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Preface

The word integrative is defined as “bringing together parts to make up a whole.”
Hence, this book was designed to bring together viewpoints of scientists across a
variety of disciplines, all relevant to women’s health. The invited authors have all
published significant material on matters relevant to women’s health. Thus, it is
expected that each author will provide the reader novel insight that might encourage
new avenues of thought or research that would benefit women.

A common problem often faced when designing an experimental approach to
test a hypothesis is that scientists will simplify the biological complexity that likely
underlies the problem to more easily identify the mechanism. Often dragged into
this methodology is the assumption that the mechanism will respond in a similar
fashion across both sexes. However, numerous seminal investigations conducted
over past few decades have clearly demonstrated that biological mechanisms often
behave differently across the sexes. In other words, men and women are different.
Although the statement is obvious, when you examine the statement solely from the
cellular or the tissue perspective the mechanisms that explain these differences
remain poorly defined. Unfortunately, this has often led us to assume that clinical
approaches used for treating chronic disease will work with equal fidelity in both
men and women. The evidence is mounting that these assumptions are often not true
and are likely the result of mechanistic differences that exist between sexes.

A recent wave of scientific momentum has begun to develop where investiga-
tions are focusing on regulatory mechanisms specifically in women. The resulting
data are often unique and in some cases challenge the previously defined dogma.
The purpose of this book is to capture this momentum in the form of a collection of
review-based chapters across a variety of biological areas. The book seeks to address
the basic biology of women’s health across a number of tissues including cardiac
muscle, bone, skeletal muscle, and brain while discussing critical questions from a
physiological and metabolic perspective. In addition, the book was designed to have
translational appeal in that chapters contained within the book discuss scientific
results that were obtained utilizing a wide array of approaches including cell culture
of animals or humans.
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In order to develop appropriate treatment interventions for women, this critical
knowledge gap in women'’s health research must be addressed. The former Deputy
Director of NIH, Dr. Ruth Kirschstein, once stated, “Researchers must continue to
make more intensive efforts to address the health needs of the whole woman.”
Overall, it is the hope of the authors of each chapter that the reader will be enlight-
ened to the complex biological issues that are often presented in a unique fashion
in women.

College Park, MD, USA Espen E. Spangenburg, Ph.D.
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Chapter 1
Influence of Ovarian Hormones on Skeletal
Muscle Contractility

Dawn A. Lowe and Sarah M. Greising

Abstract There is a loss of skeletal muscle strength around the time of menopause
in women, probably due to the decline of ovarian hormone production. The mainte-
nance of muscle strength and contractility with age and with loss of ovarian hor-
mones are critical issues because the risk for disability and dependent living
increases with muscle weakness. There is substantial evidence that estradiol is ben-
eficial to muscle strength. Thus, better understanding of the mechanisms by which
estradiol affects contractility and how the loss of this hormone is detrimental to
skeletal muscle function is critical. This chapter focuses on ovarian hormones, spe-
cifically how the lack of estradiol affects skeletal muscle contractility in both post-
menopausal women and rodent models.

Keywords Aging ¢ Estradiol * Estrogen * Hormone replacement therapy * Muscle
force * Myosin ¢ Postmenopausal * Power ¢ Ovariectomy * Strength

Introduction

The primary function of skeletal muscle is to contract, generate force, and enable
movement. A broad array of factors can influence the ability of muscle to contract
including ovarian hormones in females. The major ovarian hormones are estrogens
and progesterone; inhibin and relaxin are considered to be minor ovarian hormones.

D.A. Lowe, Ph.D. (><)

Program in Physical Therapy and Rehabilitation Science, University of Minnesota,
420 Delaware St SE, Minneapolis, MN 55455, USA

e-mail: lowex017 @umn.edu

S.M. Greising
Department of Physiology & Biomedical Engineering, Mayo Clinic, Rochester, MN, USA

E.E. Spangenburg (ed.), Integrative Biology of Women’s Health, 1
DOI 10.1007/978-1-4614-8630-5_1, © Springer Science+Business Media New York 2013



2 D.A. Lowe and S.M. Greising

Since the identification of estrogen receptors (ER) in skeletal muscle [21, 55, 56],
subsequent studies have been conducted to determine the function of estrogens and
ER in this tissue. Estradiol (E,) is the estrogen most investigated because it is the
predominant estrogen in females with functioning ovaries in terms of both serum
levels and biological activity. Thus, it is likely that E, is the most relevant estrogen
affecting skeletal muscle in females during reproductive years. The other naturally
occurring estrogens in females are estrone (E;) and estriol (E;). E; predominates in
aged females following menopause and E; is the dominant estrogen during preg-
nancy. How E; and E; affect skeletal muscle during these time frames of the female
life have not been investigated. Therefore, this chapter focuses on how E,, and the
lack of E,, affect skeletal muscle contractility.

Menopause and hormone therapy are the foremost conditions in women in which
the absence of and treatment with E,, respectively, have been studied for effects on
skeletal muscle contractility. Rodent models are commonly used to probe the mech-
anisms by which E, affects skeletal muscle. In those models, ovariectomy and ovar-
ian senescence are conditions that have been exploited to investigate the loss of E,
in young and aged mammals, respectively. Some of the advantages of utilizing
rodent models include genetic homogeneity, standardized nutrition and housing
conditions, highly reproducible and sensitive methods of measuring muscle con-
tractility, relatively short life-span making longitudinal study designs feasible, and
more easily controlled hormonal treatments relative to women. The effects of ovar-
ian hormone-altering conditions on muscle contractility in women and rodents are
beginning to be identified and, in general, support the supposition that ovarian hor-
mones, particularly E,, are beneficial to skeletal muscle function. The evidence to
support these statements is summarized below.

Estradiol and Muscle Strength

E, and muscle strength in women. The aspect of skeletal muscle contractility that is
investigated the most is strength, typically measured as force or torque. An early
report of declining muscle strength was by Asmussen who showed that back, arm,
and leg muscle strength start to gradually decline around the 6th decade of life in
men and women [3]. This result is similar to others [2, 18, 31, 35, 41]; however,
some reports show that women have an accelerated decline in strength around the
time of menopause [27, 35, 41]. It was postulated that the greater decline in strength
in postmenopausal women was due to the loss of estrogen production by the
ovaries.

