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Abstract
The ability of female sex steroids to regulate tissue function has long been appreciated, however
their role in the regulation of striated muscle function has received considerably less attention. The
purpose of this symposium review is to document recent evidence indicating the role female sex
steroids have in defining the functional characteristics of striated muscle. The presentations
provide substantial evidence indicating that estrogens are critical to the physiological and
metabolic regulation of striated muscle, thus when considering women’s health issues striated
muscle must included as an important target tissue along with other classically thought of estrogen
sensitive tissues.
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Introduction
In 1990 the National Institutes of Health (NIH) formed the Office of Research on Women’s
Health within the NIH Directors office. One of the major thrusts of this office is to improve
the health of women through biomedical and behavioral research on the roles of sex
(biological characteristics of being female or male) and gender (social influences based on
sex) in health and disease. At this time, it been recognized that we have a poor
understanding of the biological differences that exist between men and women. Although,
significant progress has been made in understanding the contributions of female sex steroids
to the function of traditional thought of estrogen sensitive tissues (i.e. breast tissue) at this
time we have a poor understanding of the effects of estrogens on striated muscle tissue
function. Evidence is accumulating demonstrating that estrogens play a critical role in the
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physiological and metabolic function of striated muscle. However, at this time we have yet
to define the mechanisms by which estrogens regulate these parameters within striated
muscle.

The purpose of this review is to summarize the presentations of participants in a symposium
presented at the National American College of Sports Medicine meeting in Denver, CO in
2011. The symposium was entitled the ‘Novel Mechanistic Insights Into the Role of Female
Sex Steroids in Regulating Physiological and Metabolic Function of Striated Muscle.’ The
purpose of the symposium was to prevent novel and recent findings concerning the role of
female sex steroids in the physiological and metabolic regulation of skeletal and cardiac
muscle. In the following paragraphs each speaker will present a short review of their
symposium presentation. Dr. Dawn Lowe will review recent data highlighting the role of
estrogens in the regulation of skeletal muscle contractility. Dr. Paige Geiger will discuss the
role of the estrogen receptor in the regulation of skeletal muscle glucose dynamics. Dr.
Espen Spangenburg will review data concerning the effects of reduced estrogen function on
muscle lipid metabolism. Finally, Dr. Lesile Leinwand will present new insights into the
consideration of sex within the cardiac tissue.

Interactive effects of estradiol and physical activity on muscle contractile function
A primary function of skeletal muscle is to generate force. While much is known about the
influence of androgens on muscle force, comparatively little is known about the female
counterpart, estrogens. What is known is that muscle fibers contain estrogen receptors, the α
estrogen receptor in muscle is responsive to changes in circulating estrogens (3), and the
expression of that receptor is greater following exercise training. These observations imply
that estrogen receptors and their ligand, estrogens, have a role in skeletal muscle function
but the mechanism(s) by which this occurs is not understood.

