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Abstract (Word count 246) 

Objectives: Menopause and decline in estradiol (E2) may contribute to sarcopenia (i.e., age-related 

decline in muscle mass and strength) in women. E2 may directly impact skeletal muscle protein 

breakdown via estrogen receptor (ER) signaling, primarily ERα. It is not yet known whether: 1) E2 

regulates pathways of skeletal muscle protein breakdown; 2) E2-mediated changes in protein breakdown 

markers are associated with ERα activation and insulin sensitivity; and 3) the effects of E2 on protein 

breakdown markers differ by increasing time since menopause. 

Study design: We studied 27 women who were ≤6 years past menopause (early postmenopausal, EPM; 

n=13) or ≥10 years past menopause (late postmenopausal, LPM; n=14). Fasted skeletal muscle samples 

were collected following 1 week of transdermal E2 or placebo treatment in a randomized cross-over 

design. 

Main outcome measures: We analyzed for cytosolic protein content of the: 1) structural proteins myosin 

heavy chain (MHC) and tropomyosin; and 2) protein regulatory markers: protein kinase B (Akt), muscle-

specific ring finger protein1 (MuRF1), atrogin1, and forkhead box O3 (FOXO3) using Western blot. 

Results: In response to acute E2, FOXO3 activation (dephosphorylation) and MuRF1 protein expression 

decreased in EPM but increased in LPM women (p<0.05). ERα activation was not associated with these 

protein breakdown markers, but FOXO3 activation tended to be inversely correlated (r=-0.318, p=0.065) 

to insulin sensitivity.  

Conclusions: These preliminary studies suggest the effects of E2 on skeletal muscle protein breakdown 

markers were dependent on time since menopause, which is consistent with our previous study on insulin 

sensitivity. 

 

Key words: menopause, estradiol, skeletal muscle, protein breakdown, FOXO3 
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muscle-specific ring finger protein1 (MuRF1), forkhead box O3 (FOXO3), glucose disposal rate (GDR), 
oral glucose tolerance test (OGTT), Clinical and Translational Research Center (CTRC)  
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1. Introduction 

Falls and hip fractures, and the ensuing loss of independent living are significant health issues in aging 

women. Older women experience greater rates of morbidity and physical disability than older men [1]. 

The age-related decline in muscle mass and strength (i.e., sarcopenia) contributes to this physical 

disability and increases health costs in this population [2]. Sarcopenia is not exclusively a condition of the 

very old, but instead occurs in ambulatory adults in middle age [3]. Although sarcopenia may begin in the 

third decade, changes in sex hormones and skeletal muscle protein metabolism become contributing 

factors in the fourth decade and beyond [3]. The decline in sex hormones during menopause in all 

women, as opposed to andropause which occurs in <10% of men during this time period [4], requires a 

closer examination of whether menopause contributes to sarcopenia in women. Lower lean mass in post- 

compared to premenopausal women has been found in cross-sectional studies [5, 6] including the Study 

of Women’s Health Across the Nation [5]. Furthermore, other studies reported that the decline in muscle 

strength in women begins around the time of menopause and occurs at a faster rate than in men [7]. It is 

important to elucidate the underlying mechanism(s) by which menopause contributes to the decline in 

skeletal muscle mass and identify the ovarian hormones associated with this muscular deterioration in 

women. 

Increasing evidence suggests that estradiol (E2) is an important factor in the menopause-related reduction 

in muscle mass. E2-based hormone therapy (HT) has been shown to preserve muscle mass and function in 

postmenopausal women [8, 9]. E2 may directly impact myocytes via estrogen receptor (ER) signaling [10] 

and indirectly impact muscle mass and function through behavioral changes (i.e., free-living physical 

activity) [11]. Our recent work showed that acute E2 treatment tended to increase the activation of ERα 

(i.e., translocation into the nucleus), with no change in ERβ, in skeletal muscle tissues obtained from early 

(EPM, ≤6 years) and late (LPM, ≥10 years) postmenopausal women [12]. It is not known whether E2 

treatment alters skeletal muscle protein metabolism (i.e. protein breakdown), and whether this E2-

mediated change in muscle protein metabolism is associated with ERα protein activation. Furthermore, 

our previous study [13] demonstrated that E2 action on insulin-stimulated glucose disposal rate (GDR, i.e. 



  

4 
 

insulin sensitivity) was improved in EPM women but worsened in LPM women. These findings suggest 

that E2 action on protein metabolism could also change with increasing time since menopause. 

