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Abstract

:

Objective: To investigate effects of supplementation with a fermented red clover (RC) extract on signaling proteins related to muscle protein synthesis and breakdown at rest and in response to a resistance exercise bout. Methods: Ten postmenopausal women completed a double-blinded cross-over trial with two different intervention periods performed in random order: (A) RC extract twice daily for 14 days, and (B) placebo drink twice daily for 14 days. The intervention periods were separated by a two-week washout period. After each intervention period a muscle tissue sample was obtained before and three hours after a one-legged resistance exercise bout. Muscle strength was assessed before and after each intervention period. Results: Protein expression of FOXO1 and FOXO3a, two key transcription factors involved in protein degradation, were significantly lower and HSP27, a protein involved in cell protection and prevention of protein aggregation was significantly higher following RC extract compared to placebo. No significant treatment × time interaction was observed for muscle protein expression in response to exercise. However, p-mTOR, p-p70S6k and HSP90 protein content were significantly increased in response to exercise in both groups. Conclusion: This study demonstrates that RC extract supplementation downregulates molecular markers of muscle protein degradation compared to placebo in postmenopausal women.
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1. Introduction


Sarcopenia, defined as an age-associated decline in skeletal muscle mass, correlates with higher rates of falls, bone fractures and mortality leading to high health care costs [1], and reduced quality of life [2].



During the transition into menopause, women experience an accelerated decline in muscle mass and strength [3], which has been coupled to the accompanying marked reduction in estrogen. The reduction in muscle mass and strength is critical as women in general have a lower muscle mass and a longer life expectancy compared to men [4], making them particularly vulnerable to becoming frail as age increases. Hence, counteracting the decline in muscle mass and strength in this population seems vital.



Progressive resistance training is an effective strategy for increasing muscle mass and strength in the elder population [5]. However, the effectiveness of training seems to be lowered in postmenopausal women, possibly related to the low circulating concentration of estrogen [6,7,8]. Use of hormone therapy (HT) has been shown to have beneficial effects on skeletal muscle [7], by increasing muscle strength [9] and enhancing the response to resistance training [10]. Nevertheless, HT is also known to be associated with an increased risk of cancer in estrogen receptor (ER)-α rich tissues (i.e., breast, ovaries and endometria) [11,12,13,14]. A recent meta-analysis reported a pooled hazard ratio/relative risk for ovarian cancer and HT use to be 1.55 (95% CI: 1.05 to 2.30) [14]. Consequently, there is an urgent need to develop safe and effective alternative therapies to HT.



Isoflavones are the most common and most potent type of phytoestrogen; polyphenolic non-steroidal compounds with estrogenic activity [15]. They are found in legumes, such as soy and red clover (RC) [16] and mimic the actions of endogenous estrogen through ER binding and activation of ER-dependent gene transcription [15]. However, compared to estrogen, which has relative high binding affinity for the ER-α and ER-β, isoflavones demonstrate up to ~1600 times lower affinity for ER-α [17]. Thus, isoflavones are promising candidates for substituting traditional HT without increasing the risk of cancer in ER-α rich tissues. Accordingly, epidemiological studies show no association between intake of isoflavones and estrogen related cancer [18,19] and a recent study performed in a large multiethnic cohort (n = 84.450) indicated that higher isoflavone intakes may protect against estrogen related cancer in Latina, African American and Japanese American women [20].



The structural integrity of isoflavones, allow them to selectively activate the ER-β and therefore, mainly induce positive estrogenic effects in ER-β rich tissues [17]. ER-β is expressed and localized within skeletal muscle tissue [21], and ER-β activation appears to regulate signaling pathways important for skeletal muscle growth and regeneration [22]. In animals, a number of studies have investigated the influence of isoflavones found in soy (mainly genistein and daidzein) on skeletal muscle [23,24,25,26]. The results are promising, showing reduced muscle atrophy [23,24], lower expression of ubiquitin-specific protease 19 through ER-β activation [25], and an improved anabolic response to training in rats, accompanied by higher expression of myogenic regulatory factors [26]. In a controlled human trial, six months of soy isoflavone supplementation increased lean body mass in obese-sarcopenic postmenopausal women [27]. However, studies investigating a possible additive effect of isoflavones on training adaptations have found no effect on lean body mass [28,29,30,31] or muscle strength [30,31], but reduced fat mass [28,29]. Interestingly, while most studies have focused on soy isoflavones, little attention has been given to isoflavones derived from RC. Compared to soy, RC contains high amounts of formononetin and biochanin A [17], and red clover derived products have shown to elicit higher estrogenic activity compared to those made from soy [32]. The fermentation of RC by probiotic lactic acid bacteria converts isoflavone glycosides to aglycones, which vastly enhances bioavailability [33]. So far, only two randomized controlled trials [34,35] have examined the effects of fermented RC, demonstrating that daily intake of RC extract improves bone status in postmenopausal women following three [35] and 12 months [34]. There are currently no reports of clinical trials investigating the effects of RC extract on skeletal muscle. Collectively, the unique formula of fermented RC extract makes it a promising candidate for an alternative to HT. Therefore, the aim of the present pilot study was to investigate the effect of 14 days of fermented RC extract supplementation on signaling proteins related to muscle protein synthesis and breakdown at rest and in response to a resistance exercise bout. A secondary aim was to elucidate whether RC extract supplementation would affect muscle strength. We hypothesized that RC extract supplementation would positively influence skeletal muscle by increasing muscle strength and the anabolic response to a resistance exercise bout.




2. Methods


2.1. Ethical Approval


The present study was carried out at the Department of Public Health, Aarhus University, Denmark, and was in accordance with the Declaration of Helsinki, approved by the Central Denmark Region Committees on Health Research Ethics (1-10-72-212-19) and registered at Clinical.trials.gov (ID: NCT04154206). All participants signed an informed consent before their enrolment into the study.




2.2. Design


In a double-blinded cross-over trial subjects (n = 10) completed two different intervention periods in random order: (A) Intake of fermented RC extract twice daily for 14 days, and (B) intake of a placebo drink (PLA) twice daily for 14 days. The intervention periods were separated by a two-week washout period (Figure 1). The randomization was based on recruitment order and participants and test personnel were unaware of the treatment allocation.



On day 1 and day 14 of each 14-day intervention period, subjects met in the laboratory to perform a maximal handgrip and maximal elbow flexor strength test. Additionally, on day 14 a muscle tissue sample was obtained before and three hours after a resistance exercise bout performed on one-leg. In the second intervention period, exercise and biopsies were performed in the contralateral leg. Prior to the exercise bout, subjects received the RC or PLA drink and immediately after exercise they consumed 25 g of whey protein. All tests were performed at the same time of the day and by the same test personnel at all test days. To standardize activity and diet prior to the experimental days, subjects were instructed to (1) abstain from any strenuous and/or unaccustomed activity 48 h before the experimental days, (2) monitor their number of steps using a step counter before experimental day 14A and replicate the number of steps on the day before experimental day 14B, (3) eat a similar meal the night before each experimental day and (4) meet in the laboratory after an overnight fast.




