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Abstract  
This study sought to determine if the differences in serum estra-
diol we have previously observed to occur during the mid-follic-
ular (MF) and mid-luteal (ML) phases of the female menstrual 
cycle could be attributed to estrogen-induced receptor activation 
and subsequent effects on myogenic-related genes which may 
otherwise impact muscle regeneration in response to eccentric ex-
ercise. Twenty-two physically-active females (20.9 ± 1.4 years, 
63.5 ± 9.0 kg, 1.65 ± 0.08 m) underwent an eccentric exercise 
bout of the knee extensors during the MF and ML phases of their 
28-day menstrual cycle. Prior to (PRE), at 6 (6HRPOST), and 24 
(24HRPOST) hours post-exercise for each session, participants 
had muscle biopsies obtained. Skeletal muscle estradiol and es-
trogen receptor-α (ER-α) content and ER-DNA binding were de-
termined with ELISA. Real-time PCR was used to assess ER-α, 
Myo-D, and cyclin D1 mRNA expression. Data were analyzed 
utilizing a 2 x 3 repeated measures univariate analyses of variance 
(ANOVA) for each criterion variable (p ≤ .05). Skeletal muscle 
estradiol levels were not significantly impacted by either men-
strual phase (p > 0.05); however, both ER-α mRNA and protein 
were significantly increased during MF (p < 0.05). ER-DNA 
binding and Myo-D mRNA expression increased significantly in 
both menstrual phases in response to exercise but were not differ-
ent from one another; however, cyclin D1 mRNA expression was 
significantly greater during MF. This study demonstrates that 
skeletal muscle ER-α activation in response to eccentric exercise 
up-regulates myogenic-related gene expression independent of 
serum estradiol levels occurring during the human menstrual cy-
cle.  
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genesis. 
 

 

 

Introduction 
 

17β-estradiol (estradiol) augments increases in satellite cell 
activation and myoblast proliferation in rodents following 
exercise-induced muscle damage (Thomas et al., 2010). In 
humans, the concentration of estradiol in circulation fluc-
tuates during the menstrual cycle in a way that the levels 
are low during the early to midpoint (days 1-8) of the fol-
licular phase and elevated during the midpoint of the luteal 
phase (days 18-24) (Longcope, 1986). Considering this, 
several studies have been conducted attempting to deter-
mine whether estradiol fluctuations during the menstrual 
cycle may influence muscle’s ability to undergo increases 

in strength and mass (Sakamaki-Sunaga et al. 2015; Sung 
et al., 2014) due to the impact satellite cell activation may 
have on muscle regeneration in response to resistance ex-
ercise.  

We have previously shown that, during the mid-lu-
teal (ML) phase of the menstrual cycle, females were less 
susceptible to the consequences of exercise-induced mus-
cle damage and oxidative stress than males (Kerksick, et 
al., 2008). Carter et al. (2001) also concluded that muscle 
damage was attenuated in response to downhill running in 
women taking oral contraceptives and tested during the ML 
phase (high estrogen) when compared with eumenorrheic 
women not taking oral contraceptives and tested during the 
mid-follicular (MF) phase (low estrogen). We have also re-
cently shown that females, who indeed did have lower se-
rum estradiol levels during the MF than ML phase, experi-
enced a greater amount of oxidative stress (McKinely-Bar-
nard et al., 2017). As a result, based on the greater amount 
of muscle damage and oxidative stress that occurs during 
the follicular phase, it has been suggested that women’s 
muscles may have a better ability to respond to resistance 
training in the follicular phase compared to the luteal phase 
(Reis et al., 1995; Sung et al., 2014); although, the mecha-
nisms by which this occurs are not completely understood.  

Regarding estradiol’s impact on exercise-induced 
muscle damage, one possible mechanism is its association 
with the myogenic activation of satellite cells to assist with 
muscle repair and regeneration during recovery (Farup et 
al., 2014). Estradiol has been shown to influence satellite 
cell activation and proliferation in rats following eccentric 
exercise from downhill running (Enns and Tiidus, 2008). 
Furthermore, it has been shown that the ER, specifically 
ER-α, mediates estradiol-induced increases in rat skeletal 
muscle satellite cells post-exercise (Enns et al., 2008; 
Thomas et al., 2010). Estradiol functions by binding the ER, 
which is a 66 kDa nuclear regulatory protein that, when 
bound by estradiol, functions as a hormone-activated tran-
scription factor. Activation of the ER is typically associ-
ated with estradiol-induced conformational changes in the 
structure of the ER (Klein-Hitpass et al., 1989; Kumar and 
Chambon, 1988). Extracellular estradiol readily diffuses 
across the sarcolemma and binds the ER, leading to dimer-
ization of the ER and subsequent translocation to the nu-
cleus. Upon translocation, the estradiol-ER complex binds 
with high affinity to a 13 bp palindromic sequence, known 
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as the estrogen response element (ERE) (Beato et al., 1995). 
The enhancer-like ERE sequences are located upstream of 
the TATA promoter within the regulatory region of estra-
diol-responsive genes (Beato, 1991). After ERE binding, 
the estradiol-ER complex activates transcription of estra-
diol-responsive genes, such as myogenic differentiation 
factor D (Myo-D), thereby resulting in proliferation initia-
tion (Weisz and Bresciani, 1988).   