The PI3K and protein kinase B (Akt) pathway is a key regulator of muscle protein degradation [14], and 

can be activated (phosphorylated) by insulin and growth factors [15]. When activated, Akt inhibits protein 

degradation via multiple signaling branches including phosphorylation (deactivation) of cytosolic 

forkhead box O (FOXO) [16]. Conversely, deactivation of Akt results in dephosphorylation (activation) 

of FOXO and promotes its translocation to the myonucleus [17]. Nuclear FOXO activates the 

transcription of atrophic genes, including the atrogin-1 and muscle-specific ring finger protein1 (MuRF1) 

[18]. These atrogenes are components of the ubiquitin/proteosome machinery that degrades myofibrillar 

proteins, such as myosin heavy chain (MHC) and troponin [16]. A previous study [19] demonstrated 

lower expression of protein breakdown markers (i.e. FOXO3 and MuRF1) in early postmenopausal 

women using estrogen-based HT compared to non-HT users, suggesting an anti-catabolic role of E2 in 

skeletal muscle. As a follow-up to our initial study [12] of skeletal muscle ER protein, the purpose of this 

study was to determine whether: 1) E2 plays a critical role in signaling skeletal muscle protein breakdown 

in postmenopausal women; 2) E2-mediated changes in markers of  protein breakdown are associated with 

ERα activation; and 3) these changes differ by increasing time since menopause. 

2. Experimental 

2.1 Participants 

We retrospectively analyzed skeletal muscle samples from a subset of postmenopausal women enrolled in 

our parent study [13] (13 EPM, ≤6 years of menopause; and 14 LPM, ≥10 years past menopause). 

Participants were healthy, aged 45-70 years, non-obese (BMI<30kg/m2), sedentary to moderately 

physically active, and with no history of using any formulation of estrogen-based HT. Detailed inclusion 

and exclusion criteria have been described previously [13].  The protocol was approved by the Colorado 

Multiple Institutional Review Board and participants provided written informed consent.  

2.2 Experimental Design 
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This was a randomized, double-blinded, cross-over study wherein participants completed two treatment 

conditions: one week of transdermal placebo (PL) or E2 (0.15mg/patch) separated by a six-week washout 

period. Oral glucose tolerance and body composition were measured before the first treatment. Specimens 

of vastus lateralis muscle were obtained prior to a hyperinsulinemic-euglycemic clamp on the last day of 

each treatment.  

2.3 Glucose tolerance, insulin sensitivity, and circulating E2 

A 75g oral glucose tolerance test (OGTT) was administered in the morning following an overnight fast. 

Glucose tolerance was determined from the area under the curve for plasma glucose over two hours, using 

the trapezoidal method [13]. Whole body insulin sensitivity was measured in response to a 

hyperinsulinemic-euglycemic clamp as previously reported [13].  Plasma insulin and glucose samples 

from the OGTT and clamp tests were stored at -80°C and analyzed by the Colorado Clinical and 

Translational Research Center (CTRC) Laboratory. To demonstrate effectiveness of the transdermal 

treatment, serum levels of E2 were measured using chemiluminescense (Beckman Coulter Life Sciences, 

Indianapolis, IN) by the CTRC Laboratory. 

2.4 Body composition 

Whole body fat-free mass and fat mass were measured by a dual x-ray absorptiometry (Hologic 

Discovery W, software version 11.2) as previously described [20]. Mid-thigh muscle areas were assessed 

by computed tomography as previously described [21]. Participants were asked to maintain body weight 

within ±2 kg throughout the study.  

2.5 Three-day dietary lead-in 

Participants consumed standardized meals (prepared by the CTRC metabolic kitchen) for the three days 

prior to each biopsy as previously reported [13]. Dietary composition was 50% carbohydrate, 34% fat, 

and 16% protein. The daily energy requirement to maintain body weight for each participant was 

determined using the Harris-Benedict equation [22]. 

2.6 Human muscle biopsy 
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Participants were instructed to avoid exercise for the 3 days prior to each muscle biopsy and to fast the 

night (~12 hr) before the biopsies. After sanitizing the skin in a sterile manner, 1% lidocaine was injected 

subcutaneously. A ~0.75 cm incision was made in the skin and fascia over the belly of the vastus lateralis, 

and a 5-mm Bergstrom side-cut biopsy needle was inserted into the muscle. Approximately 100 mg 

skeletal muscle specimens were obtained from one or more passes of the needle using suction. Specimens 

were cleaned of obvious adipose and blood, immediately flash frozen in liquid N2, and later stored at -

80C. 

2.7 Cellular protein fractionation 

The cellular protein fractionation method was partially modified from previous studies [23]. Skeletal 

muscle (~30mg ) was homogenized using a tissue homogenizer (Bullet blender, Next Advance, Averill, 

NY) in Buffer A containing 100mM NaCl, 20mM hepes, 50mM NaF, 1mM ethyleneglycol tetraacetic 

acid, 1mM ethylenediamine tetraacetic acid, 1mM dithiothreitol, 2mM 4-(2-Aminoethyl) benzenesulfonyl 

fluoride hydrochloride, 1mM sodium orthovanadate, 20ug/ml aprotinin, 20ug/ml leupeptin, 20ug/ml 

antipain, 5mM p-chloromercuri phenylsulfonate, 10mM iodoacetamide, and 6ul/ml phosphatase inhibitor 

cocktail 2&3; and centrifuged at 500g at 4C for 5 min. Supernatant (cytosol fraction) was stored in -

80C.  

