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Abstract

Purpose To examine the influence of estradiol on muscle
damage and leg strength after intense eccentric exercise.
Methods Eight men (MEN), eight normally menstruating
women (WomenNM), and eight women using oral contra-
ceptives (WomenOC) participated in this study. Subjects
performed 240 maximal-effort bilateral eccentric contrac-
tions of the quadriceps muscle groups designed to elicit
exercise-induced muscle damage (EiMD). Serum creatine
kinase (CK), myoglobin (Mb), and fatty acid-binding pro-
tein (FABP) concentrations were measured before (pre-)
EiMD, as well as 0, 6, 24, and 48 h post-EiMD. Peak iso-
metric quadriceps torque (i.e., leg strength) was measured
pre-EiMD, as well as 24 and 48 h post-EiMD.

Results The increases in CK, Mb, and FABP concentra-
tions from pre- to post-EiMD were greater in MEN (10-
fold, 15-fold, and fourfold, respectively) and WomenOC
(sevenfold, 11-fold, and ninefold) compared with Wom-
enNM (five-, six-, and threefold; p < 0.05). The decline
in leg strength was about 10 % pre- to 24 h post-EiMD in
all groups and decreased a further 10-15 % by 48 h post-
EiMD in the MEN and WomenOC only.
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Conclusion Our findings suggest an important role of
estradiol in blunting the muscle damage response to intense
eccentric exercise and preserving muscle function after
EiMD.
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Abbreviations

EiMD Exercise-induced muscle damage

CK Creatine kinase

Mb Myoglobin

FABP Fatty acid-binding protein

WomenNM  Normally menstruating women
WomenOC  Women taking the oral contraceptive pill
Introduction

Given the evidence suggesting that estradiol can be neu-
roprotective (Garcia-Segura et al. 2001), osteoprotective
(Imai et al. 2010), and cardiovascular protective (Mendel-
sohn and Karas 1999), it is not surprising that sport and
exercise scientists are interested in the role of estrogens in
the muscle damage and repair response to exercise. In order
to examine the role of estrogens in the muscle damage
response to exercise, comparisons can be made between
gender (Dannecker et al. 2012; Sewright et al. 2008;
Stupka et al. 2000), and in women with varying estro-
genic status: across the menstrual cycle (Kendall and Eston
2002), pre- and postmenopause (Roth et al. 2000; Buckley-
Bleiler et al. 1989), as well as with and without the use of
hormone replacement (Dieli-Conwright et al. 2009) or oral
contraception (Carter et al. 2001; Kendall and Eston 2002;
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Roth et al. 2001; Savage and Clarkson 2002; Thompson
et al. 1997). Many of these studies report no effect of estro-
gens on markers of EIMD (Dannecker et al. 2012; Kendall
and Eston 2002; Savage and Clarkson 2002; Stupka et al.
2000; Thompson et al. 1997), while others demonstrate
greater muscle damage after eccentric exercise in individu-
als deficient in estradiol (Dieli-Conwright et al. 2009; Roth
et al. 2000, 2001). Thus, there remains uncertainty as to the
influence of estradiol on EiMD.

In addition to the initial mechanically induced disrup-
tion of the muscle fibers that is associated with EiMD, a
coordinated inflammatory response is initiated that can
exacerbate muscle damage early in the repair phase (Clark-
son and Tremblay 1988; Tidball 2005). Stupka et al. (2000)
reported a lower number of inflammatory cells in women
compared with men 48 h after EiMD and Savage and
Clarkson (2002) demonstrated that leg strength took longer
to recover after EIMD in women taking oral contraceptives
when compared to normally menstruating women. Thus, it
is suggested that lower estradiol concentrations may affect
the recuperative capacity of the muscle, thereby delaying
the recovery of strength in women taking oral contracep-
tives. Perhaps the most compelling evidence supporting the
role of estradiol in EiMD and repair is in the assessment
of muscle function determined via repeated measures of
skeletal muscle strength (Pizza 2009; Sayers and Clark-
son 2001; Warren et al. 1999). Therefore, the present study
examined both early (i.e., serum myoglobin, Mb and fatty
acid-binding protein, FABP) and late (i.e., serum creatine
kinase, CK) markers of muscle damage as well as isomet-
ric quadriceps torque (i.e., leg strength) before, 24 and 48 h
after EiMD to observe the recuperative capacity of men and
women.

