111) 129 (107, 144) �.01
Cortisol, nM 193 (81, 305) 356 (295, 398)
IGF-I, ng/dL 90 (88, 139) 66 (61, 87) �.01
IGF-I, nM 11.8 (11.5, 18.2) 8.7 (8.0, 11.4)
IGF-BP3, ng/dL 1822 � 119 1773 � 85 .74
IGF-BP3, nM 66 � 4 64 � 3

Abbreviation: HOMA-IR, homeostasis model assessment of insulin resistance. Values are mean � SEM or median (quartiles) for normally
distributed and skewed data sets, respectively.
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(33). Subjects randomized to the progesterone group applied
micronized progesterone (100 mg/d) by using a vaginal insert
(Endometrin; Ferring Pharmaceuticals Inc) for 14 days followed
by a 14-day period without treatment. The 14-day treatment
period was repeated two more times with a 14-day no-treatment
period in between. This regimen was expected to raise (during the
active drug delivery phase) plasma progesterone to concentra-
tions similar to those in premenopausal women during the luteal
phase of the menstrual cycle (34).

Subjects in the control group repeated the protein metabolism
study after 46 � 7 days (four subjects in the control group com-
pleted their second study 31–38 days after their baseline study,
one completed it after 56 days, and another after 78 days); sub-
jects randomized to the treatment groups repeated the protein
metabolism study on the day after the last dose of T (d 22 after
start of treatment) or progesterone (d 71 after start of the treat-
ment) administration or the day after removal of the last estradiol
patch (d 71 after start of the treatment), respectively. All subjects
were instructed to continue their normal diet and exercise habits
and to maintain their body weight during the intervention. Com-
pliance with the interventions was confirmed by regular phone
interviews and pill count at the end of the study.

Sample collection, processing, and analyses
Blood samples were collected in chilled tubes containing ei-

ther heparin (to determine glucose and insulin concentrations) or
EDTA (all other analyses). Samples were placed in ice and plasma
was separated by centrifugation within 30 minutes of collection
and then stored at �80°C until final analyses. Muscle samples
were rinsed in ice-cold saline immediately after collection,
cleared of visible fat and connective tissue, frozen in liquid ni-
trogen, and stored at �80°C until final analysis.

Plasma glucose concentration was determined on an auto-
mated glucose analyzer (Yellow Spring Instruments Co). Serum
total and bioavailable T concentrations were determined at the
Mayo Medical Laboratories. The bioavailable T concentration
in serum was determined by adding known amounts of tritium-
labeled T to the serum, precipitating the SHBG-bound fraction
with ammonium sulfate and measuring the radioactivity of the
supernatant as described by Wheeler (35). Total T concentration
was determined by using liquid chromatography-tandem mass
spectrometry as described by Wang et al (36). Commercially
available ELISAs were used to measure insulin (EMD Millipore),
FSH, SHBG, estrone (E1), 17�-estradiol (E2), progesterone, cor-
tisol (all from IBL-America Inc), IGF-I and IGF-binding protein
3 (IGF-BP3) (R&D Systems Inc). Plasma concentrations of tri-
acylglycerol, cholesterol (total), high-density lipoprotein (HDL)-
cholesterol, and low-density lipoprotein (LDL)-cholesterol were
measured in the Washington University Core Laboratory for
Clinical Studies by using a Hitachi 917 autoanalyzer.

Plasma leucine concentration and enrichment were deter-
mined by using gas chromatography-mass spectrometry (MSD
5973 system; Hewlett-Packard); after adding a known amount
of nor-leucine to aliquots of each plasma sample, plasma pro-
teins were precipitated, and the supernatant, containing free
amino acids, was collected to prepare the t-butyldimethylsilyl
derivatives of leucine and nor-leucine (37). To determine leucine
labeling in muscle proteins and in tissue fluid, samples (�20 mg)
were homogenized in 1 mL trichloroacetic acid solution [3%
(wt/vol)], proteins were precipitated by centrifugation, and the
supernatant, containing free amino acids was collected. The pel-

let containing muscle proteins was washed and then hydrolyzed
in 6 N HCl at 110°C for 24 hours. Amino acids in the protein
hydrolysate and supernatant samples were purified on cation-
exchange columns (Dowex 50W-X8–200; Bio-Rad Laborato-
ries). The t-butyldimethylsilyl derivative was prepared for the
analysis of muscle free leucine and the N-heptafluorobutyryl
n-propyl ester for the analysis of leucine in muscle proteins to
determine their TTR by electron impact and chemical ionization
gas chromatography-mass spectrometry (MSD 5973 system)
analysis, respectively (6, 38). The extent of leucine labeling in
plasma, muscle tissue fluid, and muscle protein was calculated
based on the simultaneously measured TTR of standards of
known isotope labeling.