Clinical studies on muscle force generation, i.e., strength, in women provide some insight on
functional consequences of estrogens in skeletal muscle. In a frequently-cited paper (53),
Phillips and coworkers showed that women lost strength at an earlier age then men, and that
the loss began at the age of menopause. Furthermore, they showed that strength was
preserved in post-menopausal women who were on an estrogen-based hormone therapy.
Their report that women on hormone therapy were stronger has not been supported by all
studies. To address the discrepancies in the literature, we completed a rigorous systematic
review and meta-analyses on studies that compared muscle strength in postmenopausal
women who were and were not on hormone therapy (24). Twenty three studies fit our
criteria and the collective data on nearly 10,000 women showed that hormone therapy
provided a small benefit to strength (effect size=0.23). Five studies reported size of the
muscle that was tested allowing for the evaluation of specific force. A larger effect size of
0.45 was realized indicating that estrogens may be important for specific force. Similar
meta-analyses were conducted on data from rodent studies in which force generation in
estrogen-replete and –deficient animals were compared. The main finding was that estradiol
had a large effect on specific force (effect size=0.66), equating to rodents with circulating
estradiol having ~7% greater normalized strength than those that were estrogen-deficient.
Thus, the collective literature on humans and rodents show that the presence of estrogens
beneficially influences the ability of skeletal muscle to generate force and appears to
function in a qualitative as opposed to quantitative manner. In other words, unlike androgens
that affect force production by promoting primarily protein synthesis and hypertrophy (i.e.,
the quantity of muscle), it appears that estrogens influence muscle strength by improving
muscle’s intrinsic ability to generate force (i.e., the quality of muscle). Potential anabolic or
anti-catabolic effects of estrogens should not be disregarded, however, as recently shown in
a study of postmenopausal monozygotic twins who were discordant for hormone therapy,
with those on hormone therapy having greater thigh muscle area and power (59).
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It had been hypothesized that ovarian hormones influence muscle strength by directly
affecting contractile proteins (53), and two studies have addressed that idea using
permeabilized muscle fibers. Permeabilized fibers do not have intact nerve or membranes so
excitation-coupling mechanisms are bypassed and contractile responses directly reflect
contractile protein function. In support of the hypothesis that hormones affect contractile
proteins, permeabilized fibers from rat soleus muscles generated 20% lower specific force
10–14 weeks following ovariectomy compared with fibers from control rats (71). In
contrast, permeabilized fibers from women who were and were not on hormone therapy
showed no difference in specific force (72). We have used electron paramagnetic
spectroscopy paired with site-specific spin labeling to investigate force production at the
molecular level of myosin and actin in muscles from mice with altered levels of estrogen.
We showed that the loss of estrogens, specifically 17 β-estradiol (Table 1), detrimentally
affects strong-binding myosin (47,48). These results directly implicate contractile proteins in
estrogenic effects on skeletal muscle’s force generating capacity.

A consequence of manipulating estrogens in rodents is that behavior, most notably physical
activity, is altered. As summarized by Lightfoot (37), female rodents are more active than
males with the sex hormones estrogens and testosterone explaining most of the difference.
The effect is mediated largely through the α estrogen receptor in the activity centers of the
brain, requiring aromatization of testosterone in males, and likely involving dopaminergic
systems. This effect is robust as demonstrated by C57BL female mice given running wheels
in their home cages. For example, we showed that distance ran dropped by as much as 90%
when ovarian hormones were removed and impressively, running distance quickly and
completely rebounded with estradiol replacement (23). Similar to wheel running, cage
activities such as ambulation distance, jumping, and rearing are significantly lower in
ovariectomized mice compared to ovariectomized mice treated with estradiol (25). In that
study, the difference in these cage activities equated to the hormone-deficient mice being
one hour less physically active per day, which theoretically could cause a loss of muscle
strength.

To determine if estrogens affect skeletal muscle and myosin force generation directly or
indirectly (through alterations in physical activity), we conducted two studies in which
mouse and muscle activity were equalized by hindlimb suspension and muscle denervation
interventions, respectively (25). In both studies, C57BL mice that were deficient in ovarian
hormones were compared to those that had intact ovaries or were treated with estradiol.
There were main effects of estradiol on maximal isometric tetanic force (Po), with force
normalized to physiological cross-sectional area (specific Po) and contractile protein
(normalized Po) being ~20% greater in soleus muscles from mice with estradiol compared to
those that were hormone-deficient. These results were irrespective of whether or not the
muscle was unloaded or denervated (i.e., there were no significant interactions between
estrogen status and activity). The findings clearly demonstrate that estradiol favorably
impacts muscle force generation independent of mouse or muscle activity.

The converse question can also be asked. That is, in female mice, to what extent does
physical activity affect force generation independent of estradiol? Data to address this
question lies within a paper we published reporting bone-muscle functional relationships in
female C57BLmice (70). Soleus muscles were studied from cohorts of mice that underwent
sham or ovariectomy surgeries and voluntarily wheel ran or were sedentary for 30 or 60
days. As previously reported, soleus muscle maximal isometric tetanic force was greater in
sham-operated than ovariectomized mice, and this occurred irrespective of activity (Figure
1, top). Force generation was also greater in mice that ran than those that were sedentary,
irrespective of ovarian hormone status (Figure 1, top). The running-induced strength gain
was due to protein accretion and represents a quantitative effect on the muscle (Figure 1,
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middle). Thus, when soleus muscle force was normalized to protein content, the qualitative
effect on muscle force generation from estradiol is evident (Figure 1, bottom). Again, no
statistically significant interactions between ovarian hormones and activity were detected for
any of these variables. This coupled with the inference that estradiol and exercise improve
force generation by different underlying mechanisms, qualitative versus quantitative, infers
that the effects could be additive and warrants further investigation.