2.3. Participants


Healthy untrained early postmenopausal women were recruited through local businesses and online posters on social media platforms (Table 1). Based on previous studies in postmenopausal women demonstrating the ERs and estrogen sensitivity to be altered with increasing time since menopause [36], we decided to include women, who were in the early postmenopausal state (no more than five years since last bleeding period).



Inclusion criteria were: (1) Healthy women >40 years of age with (2) a body mass index (BMI) <30 and (3) unaccustomed to resistance training (resistance trained less than once a month for the last six months). (4) Had not menstruated for the last six months, but, (5) no more than five years since last bleeding period. Exclusion criteria were: (1) Participated regularly in more than three hours of training/week, with exception of bike transport (<70 km per week), (2) had any diseases, injuries or used any medicine affecting skeletal muscle or performing the exercise session, (3) current user of HT or any form of isoflavone supplement.



Subjects, who met the criteria for participation (Figure 2) were invited to an introductory meeting which provided information about the risks and benefits related to participation in the study. Furthermore, the subjects completed a physical activity questionnaire, a dual-energy X-ray absorption scan to determine body composition and a familiarization session to the laboratory tests.




2.4. Experimental Drinks


The RC extract is a commercially available product produced by Herrens Mark Aps, consisting of juice from pressed RC plants mixed with probiotic lactic acid bacteria to facilitate cold fermentation. The process converts isoflavone glucosides to 90% aglycones, which improves bioavailability. Stevia and a natural sugar-free raspberry flavoring were added to mask flavor and appearance of the product. The placebo (PLA) drink consisted of water with added food coloring (ammoniated caramel, (Kavli)), and the same sweeteners to make it taste and appear like the RC product.



The RC extract and PLA drink were sealed and packed in identical boxes and coded with A or B. All participants and the research team were blinded to the content of the boxes throughout the study. Upon completion, a third party from Herrens Mark Aps informed the research team about the content of product A and B. This setup has previously been used successfully in another study [34].



The RC extract and PLA drink were handed out on day 1 of each intervention period. During the intervention period, participants were instructed to consume a daily dose of 120 mL, distributed to 60 mL in the morning and 60 mL in the evening. For the RC product, this was equivalent to a daily dose of minimum 60 mg isoflavones, (90% aglycones). At the end of each 14-day intervention period, participants returned the packing of their product to the research team to monitor compliance. Compliance was 100%.




2.5. Muscle Biopsy


On the last day (day 14) of each experimental period (A and B), the subjects arrived at the laboratory after overnight fasting and a resting muscle biopsy was obtained from the middle of the vastus lateralis, approximately two-thirds from the iliac crest to the patellar plateau using a Bergström needle with suction under local anesthesia. Using randomization (based on the recruitment order), subjects had the biopsy taken from either their dominant or non-dominant leg on day 14A and from the opposite leg on day 14B. The second biopsy collected three hours after a resistance exercise bout was sampled from a new incision hole 3 cm proximal to the first incision hole made for the resting biopsy. All muscle samples were dissected free of fat and connective tissue and immediately frozen in liquid nitrogen and stored at −80 °C until further analysis.




2.6. Resistance Exercise


Immediately after the first muscle biopsy was obtained, the subjects performed a five minute warm-up on a Monark 928E (Monark, Varberg, Sweden), before they were seated on a knee-extension machine (Technogym SpA, Gambettola, Italy) to begin the resistance exercise. Using the biopsy-leg only, subjects completed five sets of 10 repetitions at 10 repetition maximum (RM) with two minutes of rest between sets. The last set was performed to voluntary muscle failure. In case failure was not reached at the last repetition, the subjects performed additional reps until they could no longer perform an accepted repetition. Repetitions were performed with ~one sec concentric and two sec eccentric phases. Following the resistance exercise, all participants consumed a serving of whey protein (25 g protein, 3.6 g carbohydrate, 2.7 g fat (Bodylab, Hadsund, Denmark)) diluted in 400 mL of water. The protein supplement was given to standardize diet due to the otherwise long fasting period, but also to support the anabolic response to the resistance exercise bout.



Individual 10 RM was calculated using Brzyckis equation [37], based on a 5 RM test performed for each leg at the familiarization test.




2.7. Maximal Isometric Grip Strength


Maximal isometric grip strength was measured using a handheld dynamometer (PROcare ApS, Roskilde, Denmark). The subjects were seated holding the dynamometer in their dominant hand, while resting the other on their thigh. After a three second countdown, at the zero-mark, the subjects were instructed to squeeze the handle as hard as possible. All subjects completed three attempts with two minutes of rest between attempts. In case a subject improved peak torque during all three attempts, a fourth attempt was given. The highest torque was selected for further analysis.




2.8. Maximal Isometric Elbow Flexor Strength


Maximal isometric elbow flexor strength was measured in a custom made dynamometer. The subjects were seated on their knees with their dominant arm placed and strapped to the dynamometer with the elbow and the shoulder at a 90° angle. The subjects were instructed to keep their torso in a relaxed upright position and after a three second countdown, to pull as hard as possible against the dynamometer arm using their elbow flexor only. All subjects completed three attempts with two minutes of rest between attempts. In case a subject improved peak torque during all three attempts, a fourth attempt was given. The highest torque was selected for further analysis.



Rate of force development (RFD) was determined from the selected maximal voluntary contraction. This was done by taking the peak torque generated at the time intervals 0–50 and 0–100 ms relative to the onset of contraction.




2.9. Western Blotting


Approximately 20–50 mg of muscle tissue was separated from the initial muscle sample and homogenized in 1:20 mg/μL of lysis buffer containing 20 mM Tris, 50 mM NaCl, 50 mM NaF, 5 mM sodium pyrophosphate, 250 mM sucrose, 1% Triton-x100 and a cocktail of protease inhibitors (HALT). Following homogenization, the samples were centrifuged (13.000 rpm for 15 min) and the resulting supernatant was collected and aliquoted before storing at −80 °C. Protein concentrations were determined in triplicates using the Bradford method (Bio-Rad, Hercules, CA, USA).



The western blotting protocol followed standard procedures described in more detail in Oxfeldt et al. [38]. In short, protein samples were separated using a sodium dodecyl sulfate (SDS)-polyacrylamide gel and electroblotted onto polyvinylindene difluoride (PVDF) membranes before being blocked and incubated in primary antibodies overnight. Thereafter, membranes were washed, incubated in secondary antibodies and quantified with an UVP imaging system (UVP, Upland, CA, USA). All western blot data were normalized to an internal control followed by normalization to the total amount of protein for the respective sample determined by stain free technology. Data is presented as arbitrary values (RC at rest vs. PLA at rest and pre vs. post values). Western blotting outcome parameters were p-Akt Ser473, p-mTOR Ser2448, mTOR, p-p70S6K, p-P38 MAPK Thr180/182, p-FOXO3 Ser253, FOXO3a, FOXO1, MURF1, Atrogin-1, HSP27, HSP70, HSP90, Myogenin, MyoD and ER-β. The primary antibodies are specified in Table 2.