One way of determining whether or not the additional decline in strength in post-
menopausal women can be attributed to loss of estrogen is to compare strength
between women who are and are not on estrogen-based hormone therapy (HT).
A highly cited study in which this was done was published by Phillips and co-
workers in 1993 [35]. They measured adductor pollicis muscle strength in 25
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Studies Effect size P-value Effect size and 95% ClI
Widrick et al., 2003 -0.558 0.260 & l
Seeley etal., 1995 -0.143 <0.001 .
Armstrong et al., 1996 -0.102 0.601
Bemben & Langdon, 2002 -0.097 0.761
Taaffe et al., 1995 -0.076 0.728
Bassey et al., 1996 -0.006 0984
Maddalozzo et al., 2004 0.009 0.959
Kritz-Silverstein et al., 1994 0.045 0615
Maddalozzo et al,, 2007 0.047 0.854
Baumgartner et al., 1999 0.122 0.469
Taaffe et al., 2005 0.140 0.061 .-
Uusi-Rasi et al., 2003 0.158 0.491 e ]
Ribom et al., 2002 0.175 0.610 B
Greeves et al., 1999 0.181 0.681 =
Preisinger et al., 1995 0.238 0.437 L . ——
Cauley et al., 1987 0473 0.002 +
Heikkinen et al., 1997 0.476 0.018 ——
Sipila & Taaffe, 2001 & 2005* 0.478 0.180 T
Carville et al., 2006 0.507 0.180 S
Onambele et al., 2006 0.569 0.207 -
Brooke-Wavell et al,, 2001 0803 0.084 -
Skelton et al., 1999 1.237 <0.001 [ —
Phillips et al., 1993 1.245 <0.001 =
Overall 0.227 0.003 ‘
-2 -1 0 1 2
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Fig. 1.1 Forest plot of effect sizes from 23 publications between 1987 and 2007 that reported
muscle strength in postmenopausal women who were and were not on an estrogen-based hormone
therapy (HT). An effect size for each study is represented by a square, with the size of the square
equating to the weight of the study in the overall meta-analysis. Horizontal lines through the
squares represent 95 % confidence intervals. The diamond at the bottom illustrates the significant
overall, beneficial effect of HT on muscle strength in postmenopausal women. Refer to Greising
et al. for citations abbreviated in the graph [12]. Figure is reprinted with permission from Oxford
University Press, copyright 2009

postmenopausal women aged 42—72 years who were taking an estrogen-based HT
and compared them to 67 postmenopausal women not on HT. The main finding was
that HT prevented the loss of strength. As such, these data have been the most robust
evidence of a positive effect of estrogen on muscle strength in postmenopausal
women. Conversely, other studies of postmenopausal women have shown little or
no impact of HT on strength. In fact, narrative reviews that summarize findings from
those studies conclude that there are inconsistent results regarding estrogenic effects
on muscle strength in older women and that further research is needed [27, 44].

A systematic review and meta-analysis of the research literature was conducted
to directly address inconsistent reports regarding muscle strength in postmeno-
pausal women and HT [12]. Twenty-three studies were identified in which strength
was compared between postmenopausal women on an estrogen-based HT and those
not on HT, that is, women who remained estrogen deficient. This yielded strength
data for a total of 2,668 postmenopausal women on estrogen-based HT and 7,288
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postmenopausal women not on any estrogen treatment. When data from the subjects
were statistically combined and analyzed, the overall result was that strength was
significantly greater in women on HT. The impact was small with an effect size of
0.23, equating to women taking estrogenic hormones being approximately 5 %
stronger (Fig. 1.1). However, when only randomized, controlled trials were consid-
ered [1, 15, 38, 45, 47], the combined effect size of estrogen treatment on strength
was much higher at 0.46, though this was not quite statistically significant due to the
small number of studies. Overall, the results of the meta-analysis pooling data from
23 studies show that postmenopausal women taking an estrogen-based HT have
greater muscle strength compared to women not taking HT.

Positive correlations between circulating E, levels in women and muscle strength
would also be expected and have been reported. Pollanen and co-workers showed
that serum concentration of E, was positively correlated with quadriceps femoris
muscle force among pre- and postmenopausal women [37]. Interestingly, while
strength was significantly correlated to serum E,, it was not significantly correlated
to the concentration of E, in the quadriceps muscle. Further understanding of the
mechanisms underlying estrogenic effects on muscle contractility will also need to
include the importance of local, non-ovarian E, production [37].

E, and muscle strength in rodent models. Ovariectomy in rodent models is an
approach that has been utilized to investigate the influence of ovarian hormones on
muscle contractility, particularly strength. The ovarian hormone responsible for any
such influence can then be determined by treating ovariectomized rodents with a
specific hormone, such as 17p-E,. An advantage of strength measurements in
rodents is that maximal force or torque is assessed, whereas most studies on humans
depend on effort and performance of the subject and their ability to recruit motor
units, which is unlikely to be maximal.

One of the first reports to compare muscle strength in a rodent ovariectomy
model was by Suzuki and colleagues [48]. They ovariectomized very young,
3-week-old Wistar rats and then followed with placebo or E, treatments for 10
weeks. An age-matched control group was also studied with those rats undergoing
a sham operation and placebo treatment. Soleus and extensor digitorum longus
(EDL) muscles from ovariectomized rats that were treated with E, had the lowest
maximal isometric tetanic forces. These data do not support the contention that
estrogens are beneficial to muscle strength, rather the results suggest that estrogens
impact skeletal muscle during development and growth. Similarly, young growing
Sprague Dawley rats were used in a study by McCormick and colleagues [26]. In
that study, 7-week-old rats were sham operated or ovariectomized and then rats that
were ovariectomized received a placebo or an E, treatment for 4 weeks. No differ-
ences in soleus muscle maximal isometric tetanic force among sham, ovariecto-
mized, and ovariectomized plus E, treatment groups were detected. These results
again do not lend support to any beneficial estrogenic effects on muscle strength
using a rodent model in which substantial growth and development were occurring
during the hormone manipulation.

Fisher and colleagues conducted one of the first studies of ovarian hormone
effects on strength using a mature, fully grown rodent model [9]. Sprague Dawley
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rats, 6.5 months of age, were randomized to either sham surgery or ovariectomy
surgery; some rats were further randomized to hindlimb unloading groups. One
month later, results from the control (i.e., normal loaded) rats were mixed in regard
to strength. Forces generated by soleus and plantaris muscles did not differ between
rats that were sham operated and ovariectomized, but EDL muscle force was greater
in the ovariectomized rats, and peroneus longus muscle force was greater in the
sham, ovary-intact rats. Overall, the results of this study do not support or refute
effects of ovarian hormones on muscle strength.

Collectively, studies utilizing the rat ovariectomy model do not support beneficial
effects of estrogen on muscle strength. This is directly shown by results of a meta-
analysis as the combined data from the above three studies utilizing rat models yield
a nonsignificant effect size of estrogen on strength [12].

Relatively more studies have been conducted using mouse models to investigate
estrogenic effects on muscle strength. Warren and colleagues designed a study with
the aim of determining the effects of E, on the functions of the musculoskeletal
system [52]. Young ICR mice, 6 weeks of age, were ovariectomized and random-
ized to receive E, or placebo treatment for 3 weeks. Maximal isometric torque of the
ankle dorsiflexor muscles was 18 % greater in mice treated with E, than placebo and
maximal isometric tetanic force of EDL muscles was 14 % greater in the E,-treated
than the E,-deficient mice. These results support a beneficial estrogenic effect on
muscle strength. Conversely, Wohlers and co-workers reported that 8-week-old
C57BL/6 mice that were ovariectomized and studied for contractility 8 weeks later
did not differ in tibialis anterior muscle strength compared to age-matched, sham-
operated mice [57]. A study by Schneider and colleagues also investigated the influ-
ence of ovarian hormones on muscle contractility in young, 6-week-old, C57BL/6
mice [42]. Mice that were ovariectomized were randomized to receive placebo, E,,
progesterone, or a combination of E, and progesterone for 16 days. Maximal iso-
metric torque of the hindlimb plantarflexors was ~27 % greater in control, ovary-
intact mice compared to the ovariectomized mice that were treated only with
placebo, indicating positive estrogenic effects. Hubal and colleagues reported on
plantarflexor muscle strength in ICR mice before, and then 4 and 8 weeks follow-
ing, sham and ovariectomy surgeries [16]. Mice in that study were 13 weeks of age
at the time of surgery. Peak isometric torque of the plantarflexors did not signifi-
cantly change over time in either group and there was no difference between groups
at any time point. Peak torques in the E,-deficient mice tended to be lower than
those in sham mice and it was noted that the study may have been underpowered to
detect this small difference. While not unanimous, these four studies provide sup-
port for estrogenic effects on strength of the major muscles and muscle groups of
the mouse lower hindlimb, that is, the ankle dorsi- and plantarflexors in young mice.