In summary, the female sex hormone, estradiol, favorably affects skeletal muscle
contractility via a qualitative mechanism. This effect is likely at the level of the contractile
proteins. In female mice, the benefits of estradiol on muscle strength is independent of
physical activity. Physical activity also impacts skeletal muscle force generation in mice,
independent of estrogen status, and does so in a quantitative manner by protein accretion.

Estrogen receptors and the modulation of skeletal muscle glucose uptake
Evidence from both human and rodent studies demonstrates the ability of estrogens to
modify glucose homeostasis. Premenopausal women have increased insulin sensitivity
compared with age-matched men (11). Compared to postmenopausal women,
premenopausal women are also less likely to develop insulin resistance and have higher
levels of GLUT4, the protein responsible for insulin-stimulated glucose uptake in skeletal
muscle. In contrast, following menopause a significant decline in insulin sensitivity occurs
along with a corresponding increase in fat mass (11,38). Estrogen replacement has been
shown to ameliorate the increased risk for type 2 diabetes in postmenopausal women and
improve whole body (38,44,54) and skeletal muscle glucose metabolism (54). In animal
models, insulin sensitivity and glucose metabolism are impaired following ovariectomy (35)
and aromatase knockout mice, which lack the ability to synthesize estrogen hormones, are
insulin resistant.

The physiological actions of estrogens are mediated by two receptors, estrogen receptor
(ER) α and ERβ (Table 1). A number of studies suggest that ERα is more highly expressed
in insulin sensitive tissues (3,55) and increased adiposity occurs in humans and mice as a
result of decreased ERα activation (29). While mice with global knockout of ERα exhibit
impaired glucose tolerance and skeletal muscle insulin resistance (8,29), OB/OB mice given
the ERα specific agonist propylpyrazoletriyl (PPT) demonstrated improved glucose
tolerance and insulin sensitivity (43). These findings established ERα as a positive mediator
of glucose metabolism. The ERα knockout has been associated with hepatic insulin
resistance, and also skeletal muscle insulin resistance (8). A study by Ribas et al. (55)
attributed decreased glucose tolerance in ERα knockout mice primarily to impaired insulin
action in skeletal muscle. In addition, activation of ERα via the specific agonist
propylpyrazoletriyl (PPT) for 3 days resulted in increased insulin-stimulated skeletal muscle
glucose uptake (22), further highlighting the muscle-specific actions of ERα.

Increased skeletal muscle glucose uptake as a result of ERα activation occurs at least in part
by stimulation of the insulin signaling pathway. In vivo administration of PPT for 3 days
results in increased phosphorylation of Akt (Table 1) and insulin-stimulated phospho-Akt
substrate (PAS) in soleus and EDL muscles (22). Estrogen and selective activation of ERα
via PPT have been shown to potentiate the insulin signaling pathway and increase glucose
transport in adipocytes in culture (50) and AMPK (Table 1) (14) in C2C12 muscle cells.
Activation of ERα with PPT results in increased pAMPK in soleus and EDL muscles (22)
and ERα-KO mice demonstrate decreased pAMPK in skeletal muscle (55). Furthermore,
skeletal muscle simulated with estrogen in vivo and in vitro can increase AMPK activation
(14,57) with a recent study showing estrogen-induced AMPK activation is mediated by ERα
(58). Together, these findings suggest that ERα acts3 as a positive modulator of both insulin
signaling and AMPK activation in skeletal muscle.
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The ERs may also be involved in modulation of GLUT4 (Table 1) transcription; however,
current results are conflicting. In the absence of ERα, GLUT4 is decreased in the
gastrocnemius muscle of male ERα knock-out (ERα-KO) mice (4). In contrast, Ribas et al.
(55) did not observe a decrease in GLUT4 in the quadriceps or soleus muscle in female
ERα-KO mice. Activation of ERα via PPT resulted in increased GLUT4 in the EDL (fast-
twitch) but not in the soleus (slow-twitch), suggesting that the ability of ERα to regulate
GLUT4 may be fiber type specific (22). It is also possible that expression patterns of both
ERα and ERβ are critical to determining tissue specific effects of estrogens.