The Myo-D gene is a specific target for ER-induced 
expression due to the presence of three half-palindromic 
EREs approximately 650 bp of the 5’ upstream regulatory 
promoter region (Zingg et al., 1991). Because of ER-ERE 
binding, transcription of cis-linked target genes will be 
stimulated. In adult, fully-differentiated skeletal muscle, 
Myo-D is expressed at a level that is relatively low.  How-
ever, in response to muscle damage the expression of Myo-
D increases and is related to satellite cell activation and 
proliferation (Sakurai et al., 2013). 

Cyclins function as positive regulatory subunits 
within a class of protein kinases known as cyclin-depend-
ent kinases (CDKs), and have been shown to be important 
regulators of major cell cycle transitions. Specifically, cy-
clin D1 is a multifunctional G1-phase cyclin that activates 
ER-mediated transcription of estradiol-responsive genes. It 
has been shown that cyclin D1 activates ER-mediated tran-
scription in an estradiol-independent manner. Cyclin D1 
initiates transcription in the absence of estradiol; however, 
transcription is enhanced in the presence of estradiol 
(Zwijsen et al., 1997). This suggests that ER activation by 
cyclin D1 occurs independent of CDK binding and that the 
ER does not require occupancy of estradiol. 

There appears to be a paucity of data in humans de-
scribing the role of estradiol and/or ER activation relative 
to the expression of genes targeted by ER signaling which 
are known to play a role in the myogenic activation of sat-
ellite cells. Furthermore, the role that exercise-induced 
muscle damage may play in regulating ER signaling rela-
tive to estradiol-responsive gene expression is also un-
known. Therefore, this study builds upon the results we ob-
served for serum estradiol and eccentric exercise from our 
previous study (McKinley-Barnard et al., 2017). In the pre-
sent study, we used muscle samples that were obtained 
from our previous study to determine if the differences in 
estradiol we have previously observed to occur during the 
ML and MP phases of the female menstrual cycle (McKin-
ley-Barnard et al., 2017) could be attributed to estradiol-
induced ER activation and subsequent effects on myo-
genic-related genes which may impact muscle regeneration 
in response to eccentric exercise. 
 
Methods 
 

Participants 
Twenty-two apparently healthy, physically-active, eu-
menorrheic females (20.9 ± 1.4 years, 63.5 ± 9.0 kg, 1.65 
± 0.08 m) who had not taken any form of hormonal contra-
ception for one year prior to the study could participate. All 
eligible participants were informed of the risks and benefits 
of the study prior to signing the university-approved in-
formed consent documents, and approval was granted by 
the Institutional Review Board of Human Subjects of Bay-
lor University. Additionally, all experimental procedures 

involved in the study conformed to the ethical considera-
tion of the Declaration of Helsinki.  
 
Procedures 
Participants calculated their menstrual cycle utilizing the 
calendar method to determine the length of their cycle, and 
subsequently their MF and ML phases. Participants com-
pleted two eccentric exercise protocols during each phase 
of the menstrual cycle (day 6 for MF and day 21 for ML).  
 
Eccentric exercise protocol 
The eccentric exercise protocol was performed unilaterally 
and isokinetically (Biodex System 3, Shirley, NY, USA) 
employing a previous protocol (Kerksick et al., 2013), and 
consisted of 10 sets of 10 repetitions with 3 minutes of rest 
between sets at an isokinetic speed of 30°/second. Partici-
pants were required to exert a minimum of 30% of their 
individual pre-determined maximal voluntary initiation of 
contraction (MVIC) for each repetition to ensure the appro-
priate effort was put forth for each bout. The eccentric bout 
had a torque threshold of 300 ft-lbs. set for each participant. 
The leg exercised for the first testing session during the MF 
phase was randomly selected. The subsequent testing ses-
sion during the ML phase involved the opposing leg. 
 