2.8 Western blot 

All targeted proteins were measured in the cytosolic protein fraction. Protein concentrations in the 

cytosolic fraction were assessed using the Pierce BCA protein assay kit (Thermo Scientific, Rockford, 

IL).  The protein homogenates (30 µg of protein) with laemmli buffer were separated by sodium dodecyl 

sulphate-polyacrylamide gel electrophoresis, and transferred onto polyvinylidene difluoride membranes. 

Membranes were probed with primary antibodies (1:200-1,000 concentrations in 5% bovine serum 

albumin). Troponin antibody was obtained from Cell Signaling (#4002; Beverly, MA); Akt and pAkt 

from Santa Cruz Biotechnology (#8312, #33437, respectively; Santa Cruz, CA); MuRF1 and atrogin1 

from ECM Biosciences (MP3401, #AP2041; Versailles, KY); MHC from R&D systems (mab4470, 
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Minneapolis, MN); FOXO3 from Abcam (#12162, Cambridge, MA); and pFOXO3 from Invitrogen 

(pa537578, Rockford, IL). Individual protein bands were quantified using a densitometer (Bio-Rad), and 

normalized to emerin (#5430, Cell Signaling, Beverly, MA) for the structural proteins, MHC and troponin 

[24], and to β-actin (#4967, Abcam, Cambridge, MA) for the other cytosolic proteins.  

2.9 Statistical analysis 

A two-group repeated measures design was used to test the main effects of group (EPM and LPM) and 

treatment (PL and E2), and the group x treatment interactions. If a significant group x treatment 

interaction was found, LSD post-hoc tests were performed for pair-wise comparisons. Bivariate Pearson’s 

correlations were used to test the association between protein expression and insulin sensitivity. Baseline 

group differences were assessed using t tests. All data were analyzed using IBM SPSS Statistics version 

24.0. Data are reported as mean ± SEM unless otherwise specified, and P<0.05 was considered 

statistically significant. 

3. Results 

3.1 Participants 

LPM women were 7 years older and 9 more years past menopause compared to EPM (Table 1). LPM 

women had less total body fat mass, fat-free mass, thigh muscle area, and body weight compared to EPM, 

but there was no group difference in percent body fat. All women had normal OGTT glucose and insulin 

concentrations with no significant group differences. Our parent study [13] showed a significant group x 

treatment interaction for GDR (i.e. whole body insulin sensitivity) such that E2  treatment improved GDR 

in EPM but diminished GDR in LPM, compared to the PL. However, the present study with a smaller 

subset found no significant interaction (P=0.14). There was no significant group difference in circulating 

E2 level on the PL arm, but E2 treatment significantly increased circulating E2 level in both EPM and LPM 

(P<0.001). 

3.2 Muscle protein expression 

We found no significant group or treatment effects on the expression of the structural proteins, MHC and 

tropomyosin (Figure 1). There were no significant group or treatment effects on Akt, pAkt, or the ratio of 
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pAkt/Akt protein expression (Figure 2A-C). Although there was no difference in FOXO3 expression 

between groups, we found a non-significant trend for pFOXO3 to increase following E2 treatment in EPM 

and to decrease in LPM (group x treatment interaction, P=0.160; Figure 2D and E). The ratio of 

FOXO3/pFOXO3 (i.e. dephosphorylation) showed a significant group x treatment interaction (P=0.027; 

Figure 2F) such that E2 decreased this ratio 20% in EPM but increased 68% in LPM. Similarly, there was 

a significant group x treatment interaction (P=0.013; Figure 3A) for MuRF1 protein whereby E2 

decreased MuRF1 31% in EPM but increased MuRF1 17% in LPM. We found no group differences or 

treatment effects on atrogin1 protein expression (Figure 3B). We found no group differences or treatment 

effects on our loading controls, emerin and β-actin (all, p>0.05). 

3.3 Associations 

The E2-mediated change in FOXO3/pFOXO3 protein expression was not correlated with the E2-mediated 

change in ERα activation (i.e. the ratio of nuclear/cytosolic ERα protein expression; r=-0.037, P=0.880; 

Figure 4A; ERα data were presented in our previous study [12]), but tended to be inversely correlated 

with the E2-mediated change in GDR (i.e. whole body insulin sensitivity; r=-0.318, P=0.065; Figure 4B). 

4. Discussion 

The present study is the first to demonstrate that the effects of E2 on markers of skeletal muscle protein 

breakdown were dependent on time since menopause, such that acute E2 treatment decreased FOXO3 

activation and MuRF1 protein expression in EPM but increased these catabolic markers in LPM. We 

hypothesized that the action of E2 on signaling pathways for skeletal muscle protein breakdown would be 

mediated through ERα activation but this was not the case. Instead, our data suggest that the E2-mediated 

change in FOXO3 activation was inversely correlated with the E2-mediated change in insulin sensitivity. 

Lastly, the present study found no group differences or significant effects of E2 treatment in the content of 

two skeletal muscle structural protein markers. 