MYOD1, MSTN, FST, and FOXO3 gene expression in mus-
cle was evaluated by using real-time PCR. Total RNA was iso-
lated from frozen muscle biopsy samples in Trizol reagent (In-
vitrogen), quantified spectrophotometrically (NanoDrop 1000;
Thermo Scientific) and reverse transcribed (high capacity cDNA
reverse transcription kit; Invitrogen). Gene expression was de-
termined on an ABI 7500 real-time PCR system (Invitrogen) by
using the SYBR Green master mix (Invitrogen) and the follow-
ing primer sequences: MYOD1, forward, CGCCATCCGC-
TATATCGAGG, reverse, CTGTAGTCCATCATGCCGTCG;
MSTN, forward, TCCTCAGTAAACTTCGTCTGGA, reverse,
CTGCTGTCATCCCTCTGGA; FST, forward, ACGTGT-
GAGAACGTGGACTG, reverse, CACATTCATTGCGGTAG-
GTTTTC; and FOXO3, forward, CGGACAAACGGCT-
CACTCT, reverse, GGACCCGCATGAATCGACTAT. The
expression of each gene of interest was normalized against the
threshold cycle value for the GAPDH gene (forward, TTGC-
CATCAATGACCCCTTCA, reverse, CGCCCCACTTGATT
TTGGA) because it has been reported that GAPDH is a valid
housekeeping gene across a wide age range in human skeletal
muscle (39, 40). To ascertain the validity of GAPDH as a house-
keeping gene in our hormone interventions, we also compared
the expression of our genes of interest against �-actin (ACTB,
forward, CATGTACGTTGCTATCCAGGC, reverse, CTCCT-
TAATGTCACGCACGAT) and the results were the same (data
not shown).

Calculations
The fractional synthesis rate (FSR) of mixed muscle protein

was calculated from the rate of incorporation of [2H3]leucine

Figure 1. Skeletal muscle protein FSR during basal, postabsorptive
conditions in pre- and postmenopausal women. Data are mean �
SEM. *, Value significantly different from value in premenopausal
women (P � .05).
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into muscle protein, using a standard precursor-product model
as follows: FSR � �Ep/Eic 	 1/t 	 100; where �Ep is the change
between two consecutive biopsies in extent of labeling (TTR) of
protein-bound leucine. Eic is the mean labeling over time of the
precursor for protein synthesis, and t is the time between biop-
sies. The free leucine labeling in muscle tissue fluid was chosen to
represent the immediate precursor for muscle protein synthesis
(ie, aminoacyl-t-RNA) (41). The homeostasis model assessment
of insulin resistance score was calculated as the product of
plasma insulin (microunits per milliliter�1) and glucose (milli-
moles per liter�1) concentrations divided by 22.5 (42).

Statistical analyses
All data sets were tested for normality by using the Kolm-

ogorov-Smirnov test. Differences between pre- and postmeno-
pausal women were evaluated by using a Student’s t test for
independent samples (for normally distributed data) or a Mann-
Whitney U test (for skewed data sets). A repeated-measures
ANOVA and a Tukey’s post hoc procedure were used to evaluate
the significance of hormone treatment-induced changes in
plasma substrate and hormone concentrations and the muscle
protein FSR. Skewed data sets were log transformed for
ANOVA. Statistical contrasts focused on treatment vs control
comparisons. A Kruskal-Wallis one-way ANOVA and a Bon-
ferroni-corrected Mann-Whitney U post hoc analyses were used
to evaluate differences in gene expression between the control
and individual treatment groups. The potential impact of time

between studies on the change in muscle protein FSR in the con-
trol group was assessed by using the Pearson product-moment
correlation coefficient.

A value of P � .05 was considered statistically significant.
Data in the text are presented as means � SEM; data in tables and
figures are expressed as indicated in the legends. All analyses
were carried out with SPSS version 20 for Windows (IBM).