Muscle biopsies 
Percutaneous muscle biopsies (15 to 20 mg) were obtained 
from the middle portion of the vastus lateralis muscle at the 
midpoint between the patella and the greater trochanter of 
the femur at a depth between 1 and 2 cm using a 14-gauge 
fine needle aspiration biopsy needle (Tru-Core I Biopsy In-
strument, Medical Device Technologies, Gainesville, FL, 
USA). After the initial biopsy, the next biopsy attempts 
were made to extract tissue from approximately the same 
location as the initial biopsy by using the pre-biopsy mark-
ings and depth markings on the needle. After removal, ad-
ipose tissue was trimmed from the muscle specimens. 
Specimens were immediately frozen in liquid nitrogen and 
then stored at -80°C for later analysis. At each eccentric 
exercise testing session, muscle samples were obtained at 
PRE, 6HRPOST, and 24HRPOST. 
 
Total RNA isolation from skeletal muscle samples 
Approximately 10 - 15 mg of muscle tissue was used for 
biochemical analysis. Total cellular RNA was extracted 
from the homogenate of biopsy samples with a monophasic 
solution of phenol and guanidine isothiocyanate contained 
within the TRI-reagent (Sigma Chemical Co., St. Louis, 
MO). An aliquot of TRI-reagent was added to each tube, 
and then muscle samples were homogenized using a pestle.  
An aliquot of chloroform was added to each tube and 
shaken, then allowed to sit for 15 minutes. The clear aque-
ous phase was transferred into a new microfuge tube. Sub-
sequently, an aliquot of 100% isopropanol was added to 
each tube and allowed to sit at room temperature for 5 to 
10 minutes. Samples were then centrifuged at 12,000 x g at 
4oC for 10 minutes, allowing for the formation of a RNA 
pellet. The supernatant was discarded, then an aliquot of 
75% ethanol was added to wash the pellet.  The samples 
were then centrifuged at 7500 x g at 4oC for 5 minutes, then 
the supernatant discarded. The washing procedure was re-
peated twice.  The pellet was allowed to air dry for 5 



Haines et al.

 

 
 

33

minutes, then an aliquot of nuclease free water was added 
to the microfuge tube. Total RNA concentrations from 
each sample were determined spectrophotometrically with 
an optical density of 260 nm (OD260) and to verify RNA 
integrity and absence of RNA degradation, indicated by an 
OD260/OD280 ratio of approximately 2.0 (Ausubel et al., 
1999). Our protocol produced an average (±SD) ratio of 
1.93 (± 0.44) for all samples. The final concentration was 
adjusted to 200 ng•μl-1 by diluting the total RNA extracts 
into DEPC-treated nuclease-free H2O. The RNA samples 
were stored at -80°C until later analyses.  
 
Reverse transcription and complementary DNA syn-
thesis 
 A reverse transcription reaction mixture [200 ng of total 
cellular RNA, 5× reverse transcription buffer, a dNTP mix-
ture containing dATP, dCTP, dGTP, and dTTP, MgCl2, 
RNase inhibitor, oligo(dT)15 primer, nuclease-free H2O, 
and 1 U•μl-1 MMLV reverse transcriptase enzyme (Bio-
Rad, Hercules, CA)] were incubated at 42°C for 40 
minutes, heated to 85°C for five minutes, and then quick-
chilled on ice yielding the complementary DNA (cDNA) 
product.  The standardized cDNA solutions were frozen at 
-80°C until real-time RT-PCR was performed. 
 
Oligonucleotide primers for PCR 
The mRNA sequences of human skeletal muscle ER-α 
(NM_001122742), Myo-D (X56677), cyclin-D1 
(NM_001758), and GAPDH (NM_002046) published in 
the NCBI Entrez Nucleotide database 
(www.ncbi.nlm.nih.gov) were used to construct PCR pri-
mers using Beacon Designer software (Bio-Rad, Hercules, 
CA, USA), and then commercially synthesized (Integrated 
DNA Technologies, Coralville, IA). These primers (Table 
1) amplify fragments of ER-α, Myo-D, cyclin-D1, and 
GAPDH of 142, 177, 108, and 155 bp, respectively. 
 
Table 1. Oligonucleotide primer sequences for real-time PCR. 