The blending of women on and off oral contraception
in sex-comparison studies (Dannecker et al. 2012; Stupka
et al. 2000), a lack of statistical power and/or substantial
variability in blood data (Carter et al. 2001; Roth et al.
2001; Thompson et al. 1997) in studies of women with
varying estrogenic status, makes it difficult to accurately
determine the role of estradiol in EiMD. The purpose of
the present study was to examine the role of gender and
oral contraception in the response to muscle damage after
intense eccentric exercise.

Methods
Subjects
Eight men (MEN), eight normally menstruating women
(WomenNM), and eight women who were using oral

contraceptives (WomenOC) volunteered to participate
as subjects in this study. The subjects did not have any
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documented history, or clinical signs and symptoms of
pulmonary, cardiovascular, or metabolic disorders. Sub-
jects were habitually active, typically undertaking mod-
erate-intensity endurance-based activities such as walk-
ing, jogging, and swimming (~2 to 3 days/week for
30 min). Volunteers were excluded from the study if they
reported participating in any resistance exercise, or com-
petitive sporting activities. This was established during
the recruitment and screening process via questionnaire
and interview. While we cannot ensure that every subject
was naive to eccentric activity, based on our questionnaire
and interview, we are confident that the two groups were
homogenous with respect to volume, intensity, and mode
of exercise habits. Nonetheless, it should be noted that any
previous exposure to heavy-intensity eccentric exercise
might dampen the muscle damage attained during the pre-
sent exercise protocol.

All normally menstruating women had regular menstrual
cycles occurring every 28-30 days. Women using oral con-
traception had been using a combined monophasic oral
contraceptive pill for at least 12 months and continued their
oral contraceptive pill throughout the experimental period.
All subjects had never knowingly been pregnant. It should
be noted that subjects included in this study acted as sub-
jects in the study by Joyce et al. (2014) and that data for
both studies were collected based on subjects performing
the EiMD protocol only once.

Experimental design

After pre-exercise health screening had been performed
and written informed consent attained for each subject, a
sample of blood was collected before the start of the exper-
iment for all subjects that was during the follicular phase
of the menstrual cycle for WomenNM (i.e., day 2-6), and
during the withdrawal phase for WomenOC (i.e., day 2-6
of placebo pill ingestion) for the subsequent determination
of serum 17B-estradiol concentration (Sullivan Nicolaides
Pathology, Australia). Each subject completed a bilateral,
lower limb eccentric resistance-exercise protocol designed
to induce muscle damage of the quadriceps muscle groups
(i.e., EiMD protocol). The EiMD protocol took place dur-
ing the follicular phase of the menstrual cycle (i.e., day 2-6)
for WomenNM, and during the withdrawal phase (i.e., day
2-6 of placebo pill ingestion) for WomenOC. Serum CK,
Mb, and FABP concentrations were measured before (pre-)
EiMD, as well as 0, 6, 24, and 48 h post-EiMD. Mb and
FABP concentrations were determined in part, to provide
early (i.e., 0-6 h post-exercise) evidence of muscle dam-
age (Montgomery et al. 2008). Peak isometric quadriceps
torque (i.e., leg strength) was measured pre-EiMD, as well
as 24 and 48 h post-EiMD. The Griffith University Human
Research Ethics Committee approved all procedures.