Results

Pre- vs postmenopausal women
Pre- and postmenopausal women were well matched on

total body mass, body mass index, body composition, and
insulin sensitivity (Table 1). However, postmenopausal
women were older (as expected) and had a somewhat
worse plasma lipid profile than premenopausal women
(Table 1). Total and bioavailable plasma T, leucine, and
IGF-BP3 concentrations were not different in pre- and
postmenopausal women, whereas plasma progesterone,
estrogen, IGF-I, and SHBG concentrations were signifi-
cantly lower and FSH and cortisol concentrations were
greater in post- compared with premenopausal women (all
P � .01; Table 1). The muscle protein FSR was approxi-

mately 20% greater (P � .02; Figure
1) and MYOD1, FST, and FOXO3
mRNA expressions were approxi-
mately40%–90%greater(P� .05;Fig-
ure 2) in postmenopausal than pre-
menopausal women. MSTN mRNA
expression was not different in pre-
menopausal and postmenopausal
women (Figure 2).

Effect of hormone treatments in
postmenopausal women

Plasma substrate and hormone
concentrations were unchanged in
the control group (Table 2). In the T
and progesterone groups, plasma T
and progesterone concentrations, re-
spectively, were significantly greater
the day after the final treatment
dose than before treatment, whereas
plasma substrate and hormone con-
centrations were unaffected by the
hormone treatments (Table 2). In the
estradiol group, plasma estrogen
concentration was significantly ele-
vated 12 hours after the patch re-
moval, and plasma triacylglycerol
concentration was reduced by ap-
proximately 20% compared with

Figure 2. Skeletal muscle MYOD1, FST, MSTN, and FOXO3 gene expression (relative to GAPDH)
during basal, postabsorptive conditions in pre- and postmenopausal women. Data are median
(central horizontal line), 25th and 75th percentiles (box), and minimum and maximum values
(vertical lines). *, Value significantly different from corresponding value in premenopausal
women (P � .05).
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pretreatment values (both P � .05; Table 2).
The average muscle protein FSR was unchanged in the

control group (Figure 3), and the time between the two
studies (31–78 d) did not correlate with the change in
muscle protein FSR (r � 0.06, P � .91). Estradiol treat-
ment did not affect the muscle protein FSR, whereas both
T and progesterone treatment increased it by approxi-
mately 50% (both P � .01; Figure 3). T and estradiol
treatment had no effect on skeletal muscle MYOD1,
MSTN, FST, and FOXO3 mRNA expression; progester-
one treatment significantly increased MYOD1 mRNA ex-
pression (P � .05) but had no effect on MSTN, FST, and
FOXO3 mRNA expression (Figure 4).

Discussion

Our study confirms previous observations by our own and
other research groups concerning the anabolic effect of T
(3–7) and an age-related up-regulation of both stimula-
tory and inhibitory muscle growth regulatory genes and
accelerated basal muscle protein turnover in women (14,
43, 44), which might be indicative of increased skeletal
muscle remodeling in post- compared with premeno-
pausal women. In addition, it provides several novel find-

ings regarding female sex hormone action on muscle pro-
tein metabolism. We have demonstrated that estradiol has
no effect on muscle protein synthesis or the expression of
genes involved in the regulation of muscle mass, whereas
progesterone has potent stimulatory effects on muscle pro-
tein synthesis and MYOD1 mRNA expression. It is there-
fore unlikely that the greater rate of muscle protein syn-
thesis and overexpression of muscle growth-regulatory
genes in older, postmenopausal compared with younger,
premenopausal women in the present and other studies
(14, 43, 44) are due solely to age- and menopause-asso-
ciated changes in the plasma sex steroid milieu.

The lack of effect of estradiol on muscle growth-regu-
latory gene expression in our study is consistent with the
results from studies conducted in rodents. Several studies
have demonstrated that estradiol has no effect on basal
muscle growth-stimulatory factor expression in ovariec-
tomized female and orchidetcomized male mice and rats
(45–49). However, estradiol treatment augments muscle
MYOD1 expression during recovery from muscle injury
in ovariectomized rats (45, 46, 49) and prevents the or-
chidetcomy-induced decrease in FBXO32 expression
(47). Similar studies evaluating the effect of progesterone
have, to our knowledge, not been performed. The results

Table 2. Plasma Substrate and Hormone Concentrations in Postmenopausal Women Before and After Treatment
With T, Estradiol, or Progesterone or No Intervention (Control)