Importantly, using two different antibodies (ER-α antibody, cell signaling D6R2W #57761 and ER-α antibody, Santa Cruz (C-311) sc-787) we tried to determine ER-α, but the blots demonstrated either no binding or unspecific binding. For this reason, we did not include the ER-α data for further analysis.




2.10. Statistical Analyses


The statistical analysis was performed using a paired t-test and linear mixed model (STATA 15). Data is tested for normal distribution, and if absent, appropriate adjustments were carried out prior to the analysis, including log or square root transformation (p-mTOR, p-p706SK, MyoD, p-FOXO3, mTOR, p-Akt, p-p38MAPK, FOXO3a, HSP27, MURF1, FOXO1, HSP90, ER-β). All repeated measures (western blot targets, muscle strength and RFD) were analyzed with Treatment (RC, PLA) and Time (before and after the 14-day intervention) as fixed effects and subject ID as random effect. Data is presented as mean ± SD if not otherwise indicated. The statistically significant level was set at p < 0.05.





3. Results


3.1. Muscle Protein Content Following the RC/PLA Intervention Periods


Foxo1 (p = 0.033) and Foxo3a (p = 0.044) total protein content were significantly lower following 14 days of RC extract compared to PLA (Figure 3A,B). HSP27 (p = 0.023) total protein content was significantly higher following 14 days of RC extract compared to PLA (Figure 3C). Furthermore, a trend (p = 0.076) towards higher ER-β protein content was observed following RC extract compared to PLA (Figure 3D). No significant differences were observed for mTOR, MURF1, Atrogin-1, HSP90, HSP70, Myogenin or MyoD protein content.




3.2. Muscle Protein Expression in Response to Exercise Combined with Protein Supplementation


No significant treatment × time interaction was observed for muscle protein expression of the analyzed parameters in response to exercise. However, 3 h post exercise p-mTOR (RC p = 0.022, PLA p = 0.027), p-p70S6K (RC p < 0.001, PLA, p < 0.001) and HSP90 (RC p = 0.015, PLA p = 0.039) protein content were significantly higher compared to rest (Figure 4A,B,E,H). Furthermore, p-Akt was significantly higher 3 h post exercise following RC treatment only (p = 0.001), while Atrogin-1, HSP27, ER-β protein content were significantly lower 3 h post exercise following RC treatment only (p = 0.026, p = 0.003, p = 0.008) (Figure 4C,D,F–H). No significant difference was observed for any other proteins.




3.3. Changes in Muscle Strength and RFD Following the RC/PLA Intervention Periods


Muscle strength measured in the elbow flexor and hand grip strength were unchanged following 14 days of treatment with RC and PLA (Table 3). Similarly, we found no significant differences in RFD (Table 3).





4. Discussion


The present study investigated the effect of 14 days of fermented RC extract supplementation on signaling proteins related to muscle protein synthesis and breakdown at rest and in response to a resistance exercise bout. Here, we present novel data demonstrating that molecular markers of muscle protein degradation are downregulated following 14 days of RC extract compared to PLA.



With increasing age, muscle mass decreases, which over time may vastly affect an individual’s functional capacity and general health. In women, an accelerated loss of muscle mass and strength is observed during the transition into the postmenopausal state parallel with a marked decline in estrogen. The present findings highlight that providing early postmenopausal women with an isoflavones supplement (through RC extract with estrogenic activity), may reduce muscle protein breakdown and thereby be a possible treatment strategy to counteract loss of muscle mass in postmenopausal women.



4.1. Influence of RC Extract on Markers of Protein Degradation


We found the protein expression of FOXO1 and FOXO3a—two key transcription factors involved in protein degradation—to be significantly lowered following RC treatment compared to PLA. A large body of literature demonstrates that estrogen exerts anti-apoptotic actions [39], protects against skeletal muscle damage and promotes skeletal muscle regeneration [40]. A number of studies have investigated whether isoflavones from soy display the same protective effects as estrogen [23,24,25,41,42]. Ogawa et al. demonstrated that daidzein downregulated ubiquitin-specific protease 19 expression in murine C2C12 cells, and downregulated both ubiquitin-specific protease 19 mRNA and protein content in female mice following dietary daidzein consumption [25]. In line, feeding male rats a genistein rich diet for 24 days mitigated denervation-induced soleus muscle atrophy [24] and a 0.6% aglycone rich diet significantly attenuated denervation-induced decreases in muscle fiber atrophy in mice [23]. In contrast, two studies performed in postmenopausal women found no positive effect on muscle inflammation [41,42] or proteolysis [41] after 4 weeks of soy milk consumption. However, two major limitations exist in these human trials. First, the use of soy milk may not provide sufficient concentrations of bioavailable isoflavones. Secondly, both studies compared their soy milk treatment to a milk product, which may not be an adequate control when determining protein degradation, since milk protein stimulate muscle protein synthesis more than soy protein [43]. The latter may have masked the possibility for detecting positive effects of the isoflavones. Consequently, the present study is the first human study to demonstrate that intake of isoflavones through RC extract reduces markers of protein degradation in postmenopausal women.



Previous studies investigating effects of isoflavone intake on skeletal muscle used isoflavone supplements derived from soy. In the present study, we instead used a supplement containing isoflavones derived from fermented RC. The fermentation process is essential, as it removes the sugar residues and transforms inactive glycosides to active aglycones, which can then be absorbed by humans [33]. Since our fermented RC extract consists of 90% aglycones, the bioavailability of the RC isoflavones is much higher than in a traditional soy product. Therefore, the physiological effects are potentially much greater. The estrogenic effects of isoflavones are believed to be ER-β mediated, due to the strong binding affinity isoflavones have for this particular receptor [17]. In support of this, Ogawa et al. demonstrated that daidzein stimulated the transcriptional activity of ER-β in murine C2C12 cells and down-regulated ubiquitin-specific protease 19 expression [25]. In line with these findings, we found a trend towards a higher ER-β protein content following RC extract, which was observed concomitant with a significantly lower expression of FOXO1 and FOXO3a protein. To investigate whether a relationship existed between the expression of ER-β and the FOXO muscle protein degradation factors, we performed a Pearson correlation analysis, which demonstrated that ER-β expression at rest was negatively associated with both FOXO1 (R = −0.48, p = 0.03), and FOXO3A (R = −0.47, p = 0.03) protein expression. Furthermore, a Pearson correlation on the delta values (protein expression at rest following RC extract vs. PLA) showed a negative association between the change in protein expression of ER-β and the change in protein expression of FOXO1 (R = −0.75, p = 0.02), but not FOXO3A (R = −0.49, p = 0.14). Based on these data, we propose that the downregulation observed in the markers of protein degradation following RC extract is mediated through ER-β dependent signaling [22,44].