Studies by Moran and colleagues further probed the question of effects of ovar-
ian hormones on skeletal muscle strength by analyzing contractility of small mus-
cles isolated from legs of C57BL/6 mice [29, 30]. To avoid any potential confounding
effects of manipulating ovarian hormones during growth and development, ovariec-
tomy and hormone interventions were not initiated until mice were 4—6 months of
age. This is an important consideration because estrous cycles in C57BL/6 mice
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become consistent at about 4 months of age and by ~12 months of age the consis-
tency of the four-day cycles starts to decline [32]. The two studies by Moran et al.
showed that soleus and EDL muscles from mice that were ovariectomized for 4 or
8 weeks had ~15 % lower maximal isometric force compared to those from age-
matched, ovary-intact mice [29, 30]. This was attributed specifically to estrogen
because E, treatment prevented or reversed force reductions caused by ovariectomy.
Furthermore, plasma E, levels were positively correlated with maximal isometric
tetanic force of soleus muscle [30]. Those studies showed that estrogenic effects on
muscle strength are evident in mature mice with as little as 4 weeks of hormone
manipulation. When similar outcome measures were evaluated in mature mice after
only 2 weeks of hormone manipulation, strength effects on soleus but not EDL
muscles were detected [13]. Specifically, soleus muscles from C57BL/6 mice that
were ovariectomized and remained E, deficient for 2 weeks generated ~20 % less
maximal isometric tetanic force than soleus muscle from mice that were sham oper-
ated or ovariectomized and simultaneously treated with E,. Therefore, it appears
that in a mature mouse model, 2 weeks of estrogen manipulation is sufficient to
impact the strength of mouse soleus muscle, but a longer duration is required to
influence contractility of EDL muscle. What underlies subtle differences of muscle
responsiveness to E, between muscles remains to be determined.

The collective results of the estrogenic effects on muscle strength in mouse mod-
els of ovariectomy and E, treatment were also synthesized by meta-analysis [12].
As opposed to the combined data on rat studies, it was shown that E, has a large
effect on muscle strength in mice with an effect size of 0.88.

If the overall goal of using the rodent ovariectomy model is to mimic the biology
of female aging, then a limitation is that typically animals are relatively young and
as such do not reflect concomitant influences of aging that occur in postmenopausal
women. Thus, a critical issue is to determine to what extent E, treatment in aged,
ovarian-failed rodents improves muscle strength. To address this, 20-month-old
female mice confirmed to be ovarian senescent were treated with E, or placebo for
8 weeks [14]. Strength, as measured by soleus muscle maximal isometric twitch and
tetanic forces, was not different between E,- and placebo-treated mice. The amount
of strength loss during a series of fatiguing contractions was blunted by E, treat-
ment, suggesting some beneficial estrogenic influence on submaximal strength dur-
ing repetitive contractions in muscle from aged mice. Additional studies are needed
to further investigate timing and dosage of estrogenic hormone treatment in aged
female rodents and the resulting effects on skeletal muscle contractility. Furthermore,
if such additional studies confirm that estrogenic effects on muscle differ with age,
it will be critical to determine why that is so. It is interesting that aged rodent models
are available and are widely utilized to study the impact of aging on muscle contrac-
tility. Unfortunately, the vast majority of those studies have been done on male rats
and mice, so very little is known about the effects of aging intermingled with ovar-
ian failure in female rodent models.

E, and intrinsic muscle strength. Loss of muscle mass is a major contributor to
declining strength associated with aging and menopause in women [20, 28].
However, it appears unlikely that estrogenic effects on muscle mass can completely
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explain decrements in muscle strength that occur with loss of E, due to menopause
in women or ovariectomy in rodent models. This is shown by analyses of muscle
strength that is normalized to muscle size and is thus indicative of the functional
quality of skeletal muscle (as opposed to the quantity of muscle). In studies on
women, imaging techniques such as computer tomography can be used to measure
cross-sectional area of muscles that are tested for strength. In studies that are per-
formed on muscles of rodents, mass, cross-sectional area, or contractile protein con-
tent are measured specifically in the muscle tested for torque or force. By determining
force production relative to the size of the muscle generating that force, the intrinsic
functional capacity of skeletal muscle can be assessed.

Three studies that investigated the strength of the thumb adductor muscle in post-
menopausal women also measured cross-sectional area of that muscle and reported
data as specific force (i.e., force generation normalized by size) [33, 35, 47]. Two of
the studies showed that women on HT had significantly greater specific force than
women not on HT [35, 47]. Studies by Sipila and Taaffe and colleagues also mea-
sured quadriceps muscle cross-sectional area as well as strength in postmenopausal
women who were and were not on HT [45, 49]. When these five studies were statis-
tically combined by meta-analysis, results show that estrogen has a moderate effect
on muscle strength normalized to size (effect size of 0.45), though it was not quite
statistically significant (P=0.07) [12]. Overall, these data indicate that estrogen
influences the intrinsic ability of skeletal muscle to generate force because any
estrogenic influence on muscle size is accounted for.

A large effect size of 0.66 was determined by meta-analysis for E, benefits to
rodent muscle strength when accounting for muscle size, which equated to rodents
with estradiol having 7 % greater normalized strength [12]. A confounding effect of
ovariectomy in rodent models is that skeletal muscles accumulate fluid as a result of
losing ovarian hormones [25, 30, 46]. Thus, normalizing strength by muscle mass
or cross-sectional area is not appropriate and normalizing to myofibrillar protein
content is recommended [50]. Maximal isometric force generated by mouse soleus
and EDL muscles normalized to contractile protein content of those muscles were
less in ovariectomized mice compared to those in control or E,-replaced mice [13,
29, 30]. These data indicate that the quality of skeletal muscle in terms of intrinsic
force generating capacity is significantly impacted by altered levels of E, in the
circulation.