ERα and ERβ maintain a complex inter-regulatory relationship that varies with the target
tissue. For example, previous studies have shown that activation of ERβ can oppose the
action of ERα with a resulting negative impact on glucose metabolism (4,45). As estrogens
activate3 both ERs, estrogen administration could have variable effects depending on the
tissue or physiological model examined. In the first study to test the effects of estrogen on
rodent skeletal muscle in vitro, acute incubations in estrogen for 10 minutes did not increase
insulin-stimulated glucose transport in soleus muscle (58). Similarly, three days of estrogen
treatment in vivo also had no effect on insulin-stimulated glucose uptake in soleus or EDL
muscles (22). The lack of an acute effect of estrogen on skeletal muscle glucose uptake
could be due to ERβ activation offsetting any stimulation of ERα via estrogen. Importantly,
it is unknown if aging or metabolic disease alters the ratio of ERα to ERβ in skeletal
muscle, thereby changing the tissue response to estrogen and estrogen receptor modulators.
Therefore, while important functional information has been gained using ER knockout
models, future studies need to focus on the physiological changes in ERα and ERβ
expression and activation, and the impact of these changes on metabolic function.

In summary, the ability of estrogens to positively mediate glucose uptake in skeletal muscle
may depend on the expression and activation pattern of estrogen receptors. ERα activation
can result in an increase in skeletal muscle glucose uptake through a combination of insulin-
dependent and –independent pathways. As a result, it may be possible to harness the
beneficial effects of estrogens, and mitigate the negative effects, by specifically targeting
ERs pharmacologically. The expression and activation patterns of ERs in response to diet,
age and disease should be the focus of future investigations on this topic.

Reductions in circulating estrogens contributes to a unique metabolic profile in skeletal
muscle

In human and animals, any reduction in estrogen function leads to a significant increase in
visceral adiposity. For example, surgical ovariectomy (32,75,76) or genetic ablation of the
estrogen receptor all result in substantial gains in visceral fat mass (29). Significant
increases in visceral fat mass are associated with increased risk of developing peripheral
insulin resistance and overall metabolic dysfunction (5). It has been documented that women
transitioning into menopause or being treating for estrogen positive cancers via estrogen
receptor antagonists results in an increased risk for development of the metabolic syndrome.
In addition, numerous women undergo surgical hysterectomy/ovariectomy for clinical
reasons, which also results in increased likelihood of developing the metabolic syndrome.
We have previously found that surgical ovariectomy (OVX) in mice results in substantial
gains in visceral fat mass of ~200% within 8 weeks of the surgery (32,75,76). These
increases in fat mass are mediated by increases in adipocyte size without an increase in
adipocyte number (data unpublished, Spangenburg et al.). It is often assumed that these
increases in fat mass are the result of the onset of hyperphagia in the OVX mouse model,
however previous studies have clearly shown that hyperphagia is specific to the rat model
and does not develop in the mouse (31,74). The data from our group and that of others
suggest that the OVX mouse model suffers from reductions in physical activity levels rather
than increases in eating behavior (23,32,75). In humans, there are few data examining
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changes in eating behavior or physical activity with the onset of reduced estrogen function
so it is unclear if either the OVX rat or OVX mouse are more appropriate for mimicking the
human condition.