GAPDH 
Forward 5’-AAA GCC TGC CGG TGA CTA AC-3’ 
Reverse 5’-CGC CCA ATA CGA CCA AAT CAG A-3’

ER-α 
Forward 5’- AAT ATG CCC TTT TGC GATG -3’ 
Reverse 5’- ACA AAG CAA AGC TGC GAC AA -3’ 

Cyclin D1 
Forward 5’-CAA CTT CCT GTC CTA CTA CC - 3’ 
Reverse 5’ -TCC TCC TCC TCC TCT TCC-3’ 

Myo-D 
Forward 5’-CGC CAC CGC CAG GAT ATG-3’ 
Reverse 5’ -GTC ATA GAA GTC CGT TGT G-3’ 

 
Real time-PCR 
Aliquots  of  cDNA  were  added to each of the PCR reac- 
tions for ER-α, Myo-D, cyclin-D1, and GAPDH.  Specifi-
cally, each  PCR  reaction  contained  the  following mix- 
tures: cDNA template along with 2× SYBR Green Super-
mix (Bio-Rad, Hercules, CA) [100 mM KCl mixture, 40 
mM Tris-HCl, 0.4 mM of each dNTP, 50 U•ml-1 of iTaq 
DNA polymerase, 6.0 mM MgCl2, SYBR Green I, 20 nM 
flourescein], sense and anti-sense primers, and nuclease-
free dH2O. Each PCR reaction was amplified with a ther-
mal cycler (Bio Rad, Hercules, CA) and the amplification 
sequence involved a denaturation step at 95°C for 30 sec-
onds, primer annealing at 55°C for 30 seconds, and exten-
sion at 72°C for 60 seconds. RT-PCR was performed over 
40 cycles with emitted fluorescence from the SYBR green 

fluorophore being measured after each cycle. An emission 
of fluorescence occurs due to the integration of the SYBR 
green into the double-stranded cDNA produced during the 
PCR reaction. GAPDH was used as an external reference 
standard for detecting relative change in the quantity of tar-
get mRNA due to its consideration as a constitutively ex-
pressed housekeeping gene (Thellin et al., 1999).  All CT 
values were assessed in the linear portion of amplification 
and a DNA melting curve analysis was performed after am-
plification to assure that the single gene products were am-
plified in absence of primer-dimers.  

The specificity of the PCR was demonstrated with 
an absolute negative control reaction containing no cDNA 
template, and single gene products confirmed using DNA 
melt curve analysis. Based on our previous work (Kerksick 
et al., 2013), the expression of mRNA was determined 
from the post-exercise fold-change in gene expression an-
alyzed using the Pfaffl method (Pfaffl, 2001) [i.e., E-ΔΔC

T = 
E is 1.00 + (percent primer efficiency/100); ΔΔCT = (CT 
gene of interest - CT GAPDH) post-exercise - (CT gene of 
interest - CT GAPDH) pre-exercise]. A 0-fold change is a 
100% down-regulation of the gene and a 1-fold change in-
dicated no change in gene expression relative to baseline 
mRNA levels, whereas a 2-fold and 3-fold change in gene 
expression indicated a 100% and 200% increase in gene 
expression, respectively.   
 
Skeletal muscle cellular and nuclear extraction and 
protein content 
Portions of each muscle sample were homogenized using a 
cell extraction buffer (item # FNN0011, Life Technologies, 
Grand Island, NY, USA) and a tissue homogenizer.  The 
cell extraction buffer was supplemented with phenylme-
thanesulphonyl fluoride (PMSF) (item # P7626, Sigma 
Chemical Company, St. Louis, MO, USA) and a protease 
inhibitor cocktail (item # P2714, Sigma Chemical Com-
pany, St. Louis, MO, USA) with broad specificity for the 
inhibition of serine, cysteine, and metallo-proteases.  Re-
maining muscle samples were homogenized in nuclear ex-
traction buffer (item # 40410, Active Motif, Carlsbad, CA). 
The nuclear extracts were supplemented with a phospha-
tase inhibitor buffer [34,35]. Total protein content for cel-
lular- and nuclear-extracted samples were analyzed in du-
plicate and determined spectrophotometrically at a wave-
length of 595 nm and using bovine serum albumin as the 
standard.   
 
Skeletal muscle estradiol analysis 
Estradiol was determined in each cellular extract by ELISA 
(Eagle Biosciences, Inc., Nashua, NH, USA) (Ekenros et 
al., 2017). The specificity of the kit for estradiol is 100% 
with the sensitivity estimated to be 8.68 pg/ml.  All samples 
were analyzed in duplicate and in one run to avoid batch 
effects. The absorbances for each variableswere deter-
mined at a wavelength of 450 nm using a microplate reader 
(iMark, Bio-Rad, Hercules, CA) against a known standard 
curve, and final concentration expressed relative to total, 
cellular-extracted protein concentration. The overall intra-
assay percent coefficient of variation was 7.4%. 
 