Eur J Appl Physiol (2015) 115:1493-1500

1495

Assessment of leg strength

Peak isometric quadriceps torque (i.e., leg strength) was
assessed for both legs using a Biodex dynamometer (Bio-
dex Medical Systems, NY, USA) pre-, 24 h post-, and 48 h
post-EiMD. Subjects were seated upright on the Biodex
with their back supported and hips at 85°. The rotational
axis of the dynamometer lever arm was aligned with the
lateral femoral epicondyle and the resistance pad posi-
tioned on the tibia, proximal to the malleoli. Each subject’s
pelvis and thighs were strapped to the seat to avoid any
extraneous movement during exercise and subjects were
required to cross their arms over their chest. Before com-
pleting the strength tests, each subject performed a warm-
up comprising ten submaximal contractions at an angular
velocity of 30° s~! through their entire range of move-
ment. A 5-min rest period separated the warm-up and the
experimental trials. The peak torque for each subject was
measured at a knee-joint angle of 75° during three 5-s max-
imal-effort contractions separated by 60 s of passive rest.
The right and left legs were tested in a randomized order
determined by flipping a coin, and the highest peak torque
recorded for each leg was averaged together and reported
as leg strength.

Blood sampling and analyses

Venous blood samples (~12.5 mL) were collected directly
into serum separator tubes (BD Diagnostics Systems, NJ,
USA) 20 min before the commencement of the EiMD
protocol (i.e., baseline) as well as 0, 6, 24, and 48 h after.
Whole blood samples were stored on ice for ~30 min
before centrifugation at 1600g for 10 min. Serum samples
were stored frozen at —80 °C until analysis for Mb, CK,
and FABP and were subjected to only one freeze—thaw
cycle. All assays were performed on the Abbott Architect
ci16200 (Abbott Diagnostics, IL, USA) using assays sup-
plied by Abbott Diagnostics.

Eccentric resistance-exercise protocol (i.e., EiMD protocol)

Subjects were warmed up before the EiMD protocol
and seated on the Biodex in the same position as the leg
strength assessment. Range of movement was set to 60°
(110°-50° of knee flexion) and repetitions were performed
at an angular velocity of 30° s~!. Knee flexion was chosen,
as compared to a more traditional muscle damaging exer-
cise protocol (e.g., elbow flexion), in order to assess a func-
tionally relevant movement pattern. Each subject attempted
to resist the downward force of the dynamometer arm by
maximally contracting their quadriceps muscle group.
The Biodex then moved the leg back to the starting posi-
tion passively. The eccentric exercise bout was divided into

48 sets of 10 contractions. Subjects performed 6 sets of 10
maximal eccentric contractions on one leg, before complet-
ing 6 sets of 10 maximal eccentric contractions on the other
leg. This cycle was repeated four times, completing a total
of 24 sets for each leg. A 1-min rest interval was allowed
between sets. The rest intervals between sets and switch-
ing of legs allowed subjects to better restore intramuscu-
lar ionic homeostasis so as to maintain the highest possi-
ble exercise intensity throughout the EiMD protocol. To
ensure maximal effort, participants were verbally encour-
aged to resist the action of the dynamometer lever arm with
maximal effort and visual feedback of the angular torque
was provided throughout the EiMD protocol. The bilat-
eral eccentric exercise model used in the present study was
specific to leg cycling and, our previous research (Joyce
et al. 2014) suggested that it promoted muscle fatigue and
resulted in elevated CK levels.

Statistical analyses

All results are presented as group mean £ SD. Fully fac-
torial ANOVA was used to make comparisons among
groups (MEN, WomenNM, WomenOC) as well as before
and repeatedly after the EIMD protocol. Where statistically
significant F values were detected, least-squares difference
post hoc tests and pairwise comparisons were performed.
IBM SPSS Statistics IBM Corporation, Version 22.0) was
used for the data analyses, and significance was accepted at
p <0.05.

Results
Subject characteristics

The age of menarche was not different between WomenNM
(14 £ 1 years) and WomenOC (13 £ 2 years; p = 0.41).
Table 1 presents the subject characteristics and peak iso-
metric quadriceps torque measures. The MEN were older,
taller, and heavier than the women (p > 0.05), whereas there
were no differences in age (p = 0.15), height (p = 0.22),
or body mass (p = 0.79) between the two female groups.
Compared with WomenNM, estradiol was lower in MEN
(» <0.01) and in WomenOC (p < 0.01).