4.2. Influence of RC Extract on Heat Shock Proteins


HSPs are linked to the regulation of skeletal muscle remodeling. Most HSPs limit stress induced denaturation and aggregation of cellular proteins, and promote refolding and cellular homeostasis after stress [45]. With ageing, the heat shock response is significantly reduced and the HSP protein content is lowered [46], which may partly explain the impaired regeneration of skeletal muscle observed in older individuals [46]. Interestingly, a number of studies have demonstrated that estrogen influences HSPs positively [47,48]. For this reason, we investigated if RC extract similar to estrogen treatment would affect the expression of HSPs at rest and in response to exercise.



In the present study, HSP27 protein expression was significantly higher after 14 days of RC extract compared to PLA. HSP27 is involved in cell protection by directly stabilizing microfilaments and preventing protein aggregation [45]. Hence, an upregulation of HSP27 protein content may suggest that the skeletal muscle is less prone to protein degradation and aggregation following RC extract. To our knowledge, the present study is the first to investigate how ingestion of isoflavones influence HSPs in human skeletal muscle. Cell culture and animals studies investigating how estrogen influences HSPs have reported that estrogen treatment protects C2C12 cells against apoptosis through upregulation of HSP27 [48], and estrogen treated ovariectomized rats have elevated basal levels of HSP70 compared to placebo [47,49,50,51]. Thus, our novel data demonstrate that RC extract modulates specific HSPs in a way similar to estrogen treatment, which may have anti-apoptotic effects and protects postmenopausal women against muscle fiber atrophy.




4.3. Changes in Protein Expression in Response to Resistance Exercise Combined with Protein Supplementation


Resistance training is an effective strategy for increasing muscle mass and strength, and preventing the age-associated decline in skeletal muscle mass [5]. The response to resistance training is reduced in postmenopausal women [6,7,8], but treatment with HT seems to increase the response to resistance training [10]. The main way resistance training increases skeletal muscle mass is by increasing muscle protein synthesis through mTOR activation [52]. The phosphorylation of mTOR activates several downstream kinases, which increase translational efficiency and capacity [52]. Contrary to our hypothesis, we found no significant interaction of RC extract compared to PLA on signaling proteins related to muscle protein synthesis and breakdown in response to a single resistance exercise bout combined with protein supplementation. However, in line with previous investigations [53], p-mTOR and p-p70S6K protein content were significantly higher 3 h post exercise. Furthermore, p-Akt was significantly higher 3 h post exercise following RC extract only, while Atrogin-1, HSP27 and ER-β protein content were significantly lower following RC extract only. While these differences did not reach a significant interaction, possibly due to our small sample size, they may indicate that RC extract possibly influences signaling proteins involved in resistance training adaptations. Akt plays an important role in muscle hypertrophy [54]. In response to hormonal (estrogen) and growth factor stimulation, Akt activity is increased, which results in the activation of the mTOR-pathway and inhibition of the FOXO pathway [54]. This way, Akt both increases protein synthesis through mTOR phosphorylation and prevents FOXO from stimulating transcription of proteolytic ubiquitin ligases [54]. Thus, our data demonstrating a significant higher expression of p-Akt 3 h post exercise after RC extract, but not PLA, might suggest that RC extract enhances the anabolic response to resistance exercise combined with protein supplementation. In support of this, Atrogin-1 a protein located downstream of FOXO, was significantly lower 3 h post exercise after RC extract, but not PLA. Indeed this may be a result of p-Akt inhibiting FOXO specific transcription, resulting in lower atrogin-1 protein content. However, another potential explanation could be that the significant lower expression of FOXO3a observed at rest after RC extract compared to PLA regulates the expression of atrogin-1 in response to exercise, since FOXO3a interacts directly with atrogin-1 and thereby regulates its transcription [55].



While these molecular data look somewhat promising, they are only a snapshot of the accumulative response needed to increase muscle mass over time. Hence, a long term training study is needed to determine the influence of RC extract on skeletal muscle adaptations. Three long term training studies have investigated if supplementation with soy isoflavones enhanced adaptations to training, demonstrating no effect on lean body mass [28,29,30,31] or muscle strength [30]. However, as previously mentioned, while soy have high amounts of daidzein and genistein, the present fermented RC extract contains high amounts of the isoflavones formononetin and biochanin A as aglycones, which are highly bioavailable. Due to the differences in the chemical profile between RC and soy products a direct comparison between our results and previous studies cannot be made. Consequently, the influence of RC extract on adaptations to training is yet to be elucidated.




4.4. Changes in Muscle Strength and RFD


No significant effect of RC extract was found on muscle strength and RFD. These observations are in line with previous findings showing no beneficial effect of supplementing postmenopausal women with soy isoflavones in combination with exercise on muscle strength [30,31]. Some evidence suggests that estradiol positively influences muscle strength by affecting myosin binding and contractility directly [56]. In support, the force generation capacity in muscle fibers isolated from mice with estrogen deficiency are reduced [57], whereas estradiol treatment to ovariectomized mice prevents and restores loss of myosin-actin strong-binding and force generation [58]. Nevertheless, even though RC extract has estrogenic effects our results demonstrate that short term supplementation (14 days), does not enhance muscle strength or RFD. In contrast, a meta-analysis including 23 human studies has demonstrated that long term use (mean use of HT: 110 months) of HT has a small beneficial effect on muscle strength in postmenopausal women [9]. Hence, future studies are needed to determine whether long-term use of RC positively influence muscle strength in postmenopausal women.




4.5. Future Directions


A large body of evidence supports the use of isoflavones in the prevention of osteopenia [59] and to relive menopausal symptoms [60]. A risk assessment performed by the European Food Safety Authority (EFSA) concludes that intake of isoflavones up to 150 mg/day is safe for peri- and postmenopausal women [61]. These findings are supported by large epidemiological studies demonstrating that intake of isoflavones is not associated with estrogen related cancer [18,19,20], and may even reduce the risk of cardiovascular diseases [62].



We report, for the first time, that intake of isoflavones through a fermented RC extract reduces markers of protein degradation. This finding has important perspectives for many postmenopausal women, who suffer from a decline in muscle mass and muscle function during and after the menopausal transition.



A major strength of the present study is the design as a randomized placebo-controlled double-blinded cross-over trial. However, the short intervention period prevents us from drawing any conclusions on the long-term effect of RC extract on skeletal muscle. Future clinical trials need to enroll and randomize a larger number of subjects and prolong the intervention period to investigate effects of RC extract both with and without training on skeletal muscle, preferably using a double-blinded controlled design.