Control T Estradiol Progesterone

Before After Before After Before After Before After

Glucose, mg/dL 97 � 3 94 � 3 92 � 2 91 � 1 96 � 4 95 � 3 93 � 2 95 � 2
Glucose, mM 5.36 � 0.19 5.21 � 0.17 5.11 � 0.11 5.07 � 0.08 5.33 � 0.24 5.28 � 0.15 5.17 � 0.12 5.27 � 0.11
Insulin, mU/L 3.1 (2.6, 4.3) 3.3 (2.8, 4.1) 2.8 (1.6, 4.2) 3.2 (2.1, 3.9) 4.0 (3.0, 5.6) 3.3 (2.7, 4.5) 3.2 (2.7, 3.6) 4.0 (2.8, 4.9)
Insulin, pM 22 (18, 30) 23 (19, 28) 19 (11, 29) 22 (15, 27) 28 (21, 39) 23 (19, 31) 22 (19, 25) 27 (19, 34)
Leucine, mg/dL 1.30 � 0.10 1.27 � 0.07 1.32 � 0.13 1.38 � 0.16 1.22 � 0.05 1.25 � 0.07 1.40 � 0.10 1.43 � 0.09
Leucine, �M 99 � 7 97 � 5 101 � 10 105 � 12 93 � 4 95 � 6 106 � 7 109 � 7
Triacylglyerol, mg/dL 102 � 14 86 � 15 73 � 5 82 � 8 132 � 22 108 � 19a 95 � 16 105 � 23
Triacylglyerol, mM 1.15 � 0.15 0.98 � 0.17 0.82 � 0.06 0.93 � 0.09 1.49 � 0.25 1.22 � 0.22a 1.07 � 0.18 1.19 � 0.26
Total cholesterol, mg/dL 187 � 6 181 � 6 198 � 13 195 � 11 180 � 15 180 � 12 192 � 8 188 � 9
Total cholesterol, mM 4.83 � 0.15 4.68 � 0.16 5.14 � 0.33 5.06 � 0.28 4.66 � 0.40 4.67 � 0.31 4.96 � 0.21 4.86 � 0.24
HDL-cholesterol, mg/dL 64 � 5 66 � 4 70 � 8 64 � 5 53 � 7 54 � 6 65 � 8 54 � 6
HDL-cholesterol, mM 1.66 � 0.13 1.70 � 0.11 1.81 � 0.20 1.65 � 0.13 1.38 � 0.18 1.40 � 0.17 1.68 � 0.21 1.39 � 0.16
LDL-cholesterol, mg/dL 102 � 6 98 � 5 114 � 11 115 � 10 100 � 12 105 � 8 113 � 7 112 � 8
LDL-cholesterol, mM 2.65 � 0.15 2.53 � 0.14 2.95 � 0.28 2.98 � 0.25 2.60 � 0.31 2.72 � 0.21 2.91 � 0.18 2.91 � 0.20
Total T, ng/dL 16 � 3 16 � 3 21 � 6 241 � 78a 24 � 11 23 � 8 22 � 5 22 � 5
Total T, nM 0.55 � 0.10 0.56 � 0.12 0.74 � 0.20 8.36 � 2.70a 0.82 � 0.37 0.79 � 0.27 0.75 � 0.17 0.77 � 0.17
Bioavailable T, ng/dl 0.3 � 0.1 0.4 � 0.1 0.5 � 0.1 6.7 � 2.3a 0.5 � 0.2 0.4 � 0.1 0.5 � 0.1 0.4 � 0.1
Bioavailable T, nM 0.011 � 0.001 0.013 � 0.003 0.016 � 0.005 0.232 � 0.080a 0.017 � 0.007 0.014 � 0.004 0.017 � 0.004 0.014 � 0.004
E1 � E2, pg/mL 82 � 5 92 � 14 91 � 17 89 � 13 88 � 12 114 � 18a 77 � 11 92 � 23
E1 � E2, pM 304 � 19 339 � 53 337 � 62 327 � 48 323 � 43 422 � 66a 283 � 41 340 � 84
Progesterone, ng/mL 0.17 � 0.07 0.19 � 0.05 0.12 � 0.03 0.13 � 0.03 0.08 � 0.03 0.09 � 0.03 0.25 � 0.12 1.16 � 0.42a

Progesterone, nM 0.55 � 0.21 0.62 � 0.17 0.38 � 0.08 0.43 � 0.08 0.25 � 0.08 0.27 � 0.09 0.79 � 0.39 3.68 � 1.34a