4.1 Estradiol treatment and skeletal muscle mass 

Using an appendicular lean mass index (≤5.67 kg/m2) assessed by DXA, Newman et al. [25] showed that 

the prevalence of sarcopenia was approximately 20% in older postmenopausal women. The onset of 
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sarcopenia could be triggered by the menopause transition beginning in the fourth decade of age and 

progressing thereafter [3]. In some cross-sectional studies, menopause was associated with lower muscle 

mass [5, 6] and strength [7, 26]. It is becoming increasingly evident that E2 may be an important factor in 

the development of sarcopenia in women. Studies of HT [8, 9] support the importance of E2 for 

preserving lean body mass and skeletal muscle mass in postmenopausal women. Perhaps most compelling 

is the study [9] of postmenopausal, monozygotic twins in which one twin was treated with E2-based HT 

for 7 years. The HT-treated twin had greater thigh muscle area, muscle power, and mobility relative to the 

twin not using HT. Because E2 treatment for one week in the present study would have been too brief to 

elicit changes in skeletal muscle or whole body lean mass, we investigated skeletal muscle structural 

proteins (i.e. MHC and troponin) that would be targets of FOXO and downstream catabolic mechanisms, 

but found no E2-related effects. A longer duration of E2 treatment may be necessary to detect measurable 

changes in muscle structural proteins and skeletal muscle mass. 

4.2 Estradiol treatment and muscle protein breakdown 

Dephosphorylated FOXO in cytosol activates the transcription of two muscle-specific E3 ligases, atrogin-

1 and MuRF1 [18]. Both enzymes are highly expressed in animal and human models of acute muscle 

atrophy, and regulate the ubiquitination-degradation process of both structural (i.e. MHC and 

tropomyosin) and regulatory (i.e. MyoD) proteins [27, 28]. In young men, atrogin-1 mRNA expression 

increased more than 2-fold, MuRF-1 mRNA expression increased 1.5-fold, and total ubiquitinated 

proteins increased 4-fold in response to 20 days of bedrest that resulted in muscle atrophy [29]. In 

response to leg immobilization (i.e., knee casting) for 2 weeks, quadriceps lean mass significantly 

decreased by 4.7% and atrogin-1 protein expression significantly increased by 62% compared to baseline 

levels in young men [30]. These studies suggest that the protein breakdown markers, FOXO3, MuRF1, 

and atrogin1, play a critical role in regulating muscle mass.  

One of the most interesting findings in the present study is that the effects of E2 on markers of skeletal 

muscle protein breakdown (i.e. FOXO3 activation and MuRF1 content) were dependent on time since 

menopause, such that we found anti-catabolic effects of E2 (i.e. suppressing protein breakdown) in 
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women who were ≤6 years postmenopause but an adverse effect in women with ≥10 years 

postmenopause. Our findings in EPM women are in line with Dieli-Conwright et al. [19] who 

demonstrated lower expression of FOXO3 and MuRF1 in postmenopausal women aged 50-57 years 

(similarly aged to our EPM) using HT compared to non-users. It is more difficult to explain why E2 

would become pro-catabolic later in menopause. A pre-clinical study [31] using young (7-week-old) 

ovariectomized mice partially supports our findings of a catabolic effect of E2. A single intramuscular 

injection of E2 valerate (0.1 mg/kg) caused an increase in ubiquitin-specific protease 19 (a critical enzyme 

of the ubiquitination-degradation process) protein expression, and a decrease in hindlimb muscle mass. 

However, this preclinical model of ovariectomy may not be a relevant comparison to the progressive 

changes in circulating sex hormones in the LPM women in the present study. To our knowledge, there 

have been no animal and human studies investigating the effect of E2 treatment on markers of muscle 

metabolism with the initiation of E2 ≥ several months post ovariectomy in mice or ≥ 10 years post 

menopause in women. Additional studies are necessary to delve into the mechanisms by which E2 may 

become detrimental to skeletal muscle later in menopause.  

4.3 Muscle protein breakdown, estrogen receptor, and insulin sensitivity 

E2 may directly impact skeletal muscle cells via ERα and/or ERβ signaling [10]. In rodents, selective 

knock out of skeletal muscle ERα, but not ERβ, led to impaired glucose and insulin metabolism [32, 33]. 

Our parent study, utilizing muscle specimens from the same participants as in the present study, showed 

that the ratio of ERα nuclear/cytosolic (a surrogate marker of ER activation; translocation into nucleus) 

tended to be increased (p=0.07) following E2 treatment independent of time since menopause, and to be 

lower (p=0.07) with prolonged duration of estrogen deficiency (i.e. LPM) [12]. To our knowledge, no 

human study demonstrated whether time since menopause impacts skeletal muscle protein metabolism via 

ERα. Contrary to our hypothesis, the present study found no significant correlation between protein 

breakdown (i.e. FOXO3 activation) and ER activation (Figure 4A), suggesting an alternative 

mechanism(s) linking E2 treatment to catabolic pathways during menopause. 