Using the OVX mouse model, we have previously shown that with the increases in fat mass,
there is a subsequent loss of regulatory control over lipolytic process leading to spill over of
free fatty acids into other tissues (75). The OVX animals exhibit significant increases in
unstimulated serum glycerol and NEFA compared to the SHAM animals. This increase in
NEFA levels in OVX animals was associated with an upregulation of adipose tissue glycerol
lipoase (ATGL, Table 1) protein and an increase in the functional interaction between
ATGL and comparative gene idenfication-58 (CGI-58, Table 1) in the white adipose tissue
(WAT, Table 1) in the visceral region compared to the SHAM animals. CGI-58 increases
the catalytic activity of ATGL, thus these data would suggest that increased activation of
ATGL likely contributes to the increased basal lipolysis in the OVX animals. In addition, we
also found decreases in perilipin (PLIN1, Table 1) protein content in the WAT of the OVX
mice compared to the SHAM mice. PLIN1 is a lipid droplet (LD) coating protein that plays
both a plays a protective role in preventing unstimulated lipolysis and facilitates activated
lipolysis (40). In genetic ablation models of PLIN1 there is a significant increase in basal
lipolysis (40), suggesting that the decreases in PLIN1 in our model likely contributes to the
increased basal or unstimulated lipolysis in the OVX animals compared to the intact SHAM
group. Our data suggest that the loss of regulatory control of WAT lipolytic function is a
consequence of reduced PLIN1 content and increased activation of ATGL, which could
contribute to increased risk of developing lipotoxicity due to peripheral tissue being exposed
to higher concentrations of circulating lipid. Indeed, we recently demonstrated that hepatic
tissue is a likely target of this spillover due to the anatomical relationship of the liver with
visceral tissue via the portal circulation (32). Further, since estrogen receptor is known to
regulate mitochondrial function in skeletal muscle and due to the ability of skeletal muscle
to store lipid, skeletal muscle is a likely target to be affected by the increase in circulating
NEFA in the OVX animals.

Here, we discuss further evidence that this relationship also extends to skeletal muscle, in
that we have found evidence of increasing lipid droplet formation in skeletal muscle fibers
from OVX mice compared to SHAM mice (see Fig 2, quantification not shown). Although
skeletal muscle is capable of storing significant amounts of triacylglycerol (TAG), there is a
known association of insulin resistance with an increasing frequency of LD in skeletal
muscle in sedentary individuals. In collaboration, with Dr A. Bonen we have determined
that there is a significant upregulation of the major long chain fatty acid tranporters (i.e.
CD36/FAT and FABPpm (Table 1)) in skeletal muscle from the OVX mice compared to the
SHAM mice (unpublished observations, Spangenburg et al), which would suggest that
increased exposure of muscle to high levels of circulating lipid would result in increased
lipid storage. Thus, it is likely that increase in LD frequency is a result of enhanced lipid
movement into the muscle cell, which could contribute to the development of insulin
resistance.

Our data suggest that metabolic mechanisms within skeletal muscle that regulate some
aspect of lipid metabolism are potentially dysfunctional under conditions of reduced
estrogen function. Using a metabolic profiling approach of the skeletal muscle from the
OVX mice compared to the SHAM mice in collaboration with Dr(s) Debbie Muoio and Tim
Koves we determined that there was a significant reduction in the long chain acylcarnitines
and short chain acylcarnitines (unpublished data, Spangenburg et al.). These results suggests
that in the skeletal muscle from the OVX mouse, under conditions of increased fatty acid
flux there maybe an inability to transport long chain fatty acids into the mitochondria thus
encouraging ectopic lipid deposition. Indeed, Campbell et al previously demonstrated a
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reduction in carnitine palmitoyltransferase I (CPT-1) activity, which is the primary
mitochondrial transporter of long chain fatty acids, in skeletal muscle from OVX rats
compared to SHAM rats (9). These data suggest that estrogens influence lipid entry
dynamics into the mitochondria through some undefined influence on CPT-1. Although, the
ovary secretes a number of different hormones it is likely that this effect is specific to
estrogens since skeletal muscle fatty acid oxidation is significantly reduced in the estrogen
receptor alpha knock out mice (56). Further, estrogens appear to have a positive effect on
mitochondria function across a number of tissues (33). These data would suggest that
reductions in estrogen function result in increased lipid accumulation in skeletal muscle due
to poor lipid entry into the mitochondria.