Skeletal muscle ER-α protein analysis 
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In each PRE sample, the ER-α protein content was deter-
mined in nuclear-extracted muscle samples by a commer-
cially-available nuclear receptor ELISA kit (Active Motif, 
Carlsbad, CA). The kit uses a specific polyclonal antibody 
which recognizes the N-terminal, ligand-independent, do-
main of the ER-α. The assay is 100% specific and has a 
sensitivity of 0.6 µg of ER in nuclear-extracted LNCaP 
cells.  All samples were analyzed in duplicate and in one 
run to avoid batch effects. The absorbances for each varia-
ble were determined at a wavelength of 450 nm using a 
microplate reader (iMark, Bio-Rad, Hercules, CA) against 
a known standard curve consisting of ER-α peptide, and 
concentrations expressed relative to total, cellular-ex-
tracted protein concentration.  The overall intra-assay per-
cent coefficient of variation was 8.3%. 
 
ER-DNA binding analysis 
The extent of ER-DNA binding was determined in nuclear 
extracts by a commercially-available ELISA kit (Assay 
Bio Tech, Inc., Sunnyvale, CA, USA).  This kit uses a con-
sensus DNA oligonucleotide (AGAACA) representing the 
ERE to first bind the ER, after which a specific polyclonal 
antibody interacts with the N-terminal domain of the ER.  
The assay is 100% specific and has a sensitivity of 0.3 µg 
of AR-DNA binding in nuclear-extracted MCF7 cells.  All 
samples were analyzed in duplicate and in one run to avoid 
batch effects, and were also run against nuclear-extracted 
MCF7 as a positive control.  The absorbances were deter-
mined at a wavelength of 450 nm using a microplate reader 
(iMark, Bio-Rad, Hercules, CA) and expressed relative to 
total, nuclear-extracted protein concentration.  The overall 
intra-assay percent coefficient of variation was 9.6%. 
 
Statistical analyses 
Statistical analyses were performed by utilizing separate 2 
x 3 [Phase (MF or ML) x Time (PRE, 6HRPOST, and 
24HRPOST)] factorial analyses of variance (ANOVA) 
with repeated measures. Significant interaction differences 
were determined by separate one-way ANOVA. Further 
analysis of the main effect for Time was performed involv-
ing the LSD Post Hoc Test. The index of effect size utilized 
was partial Eta squared (η2), which estimates the propor-
tion of variance in the dependent variable that can be ex-
plained by the independent variable. Partial Eta squared ef-
fect sizes were determined to be: weak = 0.17, medium = 
0.24, strong = 0.51, very strong = 0.70 (O’Connor et al., 
2007). An a-priori power calculation from our previous 
study (McKinely-Barnard et al., 2017) demonstrated that 
15 participants were adequate to detect a significant differ-
ence in the criterion variable of serum estradiol, given a 
type I error rate (α-level) of 0.05 and a power of 0.80. To 
determine if any significant differences in existed in 
mRNA expression, estradiol, and ER-DNA binding be-
tween legs at each PRE time point during the MF and ML 
phases, separate paired t-tests were performed. All statisti-
cal procedures were performed using SPSS 20.0 software 
and a probability level of p ≤ .05 was adopted throughout. 
 

Results 
 
Outcome Variable Differences Between Right and Left 
Legs at PRE 

As can be seen in Table 2, for ER mRNA and protein, there 
was a significant difference between the right and left legs 
at the PRE time point. However, there were no significant 
differences detected between the right and left legs in for 
Myo-D and cyclin D1 mRNA expression, estradiol, and 
ER-DNA at the PRE time point (p > 0.05).   
 
Table 2. Means (±SD) for each variable at the PRE time point 
for the MF and ML phases. 

Variables MF ML 
Estradiol 15.36 (9.58) 18.43 (13.81) 
ER Protein .063 (.011) .038 (.020) † 
ER-DNA Binding .801 (.408) .733 (.447) 
ER mRNA 1.36 (.021) .871 (.081) # 
Myo-D mRNA .866 (.064) .884 (.063) 
Cyclin D1 mRNA .846 (.083) .882 (.052) 

ER mRNA and protein were significantly different between right and left 
legs at the PRE time point (p < 0.05). All other variables were not signif-
icantly different (p > 0.05). † p ≤ 0.001, # p ≤ 0.003. 

 
 

 
 

Figure 1. Skeletal muscle estradiol concentrations at pre-ex-
ercise (PRE) during the MF and ML menstrual phases. Data 
are presented as mean ± SD. No significant differences at any time point 
and between exercise sessions were detected (p > 0.05).  
 
Skeletal muscle estradiol 
As can be seen in Figure 1, skeletal muscle estradiol failed 
to demonstrate a significant cycle x time interaction (p = 
0.669, effect size = 0.114) or main effect for cycle (p = 
0.431, effect size = 0.123) and time (p = 0.399, effect size 
= 0.207).    
 