An interesting perspective that we have not addressed in the present article is the vascular benefits of isoflavones. Previous findings suggest that isoflavones improve endothelial function [15]. Endothelial function is not only important for overall health, but also an individual’s ability to respond to an exercise stimuli. In fact, recent studies have demonstrated that muscle fiber capillarization, which is substantially decreased during aging, may be predictive of the muscle hypertrophic response to resistance training in older adults [63,64]. If long-term intake of isoflavones improves endothelial function and muscle fiber capillarization, we speculate that this may indirectly have additive effects on the response to resistance training. Also, this may increase amino acid availability to the myofibers and thus stimulate muscle protein synthesis to a greater extent. For this reason, we encourage future studies to also evaluate endothelial function and muscle fiber capillarization.





5. Conclusions


This study demonstrates that 14 days of fermented red clover extract downregulates molecular markers of muscle protein degradation compared to placebo in early postmenopausal women.







Author Contributions


Research concept and study design: M.O., L.B.D., M.H.; data collection: M.O., J.R., F.T.J.; data analysis and interpretation: M.O., L.B.D., M.H.; writing of the manuscript M.O., L.B.D., M.H., and reviewing a draft of the manuscript: all authors. All authors have read and agreed to the published version of the manuscript.




Funding


Financial support is greatly appreciated from: Læge Sofus Carl Emil Friis og Hustru Olga Doris Friis’ Legat, Aarhus University Research Foundation (AUFF), the Toyota-Foundation, Denmark and the A.P. Møller Foundation.




Acknowledgments


The authors would like to thank all the participants for their time and dedication to the project. Janni Moesgaard Jensen and Gitte Kaiser Hartvigsen your technical assistance was essential. Thanks to Camilla Askebjerg Madsen for assisting with testing. Thanks to Herrens Mark Aps for providing the red clover extract.




Conflicts of Interest


The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.




References


	



Hirschfeld, H.P.; Kinsella, R.; Duque, G. Osteosarcopenia: Where bone, muscle, and fat collide. Osteoporos. Int. 2017, 28, 2781–2790. [Google Scholar] [CrossRef] [PubMed]

	



Tsekoura, M.; Kastrinis, A.; Katsoulaki, M.; Billis, E.; Gliatis, J. Sarcopenia and Its Impact on Quality of Life. Adv. Exp. Med. Biol. 2017, 987, 213–218. [Google Scholar] [CrossRef] [PubMed]

	



Maltais, M.L.; Desroches, J.; Dionne, I.J. Changes in muscle mass and strength after menopause. J. Musculoskelet. Neuron. Interact. 2009, 9, 186–197. [Google Scholar]

	



McLeod, M.; Breen, L.; Hamilton, D.L.; Philp, A. Live strong and prosper: The importance of skeletal muscle strength for healthy ageing. Biogerontology 2016, 17, 497–510. [Google Scholar] [CrossRef] [PubMed]

	



Roth, S.M.; Ferrell, R.F.; Hurley, B.F. Strength training for the prevention and treatment of sarcopenia. J. Nutr. Health Aging 2000, 4, 143–155. [Google Scholar] [PubMed]

	



Smith, G.I.; Villareal, D.T.; Sinacore, D.R.; Shah, K.; Mittendorfer, B. Muscle protein synthesis response to exercise training in obese, older men and women. Med. Sci. Sports Exerc. 2012, 44, 1259–1266. [Google Scholar] [CrossRef]

	



Hansen, M.; Skovgaard, D.; Reitelseder, S.; Holm, L.; Langbjerg, H.; Kjaer, M. Effects of estrogen replacement and lower androgen status on skeletal muscle collagen and myofibrillar protein synthesis in postmenopausal women. J. Gerontol. A Biol. Sci. Med. Sci. 2012, 67, 1005–1013. [Google Scholar] [CrossRef]

	



Bamman, M.M.; Hill, V.J.; Adams, G.R.; Haddad, F.; Wetzstein, C.J.; Gower, B.A.; Ahmed, A.; Hunter, G.R. Gender differences in resistance-training-induced myofiber hypertrophy among older adults. J. Gerontol. A Biol. Sci. Med. Sci. 2003, 58, 108–116. [Google Scholar] [CrossRef]

	



Greising, S.M.; Baltgalvis, K.A.; Lowe, D.A.; Warren, G.L. Hormone therapy and skeletal muscle strength: A meta-analysis. J. Gerontol. Ser. A Biol. Sci. Med. Sci. 2009, 64, 1071–1081. [Google Scholar] [CrossRef]

	



Dam, T.V.; Dalgaard, L.B.; Ringgaard, S.; Johansen, F.T.; Bengtsen, M.B.; Mose, M.; Lauritsen, K.M.; Ørtenblad, N.; Gravholt, C.H.; Hansen, M. Transdermal estrogen therapy improves gains in skeletal muscle mass after 12-1 weeks of resistance training in early postmenopausal women. Front. Physiol. 2020. Under review. [Google Scholar]

	



Collaborative Group on Epidemiological Studies of Ovarian Cancer; Beral, V.; Gaitskell, K.; Hermon, C.; Moser, K.; Reeves, G.; Peto, R. Menopausal hormone use and ovarian cancer risk: Individual participant meta-analysis of 52 epidemiological studies. Lancet 2015, 385, 1835–1842. [Google Scholar] [CrossRef]

	



Rossouw, J.E.; Anderson, G.L.; Prentice, R.L.; LaCroix, A.Z.; Kooperberg, C.; Stefanick, M.L.; Jackson, R.D.; Beresford, S.A.; Howard, B.V.; Johnson, K.C.; et al. Risks and benefits of estrogen plus progestin in healthy postmenopausal women: Principal results From the Women’s Health Initiative randomized controlled trial. JAMA 2002, 288, 321–333. [Google Scholar] [PubMed]

	



Type and timing of menopausal hormone therapy and breast cancer risk: Individual participant meta-analysis of the worldwide epidemiological evidence. Lancet 2019, 394, 1159–1168. [CrossRef]

	



Shi, L.F.; Wu, Y.; Li, C.Y. Hormone therapy and risk of ovarian cancer in postmenopausal women: A systematic review and meta-analysis. Menopause 2016, 23, 417–424. [Google Scholar] [CrossRef]

	



Gencel, V.B.; Benjamin, M.M.; Bahou, S.N.; Khalil, R.A. Vascular effects of phytoestrogens and alternative menopausal hormone therapy in cardiovascular disease. Mini Rev. Med. Chem. 2012, 12, 149–174. [Google Scholar] [CrossRef]

	



Jung, W.; Yu, O.; Lau, S.M.; O’Keefe, D.P.; Odell, J.; Fader, G.; McGonigle, B. Identification and expression of isoflavone synthase, the key enzyme for biosynthesis of isoflavones in legumes. Nat. Biotechnol. 2000, 18, 208–212. [Google Scholar] [CrossRef]