Thus, our data coupled with others suggest that reductions or attenuations of estrogen
function leads to increases in visceral fat mass coupled with increased fatty acid release by
the WAT. Simultaneously, due to the reduced estrogen function there are potential losses in
mitochondrial function leading to poor lipid utilization occurring in the skeletal muscle.
Thus, skeletal muscle from OVX mice that are exposed to increased levels of fatty acids is at
increased risk of developing of lipotoxicity. These data suggest that decreases in estrogen
function in results in multiple metabolic defects that occur across a variety of tissues that all
could contribute to increased risk of developing the metabolic syndrome. Thus, in females
estrogens play a key role in maintaining metabolic function across a number of tissues and
any intervention that results in inhibition of estrogen function must be considered carefully
to account for increased risk of developing the metabolic syndrome.

Roles of estrogen in males and female hearts
Estrogen is important in both males and females but its actions in each sex may be different.
For example, men with coronary artery disease given high doses of estrogen have increased
incidence of myocardial infarction (MI) and pulmonary embolism (1). While many studies
show that estrogen can be cardioprotective in females, there are a number of genetic animal
models of cardiovascular disease where it is not (19,51). There are also examples of
estrogen acting oppositely in males vs. females. Estrogen induces collagen expression in
male cardiac fibroblasts but represses it in female cardiac fibroblasts (52). We and others
have begun to study adult male and female cardiac myocytes and some aspects of their
biology are, not surprisingly, distinct. For example, female adult rat ventricular myocytes
(ARVMs) are protected more than males against H2O2-mediated oxidative stress, possibly
due to higher basal activation of Akt in female cells (69).

Estrogen receptor biology in the cardiac myocyte
ERs have been targets of drug discovery and laboratory investigation because of their
importance in health and disease. Estrogen’s interactions with its receptors are central to
many of its actions (Figure 3). ERα and ERβ can form homodimers or heterodimers. In
addition, there are multiple alternatively spliced isoforms; particularly of ERβ. There is also
a more recently described G-protein coupled ER, termed GPR30 or GPER (Table 1) (46)
which may be responsible for the rapid, non-genomic effects of estrogen. There is a null
mouse line which lacks GPER and this mouse has impaired cardiac function, but in males
only (15). However, activation of GPER pharmacologically is cardioprotecitve in both male
and female rats (17). Through its receptors estrogen can have both genomic and non-
genomic effects. Genomic effects are typical ligand/nuclear receptor binding to estrogen
responsive elements (EREs, Table 1) and for ERα, activating genes via AP-1 sites (36).
Non-genomic effects involve activation of multiple signal transduction pathways that can be
mediated by membrane-associated ERs. ERs a and β are both expressed in male and female
cardiac myocytes and the 2 sexes express equivalent levels of each receptors in the heart
(39). ERs are important in both sexes, as evidenced by the fact that both sexes of ERα null
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mice are infertile (41). Cardiac phenotypes of ERα and β total null mice are not
straightforward, in part because of their systemic traits. For example, ERα null mice have 5–
20 fold higher levels of circulating estrogen and testosterone and exhibit metabolic
syndrome and obesity (8,29). ERβ null animals are fertile but they are chronically hypoxic
and have high blood pressure (49). ERs also have ligand-independent activity most likely
originating from those ERs located at the membrane that can alter growth factor signaling
pathways (27). ERα and ERβ show different subcellular localization (39) which likely
points to distinct cellular functions. All of this speaks to the need for conditional null alleles
in cardiac myocytes to address the role of these receptors in the myocardium. In this section,
we will not explore the biology of estrogen-related receptors or androgens and their
receptors although we acknowledge their importance.

Soy phytoestrogen endocrine disruption
The soy phytoestrogen, genistein, has become a topic of debate as it is defined as an
endocrine disruptor (30) but is also thought to have beneficial properties in the setting of
stopping cancer cell growth (62). We hypothesize that the properties of genistein that may
make it effective in inhibiting tumor cell growth are the same properties that can make it
harmful to the heart. The concern of the public derives from genistein’s widespread
prevalence in the environment, including foods and beverages. Human consumption of soy
products is growing, including infant formula and phytoestrogen supplements. Also, most
laboratory rodents eat soy-based diets and have 9–10μM concentrations of genistein in their
serum (7). Thus they are subject to genistein’s potent physiological effects. For example,
dietary phytoestrogens partially correct the ovarian phenotypes in aromatase null (estrogen-
free) mice (6). Genistein binds to both ERs (but binds ERβ more tightly (67)) and activates
genes with EREs (61). In addition to estrogenic effects, genistein is a potent broad spectrum
TKI (2). It is also an activating ligand of PPAR (Table 1) which can be harmful in the heart
(64). We and others have shown that genistein has significant effects on gene expression and
cardiac function in a mouse model of HCM and in exercise of wild type mice; this effect is
more potent in males than females (42). Further, we have shown that genistein inhibits
different RTKs in male and female cardiac myocytes.