Single and small bundles of permeabilized muscle fibers have also been studied
for estrogenic effects on contractile function. Fibers in this type of preparation do
not have intact sarcolemma and contraction is initiated by exogenous delivery of
calcium, instead of calcium release from the sarcoplasmic reticulum. As such, exci-
tation (i.e., events at the neuromuscular junction and conduction of action potentials
along the plasmalemma) and excitation—contraction coupling (i.e., events in the
transverse tubular system and at the dihydropyridine—ryanodine receptor interface)
are completely bypassed when contraction is initiated. Therefore, estrogenic effects
on fiber strength can be directly attributed to function of the thick- and thin-filament
contractile proteins in this type of experiment. Cross-sectional areas of the fibers
that are tested are measured to account for differences in fiber size. One study using
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this strategy has been completed on fibers of vastus lateralis muscle biopsies from
postmenopausal women on and not on HT [54]. Results from that study do not sup-
port the hypothesis that estrogen affects contractile protein function because maxi-
mal isometric force, as well as force normalized to fiber cross-sectional area, was
not different between muscle fibers from women on HT and those not on HT.

Wattanapermpool and Reiser conducted a similar study on contractile character-
istics of muscle fibers from ovariectomized and sham-operated Sprague Dawley rats
[53]. They report that after 10 or 14 weeks of ovarian hormone deprivation, fibers
from ovariectomized rats that were permeabilized and tested for calcium-activated
force were weakened. Specifically, soleus muscle fibers produced 20 % less force
per fiber cross-sectional area than did fibers from sham-operated rats. Authors spec-
ulated that ovarian hormone deprivation affected strength by either decreasing the
number of cross-bridge attachments during contraction or decreasing the force per
cross-bridge during contraction. A cross-bridge hypothesis had been put forth by
Phillips and co-workers in regard to HT beneficial effects on muscle strength in
postmenopausal women [35].

The hypothesis that ovarian hormones, specifically E,, influence muscle strength
by affecting function of contractile proteins was directly tested by Moran and col-
leagues. This was done by three types of analyses. First, calcium-activated force by
bundles of permeabilized muscle fibers was 25 % less in those that came from mice
that had been ovariectomized for 8 weeks compared to those that came from sham-
operated mice with normal circulating levels of E, [29]. Those data indicate that
ovarian hormones affect contractile protein function. Second, active stiffness of
intact soleus and EDL muscles was measured as an indicator of actin and myosin
strong-binding during contraction [43]. Active stiffness was ~12 % lower in muscle
from ovariectomized compared to sham-operated mice [29] and the decrement was
reversed with E, treatment [30]. The most direct evidence that contractile protein
function is affected by E, was shown by studies using electron paramagnetic reso-
nance spectroscopy paired with site-directed spin labeling on the catalytic domain
of myosin in muscle fibers. Those studies directly showed that the fraction of myo-
sin heads strongly bound to actin during contraction (i.e., producing force at the
molecular level) was 15-20 % lower in muscle from ovariectomized mice, and that
the decrement was reversed or prevented by E, treatment [29, 30]. Because the
ovariectomy-induced decrements in strength and myosin strong-binding were simi-
lar in magnitude, it was proposed that myosin dysfunction is the major factor caus-
ing strength loss when E, declines.

Estradiol and Parameters of Muscle Contractility
Other than Strength

E, and muscle contractility in women. Skeletal muscle power is often reported as a
functional and integrated aspect of skeletal muscle contractility and is reflective of
both muscle strength and speed of contraction. A study of monozygotic twin pairs
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who were discordant for HT usage showed that vertical jump height, a surrogate of
muscle power, was 21 % greater in co-twins taking HT compared with those not
[40]. Two other studies examined the power of the leg extensors in postmenopausal
women and reported no differences between those on and not on HT [4, 23]. Women
in those studies had a mean age of ~51 years and were tested about 1 year after the
onset of menopause. In contrast, Carville and colleagues measured leg extensor
power in an older group of postmenopausal women, mean age of ~69 years, with
those who were on an estrogenic HT for an average of 13 years [5]. These older
postmenopausal women taking HT generated 20 % greater leg extensor power than
women without HT and had power outputs similar to those of younger healthy
women, ~28 years of age. Because power was affected by HT usage but maximal
force was not, the authors hypothesized that HT may have positive effects on skel-
etal muscle contractile speed. Collectively, these results imply that chronic estrogen
treatment may be needed to impact speed of muscle contractions.

A small number of studies have examined twitch kinetics of muscles in post-
menopausal women. This analysis gives some insight into intrinsic contractile speed
of muscle. One example involved postmenopausal women averaging 64 years of age
and 16 years past onset of menopause, in which stimulation of ulnar nerve was used
to determine twitch kinetics of the adductor pollicis muscle [33]. In both dominant
and non-dominant hands twitch force, time-to-peak twitch force, and twitch half-
relaxation time were independent of HT usage. Finni and co-workers examined con-
tractility of plantarflexor muscles in the monozygotic twin pairs who were discordant
for HT usage [8]. While there was no difference between twins in voluntary plan-
tarflexor tetanic torque, twins on HT had 32 % higher peak twitch torque that was
elicited by tibial nerve stimulation. There was no difference in electromyography
activity of the medial gastrocnemius and soleus muscles measured during stimula-
tion of the tibial nerve related to HT usage indicating that estrogenic effects were
intrinsic to the muscle. While involuntary peak twitch force was higher in co-twins
on HT, there were no differences in time-to-peak twitch force or twitch half-
relaxation time. Taken together, these limited results are inconclusive in determining
how involuntary, electrically stimulated twitch kinetics are affected by estrogen.

Often investigations of muscle strength measure force or torque during isometric
contraction, but some studies on postmenopausal women have employed shortening
(concentric) or lengthening (eccentric) contractions. While a few of these studies
found beneficial effects of HT on strength measured during isokinetic types of mus-
cle contraction, not all studies did. For example, Greeves and colleagues examined
quadriceps strength of postmenopausal women longitudinally over 39 weeks [11].
Women on HT maintained isometric strength of the quadriceps, while those not on
HT lost 11 % over the duration of the study. Similarly, those on HT maintained
dynamic strength measured at the lowest of the three angular velocities tested while
women not on HT lost ~10 %. Quadriceps muscle strength at the two higher veloci-
ties tested did not change during the study in either group of women. Similarly,
Dieli-Conwright and colleagues showed that eight 59-year-old postmenopausal
women taking HT did not differ in peak concentric and eccentric torque of the knee
extensors from six age-matched women not taking HT [6]. The issue of muscle
contraction type was addressed in the meta-analysis by Greising and co-workers
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[12]. Among the 23 studies that compared the strength of postmenopausal women
on and not on HT, strength measurements were reported on 8 and 20 isokinetic and
isometric types of muscle contractions, respectively. No differences in effect sizes
between these groups of studies were detected indicating that muscle contraction at
a given velocity (isokinetic) and static muscle contraction (isometric) are not
preferentially influenced by estrogens.

E, and muscle contractility in rodent models. Akin to studies on muscle contractile
indicators such as twitch kinetics, velocity, and power in estrogen-deprived and
-replaced women, few studies have been done in rodent models. Time-to-peak twitch
force and twitch one-half-relaxation time in soleus and EDL muscles were faster in
very young, ovariectomized rats compared to sham rats or ovariectomized rats treated
with E, [9, 26]. Conversely, in aged ovarian-senescent mice, E, treatment did not
affect soleus muscle time-to-peak twitch force, twitch one-half-relaxation time, or
tetanic rates of contraction or relaxation [14]. Whether or not the species studied or
the age of the rodent can explain the discrepancy in the responsiveness of twitch
kinetics to E, remains to be determined.