	



Pfitscher, A.; Reiter, E.; Jungbauer, A. Receptor binding and transactivation activities of red clover isoflavones and their metabolites. J. Steroid Biochem. Mol. Biol. 2008, 112, 87–94. [Google Scholar] [CrossRef]

	



Nagata, C.; Mizoue, T.; Tanaka, K.; Tsuji, I.; Tamakoshi, A.; Matsuo, K.; Wakai, K.; Inoue, M.; Tsugane, S.; Sasazuki, S. Soy intake and breast cancer risk: An evaluation based on a systematic review of epidemiologic evidence among the Japanese population. Jpn. J. Clin. Oncol. 2014, 44, 282–295. [Google Scholar] [CrossRef]

	



Zhao, T.T.; Jin, F.; Li, J.G.; Xu, Y.Y.; Dong, H.T.; Liu, Q.; Xing, P.; Zhu, G.L.; Xu, H.; Miao, Z.F. Dietary isoflavones or isoflavone-rich food intake and breast cancer risk: A meta-analysis of prospective cohort studies. Clin. Nutr. 2017. [Google Scholar] [CrossRef]

	



Morimoto, Y.; Maskarinec, G.; Park, S.Y.; Ettienne, R.; Matsuno, R.K.; Long, C.; Steffen, A.D.; Henderson, B.E.; Kolonel, L.N.; Le Marchand, L.; et al. Dietary isoflavone intake is not statistically significantly associated with breast cancer risk in the Multiethnic Cohort. Br. J. Nutr. 2014, 112, 976–983. [Google Scholar] [CrossRef]

	



Wiik, A.; Ekman, M.; Johansson, O.; Jansson, E.; Esbjornsson, M. Expression of both oestrogen receptor alpha and beta in human skeletal muscle tissue. Histochem. Cell Biol. 2009, 131, 181–189. [Google Scholar] [CrossRef] [PubMed]

	



Velders, M.; Schleipen, B.; Fritzemeier, K.H.; Zierau, O.; Diel, P. Selective estrogen receptor-beta activation stimulates skeletal muscle growth and regeneration. FASEB J. 2012, 26, 1909–1920. [Google Scholar] [CrossRef] [PubMed]

	



Tabata, S.; Aizawa, M.; Kinoshita, M.; Ito, Y.; Kawamura, Y.; Takebe, M.; Pan, W.; Sakuma, K. The influence of isoflavone for denervation-induced muscle atrophy. Eur. J. Nutr. 2019, 58, 291–300. [Google Scholar] [CrossRef] [PubMed]

	



Aoyama, S.; Jia, H.; Nakazawa, K.; Yamamura, J.; Saito, K.; Kato, H. Dietary Genistein Prevents Denervation-Induced Muscle Atrophy in Male Rodents via Effects on Estrogen Receptor-alpha. J. Nutr. 2016, 146, 1147–1154. [Google Scholar] [CrossRef] [PubMed]

	



Ogawa, M.; Kitano, T.; Kawata, N.; Sugihira, T.; Kitakaze, T.; Harada, N.; Yamaji, R. Daidzein down-regulates ubiquitin-specific protease 19 expression through estrogen receptor beta and increases skeletal muscle mass in young female mice. J. Nutr. Biochem. 2017, 49, 63–70. [Google Scholar] [CrossRef]

	



Zheng, W.; Hengevoss, J.; Soukup, S.T.; Kulling, S.E.; Xie, M.; Diel, P. An isoflavone enriched diet increases skeletal muscle adaptation in response to physical activity in ovariectomized rats. Mol. Nutr. Food Res. 2017, 61, 1600843. [Google Scholar] [CrossRef]

	



Aubertin-Leheudre, M.; Lord, C.; Khalil, A.; Dionne, I.J. Six months of isoflavone supplement increases fat-free mass in obese-sarcopenic postmenopausal women: A randomized double-blind controlled trial. Eur. J. Clin. Nutr. 2007, 61, 1442–1444. [Google Scholar] [CrossRef]

	



Lebon, J.; Riesco, E.; Tessier, D.; Dionne, I.J. Additive effects of isoflavones and exercise training on inflammatory cytokines and body composition in overweight and obese postmenopausal women: A randomized controlled trial. Menopause 2014, 21, 869–875. [Google Scholar] [CrossRef]

	



Choquette, S.; Riesco, E.; Cormier, E.; Dion, T.; Aubertin-Leheudre, M.; Dionne, I.J. Effects of soya isoflavones and exercise on body composition and clinical risk factors of cardiovascular diseases in overweight postmenopausal women: A 6-month double-blind controlled trial. Br. J. Nutr. 2011, 105, 1199–1209. [Google Scholar] [CrossRef]

	



Choquette, S.; Dion, T.; Brochu, M.; Dionne, I.J. Soy isoflavones and exercise to improve physical capacity in postmenopausal women. Climacteric 2013, 16, 70–77. [Google Scholar] [CrossRef]

	



Orsatti, F.L.; Nahas, E.A.; Nahas-Neto, J.; Maesta, N.; Orsatti, C.L.; Fernandes, C.E. Effects of resistance training and soy isoflavone on body composition in postmenopausal women. Obstet. Gynecol. Int. 2010, 2010, 156037. [Google Scholar] [CrossRef]

	



Beck, V.; Unterrieder, E.; Krenn, L.; Kubelka, W.; Jungbauer, A. Comparison of hormonal activity (estrogen, androgen and progestin) of standardized plant extracts for large scale use in hormone replacement therapy. J. Steroid Biochem. Mol. Biol. 2003, 84, 259–268. [Google Scholar] [CrossRef]

	



Izumi, T.; Piskula, M.K.; Osawa, S.; Obata, A.; Tobe, K.; Saito, M.; Kataoka, S.; Kubota, Y.; Kikuchi, M. Soy isoflavone aglycones are absorbed faster and in higher amounts than their glucosides in humans. J. Nutr. 2000, 130, 1695–1699. [Google Scholar] [CrossRef] [PubMed]

	



Lambert, M.N.T.; Thybo, C.B.; Lykkeboe, S.; Rasmussen, L.M.; Frette, X.; Christensen, L.P.; Jeppesen, P.B. Combined bioavailable isoflavones and probiotics improve bone status and estrogen metabolism in postmenopausal osteopenic women: A randomized controlled trial. Am. J. Clin. Nutr. 2017, 106, 909–920. [Google Scholar] [CrossRef] [PubMed]

	



Thorup, A.C.; Lambert, M.N.; Kahr, H.S.; Bjerre, M.; Jeppesen, P.B. Intake of Novel Red Clover Supplementation for 12 Weeks Improves Bone Status in Healthy Menopausal Women. Evid. Based Complement. Altern. Med. 2015, 2015, 689138. [Google Scholar] [CrossRef]

	