Skeletal muscle ER-α mRNA and protein expression 
For ER-α expression at PRE, a significant main effect for 
cycle was observed for mRNA (p = 0.001, effect size = 
1.00) and protein (p = 0.021, effect size = 0.985) showing 
both to be significantly greater at MF compared to ML 
(Figure 2).   
 
ER-DNA binding 
For ER-DNA binding, no significant cycle x time interac-
tion (p = 0.924, effect size = 0.062) or main effect for cycle 
(p = 0.728, effect size = 0.064) was observed. However, a 
significant main effect for time was observed (p = 0.042, 
effect size = 0.610). Post-hoc analyses showed ER-DNA 
binding was greater at 6HRPSOT and 24HRPOST (Figure 
3).   
 
mRNA expression for gene markers of myogenic acti-
vation 
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For Myo-D, no significant cycle x time interaction (p = 
0.853, effect size = 0.074) or main effect for cycle (p = 
0.893, effect size = 0.086) was observed. However, a sig-
nificant main effect for time existed (p = 0.003, effect size 
= 0.861). Post-hoc analyses showed that the up-regulation 
in Myo-D mRNA expression was significantly different at 
6HRPSOT and 24HRPOST (Figure 4).   
 

 

 
 

Figure 2. Skeletal muscle ER-α (A) mRNA and protein (B) 
expression at pre-exercise (PRE) during the MF and ML 
menstrual phases. Data are presented as mean ± SD. * indicates MF 
to be significantly greater than ML (p < 0.05). 
 

 

 
 

Figure 3. Skeletal muscle ER-DNA binding concentrations in 
response to eccentric exercise during the MF and ML men-
strual phases.  Data are presented as mean ± SD. * indicates ER-DNA 
binding was significantly greater in response to eccentric exercise (p < 
0.05) but not impacted by either MF or ML (p > 0.05).  

 
A significant cycle x time interaction existed for cy-

clin D1 (p = 0.014, effect size, 0.756). In addition, signifi-
cant main effects were observed for cycle (p = 0.037, effect 
size = 0.551) and time (p = 0.026, effect size = 0.662). Post-
hoc analyses showed that cyclin D1 mRNA expression was 
significantly greater for MF than ML at 6HRPOST and 
24HRPOST (Figure 4).  

 
 

 
 

Figure 4. Skeletal muscle (A) Myo-D and (B) cyclin D1 mRNA 
expression in response to eccentric exercise during the MF 
and ML menstrual phases.  Data are presented as mean ± SD and 
expressed as fold-change in expression. * indicates significantly greater 
expression in response to eccentric exercise (p < 0.05); † indicates signif-
icantly greater expression during MF (p < 0.05). 

 
Discussion 
 
In our previous study (McKinley-Barnard et al., 2017), we 
showed the levels of serum estradiol to be significantly 
greater at ML than MF. However, in the present study we 
were interested to see if the differences in serum estradiol 
we previously observed had any impact on muscle estra-
diol, ER-α mRNA and protein expression, ER-DNA bind-
ing, and the subsequent effect on the expression of the ER 
target genes/markers of myogenic activity, Myo-D and cy-
clin D1. Based on the results presented herein, we have 
shown muscle estradiol levels to not be differentially af-
fected by either the MF or ML phase, or by eccentric exer-
cise. We originally assumed that the differences in serum 
estradiol levels between menstrual phases would possibly 
mirror those in muscle; however, muscle estradiol was 
found to be similar at baseline during each menstrual 
phase. We were unable to find published human data on 
muscle estradiol in females; however, data from rats show-
ing no significant change in muscle estradiol levels follow-
ing treadmill exercise at 30 m/min for 30 min (Aizawa et 
al., 2008) assist in corroborating our present results. There-
fore, our data indicate muscle estradiol do not differ be-
tween MF and ML phases, and that elevated estradiol in 
circulation during ML does not differentially impact ER 
activation compared to MF.  

Since a different leg was used for the eccentric ex-
ercise session and muscle biopsy at the MF and ML phase, 
we wanted to make sure our post-exercise results were not 
influenced simply by differences that may have existed be-
tween legs at the PRE (baseline) time point. With the ex-
ception of ER-α mRNA and protein, we found that no sig-
nificant differences existed between legs at the PRE time 
point for all of our outcome variables. As a result, we are 
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confident that our results are not influenced by any baseline 
differences due to the MF and ML phases. We were unable 
to find any supporting data from right and left legs in fe-
males during the MF and ML phases. However, our results 
are supported by those from a previous study involving 
older men which compared skeletal muscle gene expres-
sion between right and left legs using transcriptome expres-
sion from microarray and mRNA expression using real 
time PCR. Microarray analysis found that only 31 of 5499 
genes (0.6%) and none of the mRNA species assessed were 
significantly different between legs (Tarnopolsky et al., 
2007). 