  

11 
 

We previously demonstrated an insulin-stimulated improvement in systemic glucose disposal following 

short-term administration of E2 or conjugated estrogens in early postmenopausal women [34, 35]. Our 

parent study [13] reported a negative effect of E2 on whole body insulin sensitivity (i.e. GDR) with 

increasing time since menopause; a trend that parallels our findings in protein breakdown markers in the 

current study. Furthermore, we identified an inverse association, albeit non-significant (P=0.065), 

between whole body insulin sensitivity and FOXO3 activation, a marker of protein breakdown (Figure 

4B). The relation between skeletal muscle protein metabolism and insulin sensitivity is still unclear. 

Protein turnover was not different in individuals with type 2 diabetes or insulin resistance compared to 

healthy individuals [36, 37]. Contrarily, other studies have found a significant increase in whole body 

proteolysis in type 2 diabetes and obese individuals [38, 39]. However, our studies of healthy 

postmenopausal women are not readily comparable to these previous studies. Future studies directly 

comparing E2-mediated changes in insulin sensitivity and muscle protein metabolism between insulin-

resistant women and controls in early- and late-menopause are needed to confirm this. 

4.4 Potential limitations 

There are limitations to the present study to be considered. The first important limitation was reliance on 

muscle samples obtained during the basal (fasting) state. Specimens obtained in the insulin-stimulated 

condition would have allowed more elaborate analyses of the protein synthesis pathways, including Akt 

signaling, in response to E2 treatment. We found no group or treatment effects on phosphorylated 

(activated) Akt, possibly due to a lack of anabolic stimulus. Future studies are necessary to investigate 

whether E2 impacts protein synthesis and signaling (e.g. mTOR, S6K1, and 4EBP1) when stimulated by 

insulin or essential amino acids. Second, this study is a secondary analysis of muscle specimens obtained 

as part of a larger clinical trial [13] powered to distinguish differences in insulin sensitivity in response to 

E2 in early and late menopausal women. Because the parent study was not powered for protein expression, 

our present results should be interpreted cautiously and the investigation needs to be reproduced with a 

greater number of samples. Third, the nuclear protein marker, Lamin, was found in the cytosolic fraction 

of the muscle specimens, indicating nuclear contamination that may have occurred during freezing. 
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Because nuclear protein expression was measured in the cytosolic fractions, the results need to be 

considered representative of the whole myocyte rather than the cytosolic fraction. Lastly, the present 

study focused on the mechanistic role of E2 in skeletal muscle protein breakdown of postmenopausal 

women. Future studies are necessary to investigate the role of E2 in postmenopausal women with low 

versus normal muscle mass for body size, and when coupled with hypertrophic exercise interventions. 

5. Conclusions 

Our data suggest that E2 administration may be anti-catabolic during early menopause but pro-catabolic 

later in menopause, and that these effects parallel changes in insulin sensitivity. 



  

13 
 

Acknowledgements 

The authors would like to thank the staffs of the University of Colorado Anschutz Medical Campus 

Energy Balance Core of the Colorado Nutrition and Obesity Research Unit (NORC) and CTRC for their 

assistance in conducting this study.  

 

Funding 

This work was supported by the National Institutes of Health [R01 DK088105, R01 AG049762, R01 

AG053489, P50 HD073063, P30 DK048520, UL1 TR001082]; and the Veterans Affairs [Eastern 

Colorado VA GRECC]. 



  

14 
 

References 

[1] K.N. Murtagh, H.B. Hubert, Gender differences in physical disability among an elderly 

cohort, Am J Public Health 94(8) (2004) 1406-11. 

[2] I. Janssen, D.S. Shepard, P.T. Katzmarzyk, R. Roubenoff, The healthcare costs of sarcopenia 

in the United States, Journal of the American Geriatrics Society 52(1) (2004) 80-5. 

[3] R.A. Fielding, B. Vellas, W.J. Evans, S. Bhasin, J.E. Morley, A.B. Newman, G. Abellan van Kan, 

S. Andrieu, J. Bauer, D. Breuille, T. Cederholm, J. Chandler, C. De Meynard, L. Donini, T. Harris, 

A. Kannt, F. Keime Guibert, G. Onder, D. Papanicolaou, Y. Rolland, D. Rooks, C. Sieber, E. 

Souhami, S. Verlaan, M. Zamboni, Sarcopenia: an undiagnosed condition in older adults. 

Current consensus definition: prevalence, etiology, and consequences. International working 

group on sarcopenia, J Am Med Dir Assoc 12(4) (2011) 249-56. 

[4] S.M. Harman, E.J. Metter, J.D. Tobin, J. Pearson, M.R. Blackman, A. Baltimore Longitudinal 

Study of, Longitudinal effects of aging on serum total and free testosterone levels in healthy 

men. Baltimore Longitudinal Study of Aging, The Journal of clinical endocrinology and 

metabolism 86(2) (2001) 724-31. 

[5] B. Sternfeld, A.K. Bhat, H. Wang, T. Sharp, C.P. Quesenberry, Jr., Menopause, physical 

activity, and body composition/fat distribution in midlife women, Medicine and science in 

sports and exercise 37(7) (2005) 1195-202. 