Response to the EiMD protocol

Mean torque calculated for both legs across the 240 eccen-
tric contractions was greater in MEN (203 & 47 Nm) com-
pared with WomenNM (142 £+ 21 Nm, p < 0.01) and Wom-
enOC (132 & 13 Nm, p < 0.01), but there was no difference
between the two female groups (p = 0.26). However, mean
torque expressed relative to body mass were not different
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Table 1 Subject characteristics and baselines measures of peak
quadriceps torque

MEN WomenNM ~ WomenOC
Age (years) 25 £ 4% 2243 20£2
Body mass (kg) 80.0 £5.6% 623+£63 594+59
Height (cm) 180.7 £4.5% 168.6£54 163.8+54
Estradiol (pmol L™')  87.8 £ 11.2% 1323 +£41.7 459 +228"

Isometric torque @ 192.7 £13.9*% 101.2£19.3 107.6 £10.4

75° (Nm)

Values presented are mean + SD. All values for isometric torque
were calculated as the average of the right and left legs

* Different from WomenNM and WomenOC, p < 0.05
# Different from WomenNM, p <0.05

between groups (MEN, 2.4 + 0.5; WomenNM, 2.3 £ 0.3;
WomenOC, 2.2 4 0.4 Nm kg~!, p = 0.60).

Figure 1 shows the change in torque (expressed relative
to the torque recorded in Set 1 for each subject). The rate of
decline in force was greater for MEN compared with both
female groups (p < 0.01) with MEN reaching a force value
of <65 % of the force achieved in Set 1 of the EiMD proto-
col. Conversely, women responded similarly (p > 0.61) and
on average did not drop below 80 % of the force achieved
in Set 1.

Figure 2 illustrates the CK, Mb, and FABP responses
to EiMD. For clarity, only group differences are presented
on the figure, whereas time effects are reported here only.
Serum CK concentration measured pre-EiMD was not dif-
ferent between WomenNM and WomenOC (p = 0.69),
whereas MEN had a higher concentration of CK pre-EiMD
compared with both female groups (p < 0.05). The EiMD

Fig. 1 Change in torque 110 1
expressed relative to the torque
recorded for Set 1 in MEN
(squares), normally menstruat- 100
ing women (WomenNM; open
circles), and women using oral
contraceptives (WomenOC; o 90 4
shaded circles). Each marker <
represents the group mean for b
each set (i.e., 10 repetitions) 2
. X 80 A
using an average of the left and -
. L
right leg values. Error bars have g
been omitted for clarity 5
= 70 A
60 -
50 T

protocol resulted in an immediate increase in CK concen-
tration (p < 0.05), and the group differences remained the
same. A further increase in CK after 6 h was observed in
all groups (p < 0.05); MEN reached a peak CK concentra-
tion that was higher than both female groups (p < 0.05);
and WomenOC increased to a value greater than Wom-
enNM (p = 0.04). CK concentration remained stable to
24 h post-EiMD in MEN (p = 0.75), but decreased in both
female groups (p > 0.05). Nevertheless, CK concentration
at 24 h post-EiMD remained higher in WomenOC com-
pared with WomenNM (p = 0.05) and were still higher
than pre-EiMD values in both groups (p < 0.01). CK con-
centration decreased in MEN after 48 h compared with
24 h post-EiMD (p = 0.01), but remained higher than their
pre-EiMD values (p < 0.01) and higher than both female
groups (p < 0.05). CK concentration in the female groups
continued to decrease from 24 h post- to 48 h post-EiMD
(p < 0.01), but remained higher than their pre-EiMD values
(p <0.01).