SHBG, mg/L 5.62 � 1.02 5.27 � 0.80 4.40 � 0.67 4.41 � 0.59 3.93 � 0.66 5.51 � 1.27 4.87 � 1.13 5.00 � 1.00
SHBG, nM 50 � 9 47 � 7 39 � 6 39 � 5 35 � 6 49 � 11 43 � 10 44 � 9
Cortisol, ng/mL 129 � 17 110 � 18 137 � 13 165 � 17 104 � 18 141 � 12 160 � 27 135 � 21
Cortisol, nM 355 � 48 303 � 49 378 � 37 456 � 48 286 � 51 388 � 33 443 � 75 371 � 58
IGF-I, ng/mL 84 � 9 80 � 8 72 � 11 72 � 15 79 � 6 71 � 8 61 � 3 72 � 10
IGF-I, nM 11.0 � 1.1 10.5 � 1.0 9.4 � 1.5 9.4 � 2.0 10.4 � 0.8 9.3 � 1.1 8.0 � 0.4 9.4 � 1.3
IGF-BP3, ng/mL 1883 � 164 1873 � 152 1856 � 173 1898 � 121 1703 � 168 1476 � 146 1651 � 200 1428 � 148
IGF-BP3, nM 68 � 6 67 � 5 67 � 6 68 � 4 61 � 6 53 � 5 59 � 7 51 � 5

Data are expressed as mean � SEM or median (quartiles) for normally distributed and skewed data sets, respectively, after values were obtained
12 hours after the last dose of T or progesterone administration or removal of the last estradiol patch (see text for details).
a Value significantly different (P � .05) from corresponding preintervention value.
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from previous studies concerning the effects of female sex
steroids on muscle protein turnover are inconsistent. A
study conducted in ovariectomized rats demonstrated that
progesterone and estradiol suppress the rate of muscle
protein synthesis (13), whereas a study conducted in grow-
ing steer found that estradiol increases the rate of muscle
protein synthesis (50). The results from earlier studies con-
ducted in postmenopausal women suggest that the basal
rate of muscle protein synthesis is less in women who re-
ceived estrogen replacement therapy after hysterectomy
compared with age-matched postmenopausal women (15)
and less in women who use oral, combination birth con-
trol preparations than those who do not (16).

The interpretation of these results, however, is com-
plicated by the following: 1) the overiectomy-induced
changes in physical activity and body weight in rats (51,
52), 2) the fact that muscle protein synthesis was not di-
rectly measured (but estimated based on indirect measures
of the muscle protein breakdown rate and net muscle pro-
tein mass changes) in growing steer (50), 3) the cross-
sectional nature of the human studies, and 4) the effect of
orally delivered sex steroids on anabolic and catabolic
plasma hormone (eg, IGF-I, T, and cortisol) concentra-
tions (20–22). We, in contrast, used a longitudinal, ran-
domized, controlled study design and carefully selected
our treatments to mimic as closely as possible normal
physiological conditions; ie, we chose to provide 17�-es-

tradiol and micronized progesterone in replacement doses
and delivered them to tissues through the systemic circu-
lation to avoid these confounding influences; in fact, none
of our hormone treatments affected the concentrations of
insulin, IGF-I, IGF-BP3, or cortisol or resulted in nonspe-
cific sex hormone concentration changes.

The mechanism(s) responsible for the progesterone-in-
duced increase in muscle protein synthesis are unclear.
However, our data suggest that the mechanism(s) respon-
sible for the anabolic effect of progesterone is different
from that of T and therefore most likely the result of pro-
gesterone receptor rather than androgen receptor activa-
tion, which is consistent with the results from studies per-
formed on rodent cardiac muscle (53) demonstrating that
blocking the progesterone receptor also blocks the stim-
ulatory effect of progesterone on cardiac muscle protein
synthesis. Progesterone treatment induced a significant in-
crease in MYOD1 mRNA expression, whereas congruent
with the results from studies conducted by other investi-
gators (54, 55), T did not affect MYOD1 or MSTN mRNA
expression. Increased progesterone-induced MYOD1 ex-
pression suggests increased satellite cell activation may
play a role in this observation.