Receptor tyrosine kinases and tyrosine kinase inhibition
There are numerous RTKs in the human genome and they regulate many important cell
processes. RTK mutations and aberrant activation of their intracellular signaling pathways
cause many diseases. Ligand-induced dimerization or oligomerization results in activation of
the tyrosine kinase domain which, in turn, undergoes autophosphorylation, increasing
catalytic activity and phosphorylation of other parts of the protein (63). While RTKs are the
targets of many small molecule anti-cancer drugs, the selectivity of these TKIs is highly
variable (28). One emerging problem with TKIs is that many of them are associated with
cardiotoxicity in 20–40% of patients that can lead to heart failure (12). We have also shown
that genistein has a very similar pattern of RTK inhibition to some chemotherapeutic drugs
with high cardiotoxicity (18).

Histone Deacetylases (HDACs) and ERα
Cardiac adaptation and chromatin remodeling are tightly linked, and HDAC (Table 1)
activity is involved in both processes, consistent with a molecular link between these
biological phenomena. There are 4 classes of HDACs which catalyze directly or indirectly
the removal of acetyl groups on lysines in both histones and non-histone proteins. HDACs
play important roles in cardiac biology (43). Broad HDAC inhibition has been shown to
attenuate pathologic cardiac growth (34), likely by inhibiting autophagy (10). The histone
acetylase p300 acetylates ERα which stabilizes it and increases its transcriptional activity
(73). Class IIa HDACs 5 and 9 deacetylate ERα and also repress its transcriptional activity
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through direct binding when estrogen is present (68). In the absence of HDACs 5 or 9, ERα
is significantly upregulated and activated (68). Of interest, HDAC 5 and 9 null female mice
show improved recovery from myocardial infarction but male null mice have worsened
survival (68). Dysregulation of HDACs has been shown to occur in a variety of diseases,
particularly cancer, and a focus of drug discovery is the development of specific HDAC
inhibitors.

The regression of pathological cardiac hypertrophy
There are several clinical settings during which the regression of hypertrophic growth
occurs, such as treatment of hypertension and bariatric surgery but a large number of people
do not show regression (see 26). There may be sex differences in this process; one study
demonstrated that post-surgical regression of cardiac hypertrophy due to aortic stenosis is
greater in females than males (52). In our model of cardiac atrophy due to cancer, females
are protected in an ER-dependent manner while E2 administration to males worsens their
atrophy (13). Several animal models for the regression of pathologic growth exist. For
example, the hypertrophy seen after treatment with isoproterenol (Iso) for 7 days regresses
within 7–14 days after agonist removal (60). Also, there have been several studies of aortic
banding and removal of banding (20,66). These authors found that gene expression profiles
for banding are quite distinct from de-banding but sex has not been studied. (54,66). The
cessation of exercise and the end of pregnancy also involve the regression of hypertrophic
growth; but they are understudied. For instance, there is only one report about postpartum
cardiac signaling (21). The proteasome and autophagy have a clear role in hypertrophy; for
example, in a mouse model of pressure overload, proteasome activity is induced and
proteasome inhibition blocks hypertrophy (16). HDAC inhibition attenuates pathologic
cardiac hypertrophy by suppressing autophagy (10).