Serum Mb concentration was not different pre-EiMD
among groups (p > 0.05). Although Mb increased in both
the female groups (p < 0.01), the magnitude of change
was greater in WomenOC (p = 0.05) and Mb measured
in MEN increased (p < 0.01) to a greater extent than both
female groups (p < 0.01) after EiMD. Mb remained stable
in MEN 6 h post-EiMD (p = 0.68) and decreased in both
WomenNM (p < 0.01) and WomenOC (p < 0.01) to values
not different from each other (p = 0.51), but higher than
their respective pre-EiMD concentrations (p > 0.05). MEN
demonstrated a sharp decrease in Mb 24 h post-EiMD
(p < 0.01) but did not return to pre-EiMD values until
48 h post-EiMD (p = 0.21). There was a further decrease
in Mb concentration in both female groups from 6 to 24 h

—&— Men
—O0— WomenNM
—o— WomenOC

&
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post-EiMD (p < 0.05), where it remained constant in both
groups at a level not different from pre-EiMD (p > 0.01).
FABP concentration was greater in MEN (p < 0.01) but
not different between the two female groups (p = 0.94)
pre-EiMD. FABP concentration increased in all groups
immediately after EiMD (p < 0.05), with MEN displaying
a greater increase than both female groups (p < 0.05) and
WomenOC group displaying a greater increase than Wom-
enNM (p = 0.03). FABP did not change in WomenOC

0 6 24 48

Blood collection time point (h)

after 6 h, whereas FABP concentration decreased in both
the MEN (p = 0.03) and WomenNM (p < 0.01). All groups
displayed decreases in FABP concentration at 24 h post-
EiMD (p < 0.05) to values not different from pre-EiMD
(p > 0.05). FABP concentrations at 48 h were not different
from those measured at 24 h in all groups (p > 0.05).
Figure 3 shows peak isometric quadriceps torque (a
measure of leg strength) achieved by each subject pre-, 24 h
post-, and 48 h post-EiMD protocol, as well as the group
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Fig. 3 Leg strength, determined 250 ~

by measuring peak isometric Q Q -0
quadriceps torque in MEN \\ \\ g
(squares), normally menstruat- 200 - \ \ L5 @
ing women (WomenNM; open \\ \\ =
circles), and women using oral \ \ f
contraceptives (WomenOC; g \Q \. L .10 &
shaded circles) pre-, 24 h post-, Z 150 A \ \ g
and 48 h post-exercise-induced % \\ \\ ‘*:
muscle damage (EiMD). The é % \\ m 1S §
group mean relative (%) change =~ 100 A 2
in peak torque is shown (dashed ;ﬁ L 220 %
lines) for each group from pre- W =
EiMD after 24 h and 48 h \ =
50 A \ F-25 oh
. g
O

- -30

O T T T T T T T T T
S = o o & S
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mean relative (percentage) change in peak torque (dashed
lines) from pre-EiMD at 24 and 48 h post-EiMD. MEN
attained higher peak torque pre-EiMD (191.1 £ 13.8 Nm)
compared with both WomenNM (104.2 + 20.8 Nm,
p < 0.01) and WomenOC (106.0 £ 10.0 Nm, p < 0.01),
whereas there was no difference between the two female
groups (p = 0.38). MEN (p < 0.01) demonstrated a rela-
tive decrease in peak torque, as did WomenNM (p = 0.01)
and WomenOC (p < 0.01), from pre-EiMD to 24 post-
EiMD. Peak torque continued to decrease from 24 to 48 h
post-EiMD in MEN (11 £ 13 %, p < 0.01) and WomenOC
(16 £ 19 %, p = 0.01), but no further change was observed
in WomenNM (5 £ 7 %, p = 0.27).

Discussion

When asked, more than 10 years ago, “Are women less
susceptible to exercise-induced muscle damage?”, Clark-
son and Hubal (2001) responded “No.” Ten years and
several experiments later, we and others (Dannecker
et al. 2012) are still pondering this question as there has
been recent support for both answers: Yes (Sewright et al.
2008) and No (Fredsted et al. 2008; Miles et al. 2008). In
the present study, we found greater concentrations of CK,
and other indices of damage, measured in men compared
with women after EiMD, thus reinforcing support for the
affirmative.