Eight weeks of E, deficiency via ovariectomy of adult mice resulted in 9 % faster
maximal shortening velocity (V) of soleus muscles [29] while two weeks of
ovariectomy-induced E, deficiency was not long enough to affect V. of soleus
muscle, but maximal power was 25 % greater in ovariectomized mice treated with
E, than those treated by placebo [13]. V... of EDL muscles was not affected [29].
No differences in power were detected in terms of absolute or normalized peak
power of soleus or EDL muscles. Using permeabilized soleus muscle fibers from
rats, Wattanapermpool and Reiser showed that calcium sensitivity was not affected
by 10 or 14 weeks of ovarian hormone deprivation [53]. Although not statistically
significant, the trend was for soleus fibers from ovariectomized rats in that study to
have faster V..

Collectively, these six studies that report indices of muscle contractile speed
show either no effect of ovarian hormones or that the lack of ovarian hormones
resulted in faster muscle contractility. No study indicated that ovariectomy was
associated with the slowing of muscle contractility.

Influence of E, on contractile protein expression. Changes in muscle contractil-
ity, especially those related to speed of contraction, are heavily influenced by
changes in the expression of contractile proteins, such as myosin heavy-chain
(MHC) isoforms. Whether or not estrogens can alter contractile protein expression
is not clear. Widrick and colleagues examined the relationships between HT and
vastus lateralis muscle fiber characteristics related to MHC in postmenopausal
women [54]. Using both electrophoresis and histochemistry they found no differ-
ences in MHC isoform distribution (i.e., distribution of slow and fast fiber types in
the vastus lateralis muscle) or cross-sectional area of fibers composed of type I or
IIa MHC between women on and not on HT. These data on human muscle did not
indicate that estrogens influence MHC isoform expression.

Relatively more studies have been conducted on contractile protein expression in
muscles of estrogen-manipulated rodents, particularly MHC composition and fiber
type distribution based on myosin ATPase reactivity or MHC isoforms. Two studies
compared muscles of female rats that were ovariectomized at 3 weeks of age to
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those that were ovariectomized and simultaneously treated with E, [19, 48]. No dif-
ferences in fiber type distributions were detected in soleus, EDL, or caudofemoralis
muscles based on histological analyses of myosin ATPase reactivity. Thus, it appears
that in very young, developing female rats estrogens do not affect MHC expression
in muscle fibers.

Results of estrogenic effects on MHC isoform expression and fiber types from
muscles of slightly older, yet still growing, young female rats (7—-10 weeks of age)
are quite mixed. Kadi and co-workers reported that rats which were ovariectomized
for 5 weeks had muscles with MHC isoform expressions shifted toward the slower
isoforms [17]. That is, gel electrophoresis showed that soleus muscle of ovariecto-
mized rats had relatively more type I and less type Ila MHC than sham rats and EDL
muscles from ovariectomized rats had relatively more Ila and less IIb MHC than
sham rats. The changes in MHC isoform composition were on the order of ~10 %.
In a similar study on rats, type I, Ila, and IIx MHC composition of soleus muscle
was not affected by 4 weeks of ovariectomy or ovariectomy plus E, treatment [26].
In those same rats, plantaris muscle MHC isoform composition was slightly altered
[36]. MHC type IIx was ~5 % less in plantaris muscle from ovariectomized com-
pared to sham rats and MHC type IIb was ~10 % lower in ovariectomized rats that
were treated with E, compared to sham rats. Overall, these data indicate a slight
shift toward slower MHC isoforms with the loss of estrogens.

In contrast, other studies using rats of similar ages showed shifts toward faster
MHC isoforms with the loss of estrogens. Velders and co-workers studied soleus
and gastrocnemius muscles 2 weeks after ovariectomy with and without E, treat-
ment [51]. They reported that MHC type I expression was lower in soleus muscle of
ovariectomized rats compared to sham-operated rats or those ovariectomized and
treated with E,. Liu and colleagues examined the genioglossus muscle of young rats
4 weeks following ovariectomy using both histological myosin ATPase staining and
electrophoretic analyses of MHC composition [22]. No difference in fiber type dis-
tribution (types Ila and IIb/IIx) was detected between groups based on histochemis-
try, but genioglossus muscles from ovariectomized rats contained a lesser percentage
of MHC IIa and greater percentages of MHC IIx and IIb compared to sham or pure
control rats. Wattanapermpool and Reiser used electrophoresis and silver staining to
measure MHC isoforms and isoforms of thin-filament proteins in segments of sin-
gle fibers from rat soleus muscles [53]. Though the data are not shown, the authors
state that no changes in isoform expression were detected in soleus muscles from
ovariectomized rats compared to sham rats. Because these same fibers from ovari-
ectomized rats were shown to have reduced force generation, these data indicate
that decrements in strength that result from the loss of estrogens are not directly due
to changes in the expression of contractile protein isoforms.

There is one report of type I MHC expression in soleus muscle of fully grown,
adult Wistar rats, that is, rats 5 months of age when ovariectomy surgeries were
done [10]. This study is also unique because muscle analyses were done 9 months
following the ovariectomy or sham operation. The authors state that immunohisto-
chemistry qualitatively revealed an increase in fibers expressing MHC type I in
ovariectomized compared to sham rats. However, quantitation was not performed
because many fibers appeared to be hybrid, expressing variable amounts of type I
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MHC. Immunoblot analyses showed that MHC type I protein expression was ~7 %
greater in soleus muscles from ovariectomized compared to sham rats, indicating a
slight shift toward the slow contractile protein isoforms.

Further analyses of MHC isoform expression in response to estrogen manipulation
and at specific ages in female rats are needed to clarify conflicting results in the litera-
ture. Particular consideration should be given to soleus muscle and the age at which
analyses are made because shifts in fiber distributions are significant in this muscle
during the first year of life [24]. Also to note, others have reported that rat soleus
muscle is composed of nearly 100 % MHC type I, so shifts toward slower isoforms
could be difficult to establish in the soleus muscle of rats [34].

Results of estrogenic influences on contractile protein isoforms in mice are also
not conclusive. The masseter muscle of 10-month-old mice that were ovariecto-
mized for 6 weeks did not have different fiber type composition based on immuno-
histochemistry and immunoblotting than sham-operated mice [7]. Similarly, soleus
muscle fiber type distributions among types I, Ila, IIx, and IIb were not different
between sham mice and mice that were ovariectomized and treated with placebo or
E, [30]. Mice in that study were fully grown adults at the time of ovariectomy,
nearly 4 months of age, and muscle analyses were conducted 4 and 8 weeks later. In
contrast, 10-week-old mice that were ovariectomized and studied 12 weeks later
showed several signs of contractile protein shifts toward faster isoforms [39].
Specifically, gene expression of slow isoforms of myosin light chain and troponin
was analyzed by quantitative polymerase chain reaction and shown to be lower in
quadriceps muscle from ovariectomized mice compared to sham mice. Supporting
evidence for ovariectomy-induced shifts away from slow, type I and toward fast,
type II isoforms included changes in MyoD, myogenin, peroxisome proliferator-
activated receptor-y, and FoxOl gene expressions. It remains to be determined
whether or not these altered gene expressions correlate to changes in contractile
protein isoforms and corresponding contractility characteristics.