Overall Conclusions
It is clear that female sex steroids have both powerful and diverse effects on the striated
muscle function, which help to define the phenotypic characteristics of the cell. Importantly,
loss of estrogenic function also contributes to alterations in muscle function that when
extrapolated to the human would be predicted to contribute to increased risk of various
chronic conditions including sarcopenia, type 2 diabetes, metabolic syndrome and
cardiovascular disease. Collectively, our data and the work of others provide key insights
which indicate that striated muscle should be considered an important target for female sex
steroids and deserve important consideration in women’s health initiatives. In addition, the
data clearly demonstrate that estrogens provide a critical signaling avenue for striated
muscle that defines its overall function, which may be important for considering the use of
estrogen therapy or the inability to use estrogen therapy. Specifically, recent and somewhat
controversial evidence has suggested estrogen therapy may exacerbate the development of
certain diseases in women. Perhaps exercise training is the solution, in that a number of the
conditions that result from loss estrogenic function are alleviated or attenuated by exercise
training. Thus, it is critical that future studies consider biological effect of sex within their
experimental design to help elucidate the role of female sex steroids and their interaction
with exercise in defining the striated muscle function.
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Figure 1.
Ovarian hormones and wheel running for 30 d independently benefit soleus muscle force
generation. Top; Maximal isometric tetanic force (Po) is greater in mice with intact ovaries
and circulating estrogens (Sham) compared to ovariectomized mice lacking estrogens for 30
d (Ovx). Po is also greater in mice that wheel ran for 30 d (Run) compared to mice that did
not have wheels, that is, mice that were sedentary (Sed). Middle; Total protein is greater in
soleus muscles from Run than Sed mice, illustrating a quantitative enhancement in
contractility by physical activity. Bottom; Soleus muscle maximal isometric tetanic force
normalized to protein content (Normalized Po) is greater in Sham than Ovx mice,
demonstrating a qualitative improvement in contractility by estrogens. Data were analyzed
by 2-way ANOVA with significant main effects (P<0.05) indicated above the bars.
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Figure 2.
Lipid droplet staining frequency is higher in single muscle fibers isolated from OVX mice
compared to SHAM mice. LD are stained with BODIPY (493/503) (green) as previously
described (65).
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Figure 3.
Estrogen (E2) and genistein (Gen) induce multiple types of cell signaling in cardiac tissue
that include genomic (mins to hours) and non-genomic (rapid; secs to mins) induction of
estrogen receptors. TF=transcription factor; GF=growth factor; Trxn=transcription; G/E=gen
or E2; P=phosphorylation.
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Table 1

Glossary of Terms

Estrogen Receptor (ER): a member of the nuclear hormone receptor family that is activated by estrogens. Primarily exists in two forms: alpha
(α) and beta (β), which are expressed across numerous tissues throughout the body.

17α-estradiol: Most concentrated form of circulating estrogen. It should be noted it is not the only form of circulating estrogen.

Glucose transporter 4 (GLUT4): GLUT4 is the insulin-contraction regulated glucose transporter found in striated muscle and responsible for
glucose transport into the cell.

Propylpyrazoletriyl (PPT): Specific ERα agonist

Akt: a serine/threonine kinase that plays a key role in insulin cell signaling. Also known as protein kinase B (PKB).

AMP-activated protein kinase (AMPK): A hetreotrimeric enzyme that regulates intracellular metabolic systems through intrinsic energy sensing
capabilities

WAT: white adipose tissue

Perlipin1 (PLIN1): A lipid droplet coating protein found mainly in mature adipocytes. PLIN1 plays a supportive role in the storage and
hydrolysis of triacylglyercol.

Lipid droplet (LD): cellular organelle responsible for storage of neutral lipids.

Adipose tissue glycerol lipase (ATGL): A key lipase responsible for the initial step in triglyceride hydrolysis.

Comparative Gene Identification-58 (CGI-58): A member of the alpha/beta hydrolase family of proteins that is often localized on the lipid
droplet.

Cluster of Differentiation 36/Fatty acid translocase (CD36/FAT): A long chain fatty acid transporter found on the sarcolemma of striated
muscle.

G-protein coupled estrogen receptor (GPR30/GPER): An estrogen sensitive G-protein coupled receptor that is involved in rapid non-genomic
signaling.

Estrogen response element (ERE): Specific DNA sequences that are the site of recognition for the alpha and beta forms of the estrogen receptor.

Peroxisome proliferator-activated receptor gamma (PPARγ): A member of the nuclear receptor family that regulates genes involved in fatty
acid storage and glucose metabolism.

Histone Deacteylases (HDAC): a class of enzyme that removes acetyl groups from lysine amino acids on histones that encase genomic DNA.
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