[6] T. Douchi, S. Yamamoto, S. Nakamura, T. Ijuin, T. Oki, K. Maruta, Y. Nagata, The effect of 

menopause on regional and total body lean mass, Maturitas 29(3) (1998) 247-52. 



  

15 
 

[7] M.M. Samson, I.B. Meeuwsen, A. Crowe, J.A. Dessens, S.A. Duursma, H.J. Verhaar, 

Relationships between physical performance measures, age, height and body weight in healthy 

adults, Age Ageing 29(3) (2000) 235-42. 

[8] M.B. Sorensen, A.M. Rosenfalck, L. Hojgaard, B. Ottesen, Obesity and sarcopenia after 

menopause are reversed by sex hormone replacement therapy, Obes Res 9(10) (2001) 622-6. 

[9] P.H. Ronkainen, V. Kovanen, M. Alen, E. Pollanen, E.M. Palonen, C. Ankarberg-Lindgren, E. 

Hamalainen, U. Turpeinen, U.M. Kujala, J. Puolakka, J. Kaprio, S. Sipila, Postmenopausal 

hormone replacement therapy modifies skeletal muscle composition and function: a study with 

monozygotic twin pairs, J Appl Physiol (1985) 107(1) (2009) 25-33. 

[10] K. Wend, P. Wend, S.A. Krum, Tissue-Specific Effects of Loss of Estrogen during Menopause 

and Aging, Frontiers in endocrinology 3 (2012) 19. 

[11] J.C. Lovejoy, C.M. Champagne, L. de Jonge, H. Xie, S.R. Smith, Increased visceral fat and 

decreased energy expenditure during the menopausal transition, Int J Obes (Lond) 32(6) (2008) 

949-58. 

[12] Y.M. Park, R.I. Pereira, C.B. Erickson, T.A. Swibas, C. Kang, R.E. Van Pelt, Time since 

menopause and skeletal muscle estrogen receptors, PGC-1alpha, and AMPK, Menopause 24(7) 

(2017) 815-823. 

[13] R.I. Pereira, B.A. Casey, T.A. Swibas, C.B. Erickson, P. Wolfe, R.E. Van Pelt, Timing of 

Estradiol Treatment After Menopause May Determine Benefit or Harm to Insulin Action, The 

Journal of clinical endocrinology and metabolism 100(12) (2015) 4456-62. 

[14] D.J. Glass, Molecular mechanisms modulating muscle mass, Trends in molecular medicine 

9(8) (2003) 344-50. 



  

16 
 

[15] S.R. Datta, A. Brunet, M.E. Greenberg, Cellular survival: a play in three Akts, Genes & 

development 13(22) (1999) 2905-27. 

[16] T.N. Stitt, D. Drujan, B.A. Clarke, F. Panaro, Y. Timofeyva, W.O. Kline, M. Gonzalez, G.D. 

Yancopoulos, D.J. Glass, The IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-

induced ubiquitin ligases by inhibiting FOXO transcription factors, Mol Cell 14(3) (2004) 395-

403. 

[17] A. Brunet, A. Bonni, M.J. Zigmond, M.Z. Lin, P. Juo, L.S. Hu, M.J. Anderson, K.C. Arden, J. 

Blenis, M.E. Greenberg, Akt promotes cell survival by phosphorylating and inhibiting a Forkhead 

transcription factor, Cell 96(6) (1999) 857-68. 

[18] M.D. Gomes, S.H. Lecker, R.T. Jagoe, A. Navon, A.L. Goldberg, Atrogin-1, a muscle-specific 

F-box protein highly expressed during muscle atrophy, Proceedings of the National Academy of 

Sciences of the United States of America 98(25) (2001) 14440-5. 

[19] C.M. Dieli-Conwright, T.M. Spektor, J.C. Rice, F.R. Sattler, E.T. Schroeder, Influence of 

hormone replacement therapy on eccentric exercise induced myogenic gene expression in 

postmenopausal women, J Appl Physiol (1985) 107(5) (2009) 1381-8. 

[20] R.E. Van Pelt, E.M. Evans, K.B. Schechtman, A.A. Ehsani, W.M. Kohrt, Contributions of total 

and regional fat mass to risk for cardiovascular disease in older women, American journal of 

physiology. Endocrinology and metabolism 282(5) (2002) E1023-8. 

[21] R.E. Van Pelt, C.M. Jankowski, W.S. Gozansky, R.S. Schwartz, W.M. Kohrt, Lower-body 

adiposity and metabolic protection in postmenopausal women, The Journal of clinical 

endocrinology and metabolism 90(8) (2005) 4573-8. 



  

17 
 

[22] C.L. Kien, F. Ugrasbul, Prediction of daily energy expenditure during a feeding trial using 

measurements of resting energy expenditure, fat-free mass, or Harris-Benedict equations, The 

American journal of clinical nutrition 80(4) (2004) 876-80. 