Even though our present results indicate no signifi-
cant difference between menstrual phases in muscle estra-
diol before or after eccentric exercise, in baseline muscle 
samples we did show a significantly greater ER-α mRNA 
and protein expression at MF. This agrees with a previous 
study in humans showing a greater level of estradiol during 
the luteal phase compared to the follicular phase, yet a 
greater expression of ER-α mRNA and protein expression 
during the follicular phase (Ekenros et al., 2017). Aside 
from this study, we were unable to locate other published 
results on ER expression in skeletal muscle. Although, ER-
α expression in the endometrium has been shown to in-
crease during the follicular phase, to the highest levels of 
expression at ovulation, and then gradually decrease during 
the luteal phase (Giudice, 2006). Animal studies have also 
shown a significant elevation in ER-α in bovine cervix and 
vagina during the follicular phase (Sagsoz et al., 2010). The 
fact that serum estradiol levels are higher during the luteal 
phase than the follicular phase may be important because 
the much higher levels of progesterone could have a sup-
pressing effect on estradiol function systemically. So, the 
higher levels of estradiol during the luteal phase are to off-
set the potential so-called “anti-estrogen” effect of the 
higher progesterone which occurs during this phase. How-
ever, our results suggest that the expression of ER-α 
mRNA and protein do not appear to be dependent on either 
serum or muscle estradiol levels. Furthermore, the reason 
for this occurrence is not well known.   

Interestingly, we observed ER-DNA binding (indic-
ative of ER activation) and Myo-D mRNA expression to 
be increased with eccentric exercise, but not impacted by 
either menstrual phase. However, cyclin D1 was impacted 
by eccentric exercise, but much more so during the MF 
phase which seems to suggest cyclin D1 gene expression 
may be preferentially affected by ER activation, rather than 
by serum and/or muscle estradiol levels. With the present 
study, we were interested in determining the role that se-
rum estradiol and subsequent ER activation may play in in-
creasing the expression of genes associated with the myo-
genic activation of satellite cells in response to eccentric 
exercise. Beyond its anti-oxidant capacity and ability to at-
tenuate oxidative stress and muscle damage, estradiol may 
conceivably facilitate the repair of exercise-induced mus-
cle damage through the activation of satellite cells. Alt-
hough, in humans a non-steroidal anti-inflammatory drug 
(NSAID) which minimized the inflammation that accom-
panies muscle damage has been shown to attenuate the my-
ogenic response to a single bout of eccentric exercise (Mik-
kelsen et al., 2009). This suggests that estradiol’s anti-oxi- 

dant capability to attenuate muscle damage may also hin-
der the myogenic response. However, estradiol has also 
been shown to induce satellite cell activation and prolifer-
ation following eccentric exercise in rodents through an 
ER-mediated mechanism (Enns and Tiidus, 2008), and one 
that appears to be specifically linked to the activation of 
ER-α (Enns et al., 2008; Thomas et al., 2010). Moreover, 
since we failed to observe a menstrual phase-induced in-
crease in ER activation, the attenuation in exercised-in-
duced muscle damage and oxidative stress that we (Kerk-
sick et al., 2008; McKinley-Barnard et al., 2017) and others 
(Carter et al., 2001; Minahan et al., 2015) have previously 
shown to occur appears to be a ER-mediated process inde-
pendent of serum estradiol (Enns et al., 2008). 

The expression of cis-linked target genes will be up-
regulated upon ER-ERE binding. Since the Myo-D gene is 
a specific target for ER-induced transcription (Zingg et al., 
1991), this indicates that estradiol-bound and activated ER 
can specifically bind to EREs within the Myo-D gene, 
thereby up-regulating its expression. We showed that ER-
DNA binding (indicative of estradiol-bound ER activation 
and subsequent ERE binding) was significantly increased 
in response to eccentric exercise, but was not dependent on 
either menstrual phase. Furthermore, since Myo-D is an ER 
target gene, it is not surprising that we also observed the 
same response with its expression, which is a similar re-
sponse in Myo-D mRNA expression previously shown in 
rodents 24 hours following eccentric exercise (Sakurai et 
al.., 2013). Myo-D is a myogenic regulatory factor (MRF) 
that is expressed once satellite cells re-enter the cell cycle. 
Myo-D has been suggested to have a functional role during 
cell activation (Saboruin and Rudnicki, 2000). The mRNA 
expression of Myo-D serves as a marker of satellite cell 
proliferation (Sakurai et al., 2013). Under normal condi-
tions, satellite cell differentiation following exercise-in-
duced muscle injury is considered to be a cause of Myo-D 
mRNA expression observed at 24 hours post-exercise (Di 
Marco et al., 2005). Considering that ER-DNA binding re-
sults in transactivation, our data indicate that while Myo-D 
expression may be ER-dependent, it appears to be inde-
pendent of serum estradiol levels as its expression in re-
sponse to eccentric exercise was not impacted by either 
menstrual phase.   