Variances observed among studies might be due to
inconsistencies in inducing muscle damage in all subjects
(Fredsted et al. 2008; Thompson et al. 1997), the inclu-
sion of women on oral contraception in the female group
(Sewright et al. 2008; Dannecker et al. 2012; Stupka et al.
2000), as well as the inherent variability in (Clarkson and
Hubal 2001; Carter et al. 2001; Sayers and Clarkson 2001),
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and ambiguity of (Warren et al. 2006) CK concentration as
a marker of damage after EIMD. Furthermore, the compari-
son of responses to resistance-type exercise between men
and women poses some difficultly as the maximal forces
are significantly different. In the present study, the gender
comparison is complicated by age and body mass differ-
ences at baseline. However, the body mass values of the
three groups represent typical gender differences in healthy
individuals and an attempt to control for body mass across
gender may have introduced more complicated confound-
ing variables such as training status. Indeed, the EiMD
protocol in the present study was prescribed based on
each individual’s peak quadriceps strength and each indi-
vidual acted as their own control by comparing pre- versus
post-blood variables. In addition, although men were sig-
nificantly older than the two female groups in the present
study, one might argue that exposure to principle sex hor-
mones is more important than chronological age. Perhaps
future studies might consider reporting the onset of puberty
as well as age.

The present study employed a maximal-intensity, high-
volume eccentric exercise protocol, engaging a large mus-
cle mass. This protocol was designed to promote exten-
sive muscle damage and large increases in circulating CK,
while imposing an equal relative mechanical load for men
and women. Furthermore, the delineation of normally
menstruating women from women on oral contracep-
tion permits the true comparison of EiMD between sexes
(MEN v WomenNM) without the potential influence of
exogenous synthetic hormones. We also measured Mb
and FABP concentration after EIMD in order to substanti-
ate earlier evidence of muscle damage (Montgomery et al.
2008; Sorichter et al. 1998). Both Mb and FABP concen-
trations were greater in MEN compared with WomenNM
after EiMD in the present study. Thus, our study provides
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strong evidence to suggest that women are less susceptible
to EiMD when compared with men.

The role of estradiol in EiMD cannot be clearly
explained from sex-comparison studies alone, given other
inherent differences between men and women such as mus-
cle mass, familiarity with maximal exercise (Esbjorsson-
Liljedahl et al. 1996; Sewright et al. 2008), and resting con-
centrations of markers of muscle damage (Sorichter et al.
2001). In order to examine large, long-term differences
in estradiol, without conceding confounding gender- or
age-related differences, experiments comparing normally
menstruating women and women on oral contraception
have been performed (Thompson et al. 1997; Roth et al.
2001; Carter et al. 2001; Sewright et al. 2008; Savage and
Clarkson 2002). Despite reporting mean peak CK concen-
trations 1.5- to 4.0-fold higher in women using oral con-
traception compared with normally menstruating women,
Clarkson and colleagues routinely report no statistically
significant effect of oral contraception on blood mark-
ers of EIMD (Thompson et al. 1997; Savage and Clarkson
2002; Sewright et al. 2008). In contrast, the results of the
present study and those of Roth et al. (2001) demonstrate
that women using oral contraception have higher serum
CK concentration after EIMD than normally menstruating
women. These findings are supported by the higher con-
centrations of Mb and FABP observed at 0 and 6 h after
EiMD in WomenOC compared with WomenNM, suggest-
ing greater muscle damage in women with lower circulat-
ing estradiol.