[23] S.B. Pedersen, J.M. Bruun, F. Hube, K. Kristensen, H. Hauner, B. Richelsen, Demonstration 

of estrogen receptor subtypes alpha and beta in human adipose tissue: influences of adipose 

cell differentiation and fat depot localization, Molecular and cellular endocrinology 182(1) 

(2001) 27-37. 

[24] V. Pellegrinelli, C. Rouault, S. Rodriguez-Cuenca, V. Albert, F. Edom-Vovard, A. Vidal-Puig, K. 

Clement, G.S. Butler-Browne, D. Lacasa, Human Adipocytes Induce Inflammation and Atrophy in 

Muscle Cells During Obesity, Diabetes 64(9) (2015) 3121-34. 

[25] A.B. Newman, V. Kupelian, M. Visser, E. Simonsick, B. Goodpaster, M. Nevitt, S.B. 

Kritchevsky, F.A. Tylavsky, S.M. Rubin, T.B. Harris, A.B.C.S.I. Health, Sarcopenia: alternative 

definitions and associations with lower extremity function, Journal of the American Geriatrics 

Society 51(11) (2003) 1602-9. 

[26] S.K. Phillips, K.M. Rook, N.C. Siddle, S.A. Bruce, R.C. Woledge, Muscle weakness in women 

occurs at an earlier age than in men, but strength is preserved by hormone replacement 

therapy, Clin Sci (Lond) 84(1) (1993) 95-8. 

[27] S.H. Lecker, R.T. Jagoe, A. Gilbert, M. Gomes, V. Baracos, J. Bailey, S.R. Price, W.E. Mitch, 

A.L. Goldberg, Multiple types of skeletal muscle atrophy involve a common program of changes 

in gene expression, FASEB journal : official publication of the Federation of American Societies 

for Experimental Biology 18(1) (2004) 39-51. 



  

18 
 

[28] E.J. Stevenson, P.G. Giresi, A. Koncarevic, S.C. Kandarian, Global analysis of gene expression 

patterns during disuse atrophy in rat skeletal muscle, The Journal of physiology 551(Pt 1) (2003) 

33-48. 

[29] T. Ogawa, H. Furochi, M. Mameoka, K. Hirasaka, Y. Onishi, N. Suzue, M. Oarada, M. 

Akamatsu, H. Akima, T. Fukunaga, K. Kishi, N. Yasui, K. Ishidoh, H. Fukuoka, T. Nikawa, Ubiquitin 

ligase gene expression in healthy volunteers with 20-day bedrest, Muscle & nerve 34(4) (2006) 

463-9. 

[30] S.W. Jones, R.J. Hill, P.A. Krasney, B. O'Conner, N. Peirce, P.L. Greenhaff, Disuse atrophy 

and exercise rehabilitation in humans profoundly affects the expression of genes associated 

with the regulation of skeletal muscle mass, FASEB journal : official publication of the 

Federation of American Societies for Experimental Biology 18(9) (2004) 1025-7. 

[31] M. Ogawa, R. Yamaji, Y. Higashimura, N. Harada, H. Ashida, Y. Nakano, H. Inui, 17beta-

estradiol represses myogenic differentiation by increasing ubiquitin-specific peptidase 19 

through estrogen receptor alpha, The Journal of biological chemistry 286(48) (2011) 41455-65. 

[32] G. Bryzgalova, H. Gao, B. Ahren, J.R. Zierath, D. Galuska, T.L. Steiler, K. Dahlman-Wright, S. 

Nilsson, J.A. Gustafsson, S. Efendic, A. Kahn, Evidence that oestrogen receptor- plays an 

important role in the regulation of glucose homeostasis in mice: insulin sensitivity in the liver, 

Diabetologia 49 (2006) 588-597. 

[33] V. Ribas, M.T. Nguyen, D.C. Henstridge, A.K. Nguyen, S.W. Beaven, M.J. Watt, A.L. Hevener, 

Impaired oxidative metabolism and inflammation are associated with insulin resistance in 

ERalpha-deficient mice, American journal of physiology. Endocrinology and metabolism 298(2) 

(2010) E304-19. 



  

19 
 

[34] R.E. Van Pelt, W.S. Gozansky, R.S. Schwartz, W.M. Kohrt, Intravenous estrogens increase 

insulin clearance and action in postmenopausal women, American journal of physiology. 

Endocrinology and metabolism 285(2) (2003) E311-7. 

[35] R.E. Van Pelt, R.S. Schwartz, W.M. Kohrt, Insulin secretion and clearance after subacute 

estradiol administration in postmenopausal women, J. Clin. Endocrinol. Metab. 93(2) (2008) 

484-90. 

[36] G. Biolo, P. Tessari, S. Inchiostro, D. Bruttomesso, L. Sabadin, C. Fongher, G. Panebianco, 

M.G. Fratton, A. Tiengo, Fasting and postmeal phenylalanine metabolism in mild type 2 

diabetes, The American journal of physiology 263(5 Pt 1) (1992) E877-83. 