Park, Y.M.; Pereira, R.I.; Erickson, C.B.; Swibas, T.A.; Kang, C.; Van Pelt, R.E. Time since menopause and skeletal muscle estrogen receptors, PGC-1alpha, and AMPK. Menopause 2017, 24, 815–823. [Google Scholar] [CrossRef]

	



Brzycki, M. Strength testing: Predicting a one-rep max from reps-to-fatigue. J. Health 1993, 64, 88–90. [Google Scholar]

	



Oxfeldt, M.; Dalgaard, L.B.; Jørgensen, E.B.; Dalgaard, E.B.; Johansen, F.T.; Ørtenblad, N.; Hansen, M. Molecular markers of skeletal muscle hypertrophy following 10 weeks of resistance training in oral contraceptive users and non-users. J. Appl. Physiol. 2020. [Google Scholar] [CrossRef]

	



Boland, R.; Vasconsuelo, A.; Milanesi, L.; Ronda, A.C.; de Boland, A.R. 17beta-estradiol signaling in skeletal muscle cells and its relationship to apoptosis. Steroids 2008, 73, 859–863. [Google Scholar] [CrossRef]

	



Velders, M.; Diel, P. How sex hormones promote skeletal muscle regeneration. Sports Med. 2013, 43, 1089–1100. [Google Scholar] [CrossRef]

	



Serra, M.C.; Beavers, K.M.; Beavers, D.P.; Willoughby, D.S. Effects of 28 days of dairy or soy ingestion on skeletal markers of inflammation and proteolysis in post-menopausal women. Nutr. Health 2012, 21, 117–130. [Google Scholar] [CrossRef] [PubMed]

	



Beavers, K.M.; Serra, M.C.; Beavers, D.P.; Cooke, M.B.; Willoughby, D.S. Soy and the exercise-induced inflammatory response in postmenopausal women. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2010, 35, 261–269. [Google Scholar] [CrossRef]

	



Tang, J.E.; Moore, D.R.; Kujbida, G.W.; Tarnopolsky, M.A.; Phillips, S.M. Ingestion of whey hydrolysate, casein, or soy protein isolate: Effects on mixed muscle protein synthesis at rest and following resistance exercise in young men. J. Appl. Physiol. 2009, 107, 987–992. [Google Scholar] [CrossRef] [PubMed]

	



Seko, D.; Fujita, R.; Kitajima, Y.; Nakamura, K.; Imai, Y.; Ono, Y. Estrogen Receptor beta Controls Muscle Growth and Regeneration in Young Female Mice. Stem Cell Rep. 2020, 15, 577–586. [Google Scholar] [CrossRef]

	



Noble, E.G.; Milne, K.J.; Melling, C.W. Heat shock proteins and exercise: A primer. Appl. Physiol. Nutr. Metab. Physiol. Appl. Nutr. Metab. 2008, 33, 1050–1065. [Google Scholar] [CrossRef]

	



Lee, C.E.; McArdle, A.; Griffiths, R.D. The role of hormones, cytokines and heat shock proteins during age-related muscle loss. Clin. Nutr. 2007, 26, 524–534. [Google Scholar] [CrossRef]

	



Paroo, Z.; Dipchand, E.S.; Noble, E.G. Estrogen attenuates postexercise HSP70 expression in skeletal muscle. Am. J. Physiol. Cell Physiol. 2002, 282, C245–C251. [Google Scholar] [CrossRef]

	



Vasconsuelo, A.; Milanesi, L.; Boland, R. Participation of HSP27 in the antiapoptotic action of 17beta-estradiol in skeletal muscle cells. Cell Stress Chaperones 2010, 15, 183–192. [Google Scholar] [CrossRef]

	



Bombardier, E.; Vigna, C.; Iqbal, S.; Tiidus, P.M.; Tupling, A.R. Effects of ovarian sex hormones and downhill running on fiber-type-specific HSP70 expression in rat soleus. J. Appl. Physiol. 2009, 106, 2009–2015. [Google Scholar] [CrossRef]

	



Bombardier, E.; Vigna, C.; Bloemberg, D.; Quadrilatero, J.; Tiidus, P.M.; Tupling, A.R. The role of estrogen receptor-α in estrogen-mediated regulation of basal and exercise-induced Hsp70 and Hsp27 expression in rat soleus. Can. J. Physiol. Pharmacol. 2013, 91, 823–829. [Google Scholar] [CrossRef]

	



Li, B.Y.; Zhao, Y.; Li, X.Q.; Yi, X.Z.; Wang, Y.M. Effect of estrogen on heat shock protein 70 expression in rat masseter muscle. Hua Xi Kou Qiang Yi Xue Za Zhi 2008, 26, 560–562. [Google Scholar]

	



Joanisse, S.; Lim, C.; McKendry, J.; McLeod, J.C.; Stokes, T.; Phillips, S.M. Recent advances in understanding resistance exercise training-induced skeletal muscle hypertrophy in humans. F1000Research 2020, 9. [Google Scholar] [CrossRef]

	



Hodson, N.; West, D.W.D.; Philp, A.; Burd, N.A.; Moore, D.R. Molecular regulation of human skeletal muscle protein synthesis in response to exercise and nutrients: A compass for overcoming age-related anabolic resistance. Am. J. Physiol. Cell Physiol. 2019, 317, C1061–C1078. [Google Scholar] [CrossRef] [PubMed]

	



Spiering, B.A.; Kraemer, W.J.; Anderson, J.M.; Armstrong, L.E.; Nindl, B.C.; Volek, J.S.; Maresh, C.M. Resistance exercise biology: Manipulation of resistance exercise programme variables determines the responses of cellular and molecular signalling pathways. Sports Med. 2008, 38, 527–540. [Google Scholar] [CrossRef] [PubMed]

	



Foletta, V.C.; White, L.J.; Larsen, A.E.; Leger, B.; Russell, A.P. The role and regulation of MAFbx/atrogin-1 and MuRF1 in skeletal muscle atrophy. Pflug. Arch. 2011, 461, 325–335. [Google Scholar] [CrossRef]

	



Lowe, D.A.; Baltgalvis, K.A.; Greising, S.M. Mechanisms behind estrogen’s beneficial effect on muscle strength in females. Exerc. Sport Sci. Rev. 2010, 38, 61–67. [Google Scholar] [CrossRef] [PubMed]

	



Moran, A.L.; Warren, G.L.; Lowe, D.A. Removal of ovarian hormones from mature mice detrimentally affects muscle contractile function and myosin structural distribution. J. Appl. Physiol. 2006, 100, 548–559. [Google Scholar] [CrossRef] [PubMed]

	



Moran, A.L.; Nelson, S.A.; Landisch, R.M.; Warren, G.L.; Lowe, D.A. Estradiol replacement reverses ovariectomy-induced muscle contractile and myosin dysfunction in mature female mice. J. Appl. Physiol. 2007, 102, 1387–1393. [Google Scholar] [CrossRef]