This is the first study to report CK, Mb, and FABP con-
centrations for MEN, normally menstruating women, and
women on oral contraception after EIMD, concluding that
there is a protective role of estradiol in EiMD. However,
WomenOC demonstrated lower CK, Mb, and FABP con-
centrations after EIMD compared with MEN, suggesting
that they are less susceptible to EIMD despite lower base-
line estradiol concentrations. These findings raise doubt in
the notion that estradiol is solely responsible for protection
against muscle damage after EiMD. It is possible that pre-
viously mentioned differences between men and women
are responsible for the observed difference in EiMD
between MEN and WomenOC in the present study or that
long-term exposure to estradiol in WomenOC before they
commenced hormone therapy (i.e., menarche to ~17 years
of age) provides residual protection against EiMD. None-
theless, the relative increase in Mb (MEN, 92 + 4; Wom-
enOC, 91 £ 5 %) and FABP (MEN, 74 %+ 13; WomenOC,
82 £+ 15 %) was similar in MEN and WomenOC, whereas
the relative increases in WomenNM were less (Mb, 83 £ 5;
FABP, 64 + 17 %) in the present study. Therefore, we sug-
gest that normally menstruating women sustain less muscle
damage compared with men and women using oral contra-
ception due to sustained blood concentrations of estradiol.

A reduction in muscle function after EIMD may be the
result of initial muscle damage and/or the resultant inflam-
mation. Reduced muscle function is an important consid-
eration for athletes competing on consecutive days dur-
ing tournament events (Montgomery et al. 2008). Indeed,
measurements of muscle strength after EIMD are regarded
by some as the most relevant measurement to assess the
role of gender and estrogenic status in the response to mus-
cle damage after intense eccentric exercise (Stupka 2009;
Warren 2009). Strength measured on the day after strenu-
ous eccentric exercise does not typically reveal any gen-
der- or estradiol-related differences in the degradation of
muscle function with EiMD (Savage and Clarkson 2002;
Sayers and Clarkson 2001; Sewright et al. 2008). However,
there is mounting evidence to suggest that the absence of
estradiol results in a prolonged recovery in strength from
EiMD (Sayers and Clarkson 2001; Savage and Clarkson
2002). Savage and Clarkson (2002) illustrated group differ-
ences in maximal isometric force 48 and 72 h after eccen-
tric exercise of the elbow flexors, concluding that women
taking oral contraceptives have prolonged recovery in
strength after EIMD when compared to normally menstru-
ating women. In accordance with these findings, the pre-
sent study observed a similar loss (~10 %) of peak isomet-
ric quadriceps torque (i.e., leg strength) 24 h post-EiMD in
all groups; however, both the MEN and WomenOC contin-
ued to demonstrate significant losses in leg strength to 48 h
post-EiMD, with no further loss of leg strength in Wom-
enNM. These findings suggest that the protective effects
of estradiol are blunted in women using oral contraception
(by replacement with exogenous synthetic estrogen), who
consequently display an attenuated rate of recovery from
EiMD that is similar to men. Conversely, elevated con-
centrations of estradiol appear to preserve muscle function
after the initial mechanical damage insult by potentially
attenuating the secondary phase of muscle damage result-
ing from a localized inflammatory response (Savage and
Clarkson 2002). Although it is recognized that the inflam-
matory response can be difficult to interpret after EiMD
due to its complex and potentially ambiguous nature (Chaf-
fin et al. 2011; Pizza 2009), the measurement of IL-6 and
TNF in the present study may have provided further insight
into EiMD between genders and among women. Finally,
in addition to its protective role, animal studies provide
some evidence to suggest that estradiol might augment the
regenerative process including satellite cell activation and
proliferation (see Enns and Tiidus 2010). Thus, the faster
restoration of muscle strength after EiMD in normally
menstruating women compared with men and women using
oral contraception might be due to enhanced muscle repair
in the presence of estradiol concentrations.

Our findings support the notion of an important pro-
tective role of estradiol in the muscle damage response to

@ Springer



1500

Eur J Appl Physiol (2015) 115:1493-1500

intense eccentric exercise, and the preservation of muscle
function after EiMD in the presence of estradiol. Neverthe-
less, the mechanisms by which estradiol reduces mechani-
cally induced muscle damage, modulates muscle damage
from post-injury inflammatory processes, and/or augments
muscle repair remain speculative.
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