Along with the MRFs, the myogenic activation of 
satellite cells is also regulated by cyclin-dependent kinases 
(CDKs) which have a catalytic dependence upon the cyclin 
family of regulatory proteins. Cyclin D1 regulates progres-
sion through G1 and entry into the S phase of the cell cycle, 
and is responsible for its role in myoblast differentiation by 
activating CDK2 (Knight and Kothary, 2011). Cyclin D1 
and estradiol are synergistic in stimulating ER-regulated 
gene transcription; therefore, cyclin D1 can apparently 
substitute for estradiol in activating the ER by two mecha-
nisms. First is that, in the presence of estradiol, cyclin D1 
is a strong enhancer of ERE-responsive gene transcription, 
but also activates the TATA box within the gene’s core 
promoter. As a result, the action of cyclin D1, while re-
sponsive to estradiol, is not promoter-specific (Zwijsen et 
al., 1997). Second is that activation of the ER by cyclin D1 
is not due to a change in ER translocation to the nucleus, 
rather ER activation by cyclin D1 is associated with a direct 
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physical interaction which is located within the E/F domain 
region of liganded, as well as unliganded, ER. Interest-
ingly, we (Li et al., 2015) and others (Roberts et al., 2011) 
have shown the cyclin D1 gene to be responsive to re-
sistance exercise; however, in the present study we showed 
that cyclin D1 mRNA expression was significantly in-
creased in response to exercise that was greater during MF 
compared to ML. This suggests that ER activation by cy-
clin D1 does not require receptor binding of estradiol, and 
that low levels of estradiol during MF seems to preferen-
tially increase the expression of the cyclin D1, perhaps to 
facilitate the increase in Myo-D gene expression we ob-
served to be similar during ML.  

Based on the ability of elevated circulating estradiol 
to minimize the severity of exercise-induce muscle dam-
age, it is conceivable that skeletal muscle regeneration may 
be negatively impacted if exercise is performed during ML.  
However, our data indicate that ER activation and Myo-D 
mRNA expression was similarly impacted by eccentric ex-
ercise during MF and ML, independent of estradiol levels 
in circulation. Furthermore, cyclin D1 mRNA expression 
was increased by eccentric exercise to a much greater ex-
tent during MF and may play a role in ER activation during 
periods of lower circulating estradiol. An anabolic effect of 
estradiol on skeletal muscle in animals has been suggested 
(Enns and Tiidus, 2010; Skelton et al., 1999), and this 
could possibly be due to a cyclin D1-induced ER activation 
mechanism that results in subsequent increases in Myo-D 
mRNA expression. Therefore, in response to eccentric ex-
ercise, this may help explain the role estradiol seems to 
play in the myogenic activation of satellite cells as they as-
sist with muscle repair and regeneration during recovery 
(Farup et al., 2014). While circulating estradiol may confer 
protective benefit to the sarcolemma against exercise 
and/or oxidatively-induced damage, our results imply that 
ER activation and subsequent expression of MyoD mRNA 
occurs independent of the levels of estradiol in circulation.  

 
Conclusions 
In conclusion, this study demonstrates that skeletal muscle 
ER-α activation in response to eccentric exercise up-regu-
lates myogenic-related gene expression independent of  se-
rum  estradiol  levels  occurring  during  the  human  
menstrual cycle.  
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Key points 
 
 Skeletal muscle estradiol levels do not differ during 

the MF and ML phase, despite differences in serum 
estradiol. 

 Skeletal muscle ER-α mRNA and protein expres-
sion was greater during MF, despite greater levels 
of serum estradiol during ML and no difference in 
muscle estradiol between MF and ML.  

 Skeletal muscle ER-DNA binding and Myo-D 
mRNA expression was not impacted by either men-
strual phase but was elevated in response to eccen-
tric exercise.   

 Skeletal muscle cyclin D1 mRNA expression was 
impacted by eccentric exercise and was greater for 
MF.   
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