	



Lambert, M.N.T.; Hu, L.M.; Jeppesen, P.B. A systematic review and meta-analysis of the effects of isoflavone formulations against estrogen-deficient bone resorption in peri- and postmenopausal women. Am. J. Clin. Nutr. 2017, 106, 801–811. [Google Scholar] [CrossRef]

	



Chen, M.N.; Lin, C.C.; Liu, C.F. Efficacy of phytoestrogens for menopausal symptoms: A meta-analysis and systematic review. Climacteric 2015, 18, 260–269. [Google Scholar] [CrossRef]

	



Panel, E.A. Risk assessment for peri- and post-menopausal women taking food supplements containing isolated isoflavones. EFSA J. 2015, 13, 3496. [Google Scholar] [CrossRef]

	



Yamori, Y. Food factors for atherosclerosis prevention: Asian perspective derived from analyses of worldwide dietary biomarkers. Exp. Clin. Cardiol. 2006, 11, 94–98. [Google Scholar] [PubMed]

	



Moro, T.; Brightwell, C.R.; Phalen, D.E.; McKenna, C.F.; Lane, S.J.; Porter, C.; Volpi, E.; Rasmussen, B.B.; Fry, C.S. Low skeletal muscle capillarization limits muscle adaptation to resistance exercise training in older adults. Exp. Gerontol. 2019, 127, 110723. [Google Scholar] [CrossRef] [PubMed]

	



Snijders, T.; Nederveen, J.P.; Joanisse, S.; Leenders, M.; Verdijk, L.B.; van Loon, L.J.; Parise, G. Muscle fibre capillarization is a critical factor in muscle fibre hypertrophy during resistance exercise training in older men. J. Cachexia Sarcopenia Muscle 2017, 8, 267–276. [Google Scholar] [CrossRef] [PubMed]








[image: Nutrients 12 03587 g001 550] 





Figure 1. Overview of the study design with a detailed description of experimental day 14A and 14B. RC: red clover; PLA: placebo. 
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Figure 2. A detailed overview of the recruitment process. 
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Figure 3. FOXO1 (A), FOXO3a (B), HSP27 (C), and ER-β (D) protein expression after 14 days of RC extract and PLA. The histogram represents mean values, while symbols and lines represent individual values. * Significant difference from PLA p < 0.05, (*) Tendency toward difference from PLA, p < 0.08. 
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Figure 4. Phosphorylation of mTOR (A), phosphorylation of p70S6K (B), phosphorylation of Akt (C), Atrogin-1 (D), HSP90 (E), HSP27 (F) and ER-β (G) protein expression before and 3 h after resistance exercise. Representative western blots are shown in (H). The histogram represents mean values, while symbols and lines represent individual values. * Significant difference from rest p < 0.05. 
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Table 1. Participant characteristics.
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Subjects (n = 10)






	
Age (y)

	
54 ± 4




	
Height (cm)

	
168 ± 6




	
Weight (kg)

	
70 ± 8




	
FM (kg)

	
26 ± 7




	
FFM (kg)

	
42 ± 4




	
Physical activity (min/week)

	
113 ± 55




	
Steps (Steps/day)

	
8550 ± 1892




	
Time since last bleeding (months)

	
18 ± 11








FM, Fat mass; FFM, Fat free mass. Data is presented as mean ± standard deviation.
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Table 2. Primary and secondary antibodies for western blotting.
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	Antibody
	Physiological Process
	Manufacturer
	Catalog No.
	Dilution
	Blocking Agent
	Secondary Antibodies
	Dilution





	P-Akt Ser473
	Promotes cell survival by inhibiting apoptosis when phosphorylated
	Cell Sig.
	9271
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:2000



	P-mTOR Ser2448
	Promotes cell growth when phosphorylated
	Cell Sig.
	2971
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	mTOR
	Regulates cell growth
	Cell Sig.
	2972
	1:1000
	5% BSA, TBST
	Anti-rabbit igG, 7074S
	1:5000



	P-p70S6K
	Promotes cell growth, when phosphorylated
	Cell Sig.
	9234
	1:500
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	P-P38 MAPK Thr180/182
	A transducer of stress stimuli
	Cell Sig.
	9211
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	P-FOXO3 Ser253
	Promotes cell cycle arrest and apoptosis when dephosphorylated
	Cell Sig.
	9466
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:2500



	FOXO3a
	Promotes cell cycle arrest and apoptosis
	Cell Sig.
	2497
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:2000



	FOXO1
	Promotes cell cycle arrest and apoptosis
	Cell Sig.
	2880
	1:1000
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:2000



	MURF1
	Promotes muscle cell protein degradation
	ECM Biosciences.
	3401
	1:1000
	0.3% i-block, PBST
	Anti-rabbit IgG, 7074S
	1:2000



	Atrogin-1
	Promotes muscle cell protein degradation
	Abcam
	ab168372
	1:1000
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:2500



	HSP27
	Promotes cellular resistance
	Abcam
	ab109376
	1:1500
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:10,000



	HSP70
	Promotes cellular homeostasis
	Abcam
	ab181606
	1:1000
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	HSP90
	Promotes cellular homeostasis
	Abcam
	ab203126
	1:1000
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	Myogenin
	Promotes early myogenic differentiation
	Milipore
	3876
	1:1000
	5% Milk, TBST
	Goat anti-mouse IgG
	1:5000



	MyoD
	Promotes late myogenic differentiation
	Abcam
	ab126726
	1:1000
	5% BSA, TBST
	Anti-rabbit IgG, 7074S
	1:5000



	ER-β
	A receptor for estrogenic compounds
	Abcam
	ab3576
	1:500
	5% Milk, TBST
	Anti-rabbit IgG, 7074S
	1:5000







BSA, Bovine serum albumin; TBST, Tris buffered saline with tween. Cell Sig., Cell signaling Technology.
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Table 3. Changes in muscle strength and RFD.
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RC

	
PLA

	




	

	
Pre

	
Post

	
Pre

	
Post

	
Interaction






	
Grip strength (kg)

	
32.3 ± 7.6

	
32.2 ± 7.4

	
30.8 ± 6.3

	
32.4 ± 7.7

	
0.14




	
Elbow flexor strength (Nm)

	
39.0 ± 5.6

	
38.3 ± 7.5

	
37.4 ± 4.3

	
36.9 ± 4.6

	
0.93




	
RFD 0–50 ms (Nm)

	
5.6 ± 3.4

	
5.9 ± 4.4

	
7.0 ± 3.2

	
6.9 ± 3.7

	
0.80




	
RFD 0–100 ms (Nm)

	
11.1 ± 6.4

	
11.1 ± 6.0

	
12.7 ± 5.2

	
13.1 ± 5.1

	
0.83








Data is presented as mean ± standard deviation (SD). RFD: Rate of force development.
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