Of the 13 published studies summarized in this section (one human, nine rat,
three mice), 7 studies reported no effect of the loss of estrogen on fiber type or con-
tractile protein isoform expression, 3 studies reported shifts toward slower or type I
isoforms, and 3 studies reported shifts toward faster or type II isoforms. Moreover,
when significant shifts in contractile protein isoforms were detected, the magnitude
of the shifts were typically small, on the order of 10 %. Given the mixed results, it
seems unlikely that an estrogen-mediated change in the expression of contractile
proteins, such as MHC isoforms, is a mechanism underlying alterations in muscle
contractility. However, much more work is needed to substantiate this.

Summary

The maintenance of muscle strength and contractility with aging and with loss
of estrogen are critical issues because the risk for disability and dependent liv-
ing increases with muscle weakness. Women live longer than men and do so in
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postmenopause for nearly one-third of their lives. Because of these facts, it is
becoming increasingly important to understand the effects of E, and the loss of
this hormone on skeletal muscle function. There is substantial evidence that E,
is beneficial to muscle strength. This evidence comes from the collective results
of studies on postmenopausal women comparing those who did take HT with
those who did not. There is also good evidence from several studies utilizing
mouse models that the loss of ovarian hormones via ovariectomy is detrimental
to muscle strength, particularly muscle’s intrinsic ability to generate force, and
that E, treatment reverses or prevents the losses. Estrogenic effects on contrac-
tility parameters other than strength are not clear. The direction of any such
effect in rodent studies is that the lack of ovarian hormones is related to faster
muscle contractility. Whether or not contractile protein isoform expression is
affected by E, and contributes to changes in muscle contractile speed is even
less clear.

The influence of E, on skeletal muscle extends beyond its effects on strength and
contractility as skeletal muscle has additional functions, such as its contributions to
metabolism and heat generation. Finally, estrogenic effects on skeletal muscle
should not be completely evaluated in isolation. That is, integral to skeletal muscle
are adjacent tissues that are also estrogen sensitive, such as bone and fat. To com-
pletely understand estrogen’s role in women’s health multisystem evaluations are
necessary.
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Chapter 2
Novel Findings in Bone Biology: Impact
on Bone Health for Women

Susan A. Bloomfield and Corinne E. Metzger

Abstract The maintenance of bone integrity throughout life is critical for
minimizing the risk of debilitating fractures, which most frequently occur in those
with low bone mass (osteopenia) and frank osteoporosis. Bone dynamically adapts
to mechanical stresses placed on it, as with increased exercise, but this adaptation
may be modified by changes in circulating estrogen, altered oxidative status, and
nutritional factors. This review addresses novel findings of the last decade as they
affect bone health in women. Specific topics discussed include the negative impact
of low energy availability due to prolonged caloric restriction, the surprising role
of estrogen receptor-alpha in bone mechanotransduction, and how oxidative stress
may be an important mechanism contributing to bone loss with aging and estrogen
insufficiency.

Keywords Skeleton ¢ Estrogen receptor ¢ Dietary energy * Caloric restriction ®
Oxidative stress

Introduction

The skeleton’s key functions are to provide levers for locomotion, protect vital
organs, and serve as a calcium reservoir. These are rarely appreciated functions
until, of course, one incurs a bone fracture and appreciates anew the mobility
afforded by the intact skeleton. “Bone health” is an oft-used phrase reflecting the
mechanical integrity of bone and its ability to resist fracture in all but extreme
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loading situations. The most commonly used clinical measure of bone health is
bone mineral density assessed by dual-energy X-ray absorptiometry (DEXA), with
which most postmenopausal women are very familiar. This technique measures
only the mineral content of bone, which is also composed of organic matrix (colla-
gen and multiple non-collagenous proteins). Since BMD levels are reasonably pre-
dictive of fracture rates, this simple noninvasive test provides the handiest tool to
track bone health in the general population, with a minimal radiation dose.

There are many varieties of metabolic bone disease (tumor metastasis to bone,
disorders of osteoclast biology, osteomalacia with, e.g., renal failure). The best
known and most prevalent is osteoporosis, which is simply a lower bone mass than
expected for one’s age and affects an estimated ten million Americans over 50 years
of age [1]. Although the majority of these are female, aging men (and those on
certain medications causing bone loss, such as corticosteroids) are also at risk.
Intermediate bone loss that does not reach the criterion mark for osteoporosis is
termed osteopenia, analogous to glucose intolerance that may precede a diagnosis
of Type 2 diabetes. Osteopenia is very common in middle-aged women and in
select populations of young women, particularly those who restrict dietary energy
intake for prolonged periods. The accelerated bone loss observed in the osteopo-
rotic patient dramatically diminishes bone strength and contributes towards 1.5 mil-
lion so-called fragility fractures and health care costs of $18 billion/year in the
USA [1]. The survival rate 5 years after a hip or a vertebral fracture is ~80 % of that
in men and women with no fractures [2], with higher mortality rates in men and in
the more aged [1].

Bone cells behave quite similarly in men and women, but what is unique to
women is, of course, the hormonal milieu and the dramatic changes in estrogen
status at mid-life (or, on occasion, in younger women with amenorrhea or surgical
menopause). Bone loss occurs fairly rapidly with the onset of estrogen deficiency
due to a multitude of cellular mechanisms [3]. Briefly, bone resorption activity by
osteoclasts, normally inhibited by circulating estrogen, accelerates dramatically
with estrogen withdrawal. In addition, both differentiation and activity of mature
bone-forming osteoblasts are impaired in the absence of estrogen. There is a
dearth of evidence about the impact of estrogen deficiency on osteocytes, those
cells embedded within bone matrix that are thought to serve as the essential
mechano-sensors.

This short review discusses some novel findings in the bone biology field over
the last 10 years that have direct relevance for bone health in women. The first sec-
tion of this review considers how dietary energy intake, the critical “other bone
nutrient,” can impact bone mass and fracture risk in both young athletes and in the
frail elderly. Low circulating estrogen levels can also impact negatively the expres-
sion of estrogen receptor-alpha (ER-a) in bone cells and on mechanotransduction,
which may provide the mechanism for the lower responsiveness of bone to exercise
in postmenopausal women; this topic is covered in the second section. The final
topic briefly presents the growing evidence for an alternate mechanism for age-
related and estrogen-deficiency bone loss: oxidative stress.
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Impact of Reduced Dietary Energy Intake on Bone Integrity

Most individuals, when queried, will name calcium and vitamin D as the two most
important nutrients supporting optimal bone health. Millions of older Americans
focus on getting adequate intake of these two nutrients, which do indeed help to
minimize (but cannot abolish) age-related bone loss. However, relatively few are
aware of the impact that reduced energy (calorie) intake has on bone mass. In a
recent NHANES survey, nearly 60 % of American women (and 40 % of men) are
pursuing some weight loss regimen [4]; given the rising prevalence of obesity, the
fraction of Americans who will pursue serious weight loss regimens can only
increase. Others at risk for bone loss coincident with restricted energy intake include
those with involuntary caloric restriction (frail elderly or those without regular
access to adequate caloric intake, e.g., the food-insecure poor); active military per-
sonnel in the field; and athletes in training who voluntarily restrict food intake. On
average, each 10 % decrement in body weight is associated with a 1-2 % decline in
BMD [5]. The consequences of a 2 % decline in bone mass, particularly with refer-
ence to fracture risk, vary significantly across these different populations.