It is unlikely that the lack of an effect of estradiol was
due to lack of compliance or insufficient dosing. We chose
a dosing regimen that raises plasma estrogen to concen-
trations comparable with those in young healthy women
during the mid- to late-follicular phase of the menstrual
cycle (33), and plasma estrogen concentration was still
significantly increased 12 hours after patch removal in our
subjects. Furthermore, transdermal estradiol treatment
produced the well-known hypotriglyceridemic effect in
our women (56). It is also unlikely that the duration of
estradiol treatment in the present study was too short to
have an effect on the rate of muscle protein synthesis.
Both estradiol and progesterone were given for the same
amount of time, and progesterone increased the rate of
muscle protein synthesis. Furthermore, T and other
known anabolic steroids (4, 5, 57, 58) have been shown to
increase the rate of muscle protein synthesis within 5–28
days of treatment. It is conceivable (although we consider
it unlikely) that our study was underpowered to detect a
change in muscle protein FSR after estradiol treatment. In
fact, the pre- and posttreatment difference in muscle pro-
tein FSR in the estradiol group was so small (0.0003% �
0.011%/h) that we would have needed more than 50 000
subjects to detect it with a sufficiently small probability of
type I error (� � .05) and sufficient power (� .80) to reject
the null hypothesis. Thus, we conclude that even if estra-
diol did affect muscle protein synthesis but we were not
able to detect it, the effect was likely to be negligible. We
recognize the limitations of our study and the fact that we

Figure 3. Skeletal muscle protein FSR in postmenopausal women
during basal, postabsorptive conditions before and after no
intervention (control) or treatment with T, estradiol, or progesterone
(top) and the treatment-induced changes in FSR in each group
(bottom). Data are mean � SEM. *, Value significantly different from
corresponding value before treatment (P � .05); †, value significantly
different from corresponding value in the control group (P � .05).
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are not able to determine whether larger, pharmacological
doses of estradiol, or more prolonged treatment, or estra-
diol and progesterone combination therapy would result
in different outcomes; we will attempt to answer these
questions in future studies.

We did not measure muscle protein breakdown rates or
changes in muscle mass in response to the different sex
hormone treatments in this study. Therefore, we are un-
able to tell whether the progesterone-induced increase in
muscle protein synthesis will ultimately result in net mus-
cle protein gain and increased muscle mass or whether the
lack of an effect of transdermally delivered estradiol on
muscle protein synthesis rules out this treatment as a
potential muscle net growth agent in postmenopausal
women. To our knowledge, only two studies have evalu-
ated the effect of transdermal estradiol therapy on lean
body (but not muscle) mass. One reported no estradiol-
induced change in lean body mass (55) and the other re-
ported an increase (56) but lacked a placebo control group
to rigorously judge the effect. Therefore, the effect of sys-
temically delivered estradiol on muscle mass remains un-
known. We are not aware of any study that evaluated the
effect of progesterone on muscle mass. On the other hand,
our data from young, premenopausal vs older, postmeno-
pausal women (greater synthesis rate in old compared
with young women) and the well-established decline in
muscle mass with aging (59–61) indicate that older
women must (by deduction) also have an increased rate of
muscle protein breakdown. We are not aware of any study

that reports muscle protein break-
down rates in old compared with
young women. However, we (pres-
ent study) and others (44) have ob-
served an age-related up-
regulation of catabolic genes (ie,
FOXO3 and MuRF1 mRNA expres-
sion) in muscle that supports this
concept and helps explain the age-
associated loss of muscle mass in the
face of an increased muscle protein
synthesis rate. Furthermore, the con-
comitant up-regulation of both mus-
cle protein synthesis and breakdown
in old compared with young women
might further be indicative of in-
creased skeletal muscle remodeling
in post- compared with premeno-
pausal women.

In summary, we report an up-
regulation of both stimulatory and
inhibitory muscle growth regulatory
genes and a faster muscle protein
FSR in older, postmenopausal com-

pared with carefully matched, younger, premenopausal
women. These age-related differences in basal muscle pro-
tein turnover in women do not appear to be explained by
the age- and menopause-related changes in the plasma sex
hormone milieu because we found that both testosterone
(21 d of continuous delivery) and progesterone replace-
ment (given for the equivalent of approximately three
menstrual cycles) stimulate muscle protein synthesis,
whereas estradiol replacement (given for the equivalent
amount of time) does not affect the rate of muscle protein
synthesis. The exact mechanisms by which progesterone
stimulates muscle protein turnover remain to be eluci-
dated but may be related to increased satellite cell activa-
tion as suggested by the increased MYOD1 expression.
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