[37] P. Halvatsiotis, K.R. Short, M. Bigelow, K.S. Nair, Synthesis rate of muscle proteins, muscle 

functions, and amino acid kinetics in type 2 diabetes, Diabetes 51(8) (2002) 2395-404. 

[38] S.C. Denne, G. Brechtel, A. Johnson, E.A. Liechty, A.D. Baron, Skeletal muscle proteolysis is 

reduced in noninsulin-dependent diabetes mellitus and is unaltered by euglycemic 

hyperinsulinemia or intensive insulin therapy, The Journal of clinical endocrinology and 

metabolism 80(8) (1995) 2371-7. 

[39] R. Gougeon, P.B. Pencharz, E.B. Marliss, Effect of NIDDM on the kinetics of whole-body 

protein metabolism, Diabetes 43(2) (1994) 318-28. 

 

 

 

 

 

 



  

20 
 

Table 1.  Participant Characteristics    

 

 

  
EPM LPM 

n=13 n=14 

Age (yr) 55 ± 3 62 ± 3 a 

Time since menopause (yr) 3 ± 1 12 ± 2 a 

Weight (kg) 69.4 ± 7.8 60.8 ± 6.1 a 

BMI (kg/m2) 26.0 ± 2.5 23.6 ± 3.0 a 

Total fat mass (kg) 25.2 ± 5.4 20.9 ± 5.3 a 

Fat-free mass (kg) 44.2 ± 4.4  39.8 ± 2.8 a 

%Fat (kg/kg)  36.1 ± 4.7 34.1 ± 5.8 

Right thigh muscle area (cm2) 107.8 ± 11.1 97.1 ± 15.9 a 

Left thigh muscle area (cm2) 106.1 ± 12.5 94.9 ± 14.8 a 

OGTT glucose AUC (*104) 1.3 ± 0.2 1.4 ± 0.4 

OGTT insulin AUC (*103) 7.5 ± 3.9 6.4 ± 2.5 

∆GDR (mg/kgFFM/min)  0.2 ± 0.8 -0.5 ± 1.5 b 

Serum E2 (pg/mL)  - PL arm 
armarm 

15.2 ± 17.7 10.4 ± 6.6 

  - E2 arm 167.8 ± 96.1 148.1 ± 63.8 

mean±SD; a p<0.05 group difference; 
b 
p=0.14; AUC, area under the curve; EPM, early (≤6yr)  

postmenopausal; LPM, late (≥10yr) postmenopausal; BMI, body mass index; ∆GDR, estradiol- 

mediated change in glucose disposal rate during clamp; OGTT, 2hr oral glucose tolerance test;  

FFM, fat-free mass; E2, estradiol; PL, placebo. 
 

 

 

Figure Legends 

Figure 1. Skeletal muscle structural proteins.  (A) myosin heavy chain (MHC) and (B) tropomyosin 

protein content. Values are means ± SE (early postmenopausal, EPM, ≤6yrs, n=13; and late 

postmenopausal, LPM, ≥10yrs, n=14). Group = main group effect (EPM vs LPM). Treatment = main 

treatment effect (estradiol, E2 vs placebo, PL). 

Figure 2. Skeletal muscle protein kinase B (Akt) and forkhead box O3 (FOXO3) protein. (A) Akt, 

(B) phosphorylated (p) Akt, (C) ratio of pAkt/Akt, (D) FOXO3, (E) pFOXO3, and (F) ratio of 

FOXO3/pFOXO3. Values are means ± SE (early postmenopausal, EPM, ≤6yrs, n=13; and late 

postmenopausal, LPM, ≥10yrs, n=14). Group = main group effect (EPM vs LPM). Treatment = main 

treatment effect (estradiol, E2 vs placebo, PL). G x T = group x treatment interaction.  

Figure 3. Skeletal muscle-specific E3 ligases. (A) muscle-specific ring finger protein1 (MuRF1) protein, 

and (B) atrogin1 protein content. Values are means ± SE (early postmenopausal, EPM, ≤6yrs, n=13; and 
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late postmenopausal, LPM, ≥10yrs, n=14). Group = main group effect (EPM vs LPM). Treatment = main 

treatment effect (estradiol, E2 vs placebo, PL). G x T = group x treatment interaction. 

Figure 4. Associations. Estradiol (E2)-mediated change in forkhead box O3 (FOXO3)/pFOXO3 protein 

ratio versus (A) E2-mediated change in estrogen receptor (ER) α nuclear/cytosolic protein ratio; and (B) 

E2-mediated change in whole body insulin sensitivity. Early postmenopausal (EPM, ≤6yrs, n=13) and late 

postmenopausal (LPM, ≥10yrs, n=14). *Denotes a trend for a significant correlation (P=0.065). 
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Figure 3
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Figure 4
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Highlights 

 The acute E2 effect on muscle protein breakdown is dependent on time since menopause 

 The acute E2 action for muscle protein breakdown is not related to estrogen receptor 

 The E2-mediated change in FOXO3 is inversely correlated with insulin sensitivity 

 