Both epidemiological evidence and controlled intervention trials provide evi-
dence for significant bone loss and elevated fracture risk in individuals losing
weight. A history of >10 % weight loss in community-dwelling older women [6]
and men [7] increases the risk of hip fractures. Even more convincing are results
from controlled randomized intervention trials, most frequently performed in obese
postmenopausal women, in whom losses in bone mass consistently occur with
reductions in body weight [5]. Notably, the bone lost may not be regained after the
end of a weight loss period. Serum markers of bone resorption remained elevated
[8] and BMD values remained lower after the end of an exercise-based weight loss
intervention in obese individuals, even in the face of significant weight regain [9].
A similar lack of bone recovery was found in premenopausal women who had fol-
lowed a very-low-calorie diet for 3 months; a full 33 months later, decreases in
lumbar spine BMD were not restored even in those subjects who regained all bone
lost. (However, in this case, trochanter BMD (at proximal femur) did recover with
weight regain [10].) These data suggest that a burst of remodeling activated during
a period of negative energy balance (at least in vertebral bone) does not switch off
as soon as energy balance is resumed, resulting in continued loss of bone mineral
even after the individual resumes usual caloric intake.

Many obese individuals enter a period of caloric restriction with higher than
average BMD values [11]. Hence losing 1-3 % of this elevated bone mass may
result in a minimal impact on fracture resistance as compared to the same propor-
tional bone loss in a near-normal weight population. Military recruits in basic train-
ing and those in intense combat operations often incur rapid weight loss [12]; in this
case, the negative energy balance is more likely due to the enormous increase in
energy expenditure with hours of vigorous activity each day. A classic illustration
of this is provided by the data of Friedl et al. [13], who monitored caloric intake and
energy expenditure during an 8-week field training experience by Army Rangers,
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during which average energy intake was 1,000-1,200 kcal/day below average
energy expenditure and body weight loss averaged 12 kg.

In the extreme instance, individuals with eating disorders or frank anorexia ner-
vosa incur significant bone loss; fracture rates are sevenfold higher than expected
for these (usually) young individuals [14]. A wealth of literature now documents the
impact of the prolonged and severe negative energy balance on bone health in these
populations, which may be complicated by shifts in neuroendocrine function. Less
severe restriction of energy intake occurs frequently in those on the other end of the
age spectrum: the frail elderly. Reduced eating may be voluntary (lack of appetite)
or involuntary (food insecurity, inability to prepare food) in this population, but the
result can be accelerated bone loss beyond that observed in well-nourished indi-
viduals of the same age [15]. Fracture risk in this group is further exacerbated by
loss of muscle mass with inadequate energy intake, which reduces both the mechan-
ical loading delivered to bone as well as the energy absorption effect of the over-
lying soft tissue should a fall occur.

Another unique population at risk of bone loss are those athletes who over-
restrict energy intake over prolonged periods (often years) to maintain extremely
lean physiques and lower body weights. Early findings of Drinkwater et al. [16]
confirming spinal BMD values in amenorrheic varsity rowers equivalent to those
typical in 51-year-old women galvanized the research community into explaining
how bone mass could decline with vigorous physical activity. A plethora of studies
in the subsequent decades confirmed these findings in athletes in weight-classed
sports (like rowing), in sports (e.g., distance running) where low body weights pro-
vide a competitive advantage, and in the aesthetic sports that demand an extremely
lean appearance (dance, gymnastics, figure skating). Recently published data using
high-resolution CT scans in adolescent amenorrheic athletes provide evidence of
impaired cancellous bone micro-architecture (reduced trabecular number, increased
trabecular spacing), which can independently elevate fracture risk [17].

Whether bone loss due to reduced energy intake is more specific to cortical or
cancellous bone seems to vary some with the bone site examined. Human studies
generally rely on DEXA measures of bone mass, which focus on the clinically rel-
evant sites of lumbar spine and proximal femur. These are “mixed” bone sites, with
a dense cortical shell surrounding a core of cancellous bone, which forms a lattice-
work of connected rods and struts that strengthen the structure. Several intervention
trials have documented a twofold higher rate of bone loss at anatomic sites with
more cancellous bone (e.g., distal radius and proximal femur trochanter) over that
observed in total body scans [9] or in cancellous compartments within the distal
tibia, as separated out by peripheral quantitative computed tomography (pQCT)
[18]. Bone “quality,” if not bone quantity, may be protected in older adults practic-
ing caloric restriction but getting adequate protein and other nutrients, in contrast to
the amenorrheic adolescent athletes mentioned earlier. Even in the face of signifi-
cant reductions in BMD, middle-aged adults consuming a healthy diet with ~35 %
fewer calories exhibit no changes in indicators of trabecular bone micro-architecture
as measured by high-resolution MRI [19]. A number of animal studies utilizing
peripheral quantitative or micro-computed tomography document that cancellous
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bone is preferentially affected in adult female rats [20, 21]; however, the primary
deficits in young male mice subjected to similar reductions in energy intake are
limited to cortical bone [22]. It remains unclear whether these disparate results
reflect species and/or gender differences.

The functional concern related to loss of bone mass with chronic energy restric-
tion is two-pronged. The first is a long-term health issue: should this bone loss occur
in a younger individual, it may result in “premature” osteoporosis, some years
before that individual might have otherwise reached osteoporotic BMD levels.
Hence the risk of fragility (low-trauma) fractures can be significant at a relatively
young age. The second functional consequence is of more immediate concern to
younger individuals, particularly military personnel and athletes: an increased risk
of stress fracture [23, 24]. The military in particular has a vested interest in reducing
the incidence of stress fractures in recruits, since the required 6 weeks’ healing time
can seriously disrupt basic training schedules.

What are the systemic or the cellular mechanisms for these losses of bone mass
with reduced energy availability? Early research on low BMD values in amenor-
rheic women athletes presumed that reduced circulating serum estrogen associated
with cessation of normal menstrual cycles was the culprit, creating a “premature
menopause” endocrine profile conducive to accelerated bone loss. However, the
limited success of oral contraceptives in restoring lost bone mass in amenorrheic
athletes or in anorexia nervosa patients [25] suggests that estrogen-independent
mechanisms are also important contributors to this bone loss.

Chronic negative energy balance impacts two primary endocrine axes: the meta-
bolic hormones that are sensitive to energy intake and the reproductive hormone
axis, each of which can impact bone cell activity leading to loss of bone mass. An
elegant illustration of this derives from tightly controlled studies of nonathletic
women subjected to combined treadmill running and graded energy restriction,
resulting in 10-30 kcal/kg LBM/day reductions in energy availability [26]. (In this
context, “energy availability” was computed as total energy intake minus exercise
energy expenditure.) After only 5 days of this regimen, reductions in circulating
IGF-I and leptin, evident even at the milder levels of reduced energy availability,
were highly predictive of reductions in serum biomarkers of bone formation activity.
Conversely, elevations in bone resorption biomarkers (but only at the most extreme
reduced energy availability) tracked closely with reductions in serum estrogen.

Although prolonged hypoestrogenemia almost certainly contributes to bone loss
in women with prolonged amenorrhea, metabolic hormones related to energy status
such as IGF-I and leptin may play an important role in mediating bone loss, particu-
larly in those individuals experiencing milder (subclinical) changes in estrogen sta-
tus, such as luteal phase defects [27]. More recent data indicate that estrogen-deficient
exercising women who are energy-replete exhibit few perturbations of bone resorp-
tion or formation, reinforcing the key role of energy status in modulating bone cell
activity and hence bone mass [25]. These data provide the mechanistic endocrine
link between the reduced BMD frequently observed in amenorrheic athletes and
their reduced energy intake, which together describe the phenomenon labeled the
female athlete triad (for a comprehensive review [28]).
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Research in relevant mammalian models provides valuable insight into tissue-
level mechanisms for bone loss with restricted energy intake. One often unrecog-
nized contributor is the reduced absorption of dietary calcium with estrogen
deficiency. Ovariectomized (OVX) rats exhibit a fourfold lower net calcium absorp-
tion when subjected to a 40 % restriction of energy intake; this effect can be reversed
with estrogen replacement [29]. The impact of energy insufficiency on reduced
bone formation and/or increased resorption activity can derive from reduced activ-
ity of mature osteoblasts or increased vigor of mature osteoclasts, respectively.
Alternatively, chronic restriction of dietary energy can alter the differentiation of
stem cell populations, decreasing the availability of mature osteoblasts [30], and
expanding adipocyte populations in bone marrow [30, 31]. This impact on stem cell
populations is coincident with reductions in circulating IGF-I and leptin, reinforc-
ing the notion that these metabolic hormones that reflect energy balance are impor-
tant mediators of bone loss with energy restriction.

An important related question is the following: Does concurrent exercise miti-
gate bone loss with restricted energy intake? Most physicians recommend increased
caloric expenditure (most frequently, a walking program) in addition to reduced
caloric intake for patients pursuing weight loss. Although it makes intuitive sense
that the metabolic shift that occurs with regular exercise would enhance the weight
loss with energy restriction alone, the evidence that this results in significantly
greater weight loss is surprisingly weak, even in well-controlled randomized inter-
ventions [32]. Even if exercise during a caloric restriction regimen does not improve
weight loss outcomes, it is reasonable to hypothesize that the mechanical loading
effect of an exercise regimen might mitigate the negative impact of reduced energy
intake on bone mass. Circumstantial evidence is provided by multiple cross-
sectional studies comparing amenorrheic sedentary and athletic populations, in
which the athletes have higher BMD values than their nonathletic peers [33]. More
solid experimental evidence for this derives from well-controlled clinical trials
comparing BMD losses in obese populations seeking weight loss by caloric restric-
tion alone vs. exercise-induced weight loss. For example, middle-aged men and
women achieving weight loss by increased exercise expenditure only experienced
no loss of BMD, whereas those restricting energy intake by up to 20 % experienced
significant (2 %) declines in spine and hip BMD [34]. Increases in serum sclerostin
(an osteocyte-specific protein that inhibits bone formation) and negative changes in
hip geometry observed in those losing weight through calorie restriction alone are
prevented with exercise training concurrent with the restricted energy intake [35].
At least one published study in dieting humans demonstrated that exercise during a
period of reduced energy intake increased serum IGF-I and reduced markers of
inflammation while mitigating bone loss [36].

It is far easier to strictly control energy intake and expenditure in animal studies,
particularly for long-duration experiments. Recent work testing the impact of reduc-
tions in energy availability achieved by reducing dietary energy intake alone vs.
combining smaller reductions in energy intake with increased energy expenditure in
adult female rats provides several interesting findings. If energy availability is
reduced by 25 %, significant bone loss does occur in cancellous-rich bone
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Fig. 2.1 Short-term protection observed at 4 weeks against loss of cancellous bone mass in rats
achieving reduced energy availability with exercise and dietary energy restriction (ER) disappears
after 12 weeks. Decline in volumetric bone mineral density (VBMD) at 12 weeks in ER-exercised
animals is still half that observed in ER-sedentary (SED) rats. Delta values with the same letter super-
script are not significantly different; *p <0.05 vs. baseline value on day 0. Data from Swift et al. [21]

compartments in sedentary animals after 4 weeks but, interestingly, not in rats sub-
jected to treadmill running (see Fig. 2.1) [21]. However, the implied protective ben-
efit of exercise disappears after 12 weeks of reduced energy availability, by which
time even exercising animals incur a 9 % deficit in volumetric BMD (vs. a 17 %
deficit in sedentary rats). This pattern of bone loss may be related to alterations in
serum IGF-I, declines in which are mitigated in exercising animals [37]. If indeed
the anabolic effect of exercise attenuates negative changes in metabolic endocrine
factors during energy restriction, this may provide some protection over short-term
dieting periods. It appears, however, that should energy availability be reduced on a
chronic basis, the impact of energy insufficiency overwhelms metabolic or mechan-
ical loading advantages concurrent exercise might provide.

Estrogen Receptor-Alpha and Mechanotransduction in Bone

Recently, a fascinating new line of research has examined the effect of reduced
circulating estrogens may have on bone’s ability to adapt to mechanical strains and
exercise. It has long been known that bone structure adapts to the typical loading
patterns to which it is subjected. Current recommendations focus on weight-bearing
exercise and resistance training as effective means of increasing bone mass across
most of the life-span. However, bone is less responsive to even optimal exercise
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modes with increasing age [38]. Interestingly, the sensitivity of bone’s response to
loading is also reduced in individuals with estrogen deficiency, including postmeno-
pausal women, amenorrheic athletes, and men with progressive estrogen deficiency
[39]. This observation led to the hypothesis that low serum estrogen or a closely
related factor is responsible for this diminished sensitivity of bone to mechanical
loading; key candidates were the intracellular estrogen receptors, of which there are
two: ERa or estrogen receptor-f (ERf). ERa became a likely candidate for this role
as it is expressed in osteoblasts, osteoclasts, and osteocytes [39]. Also, it has been
previously shown in humans as well as animals that the estrogen receptor expres-
sion varies with levels of circulating estrogen [40, 41]. Therefore, a decline in cir-
culating estrogen would lead to fewer estrogen receptors expressed in bone cells.
If these receptors have any influence on key signaling pathways important to the
regulation of bone formation activity in osteoblasts, an individual with low estrogen
status would be predicted to have an attenuated bone response to exercise.

The first clue regarding ERa’s response in mechanical loading of bone was pro-
vided by in vitro experiments in which osteoblast-like cells were exposed to
mechanical strain and treated with the estrogen receptor modulators ICI-182,780
and tamoxifen [42]. These two compounds, both estrogen receptor antagonists,
eliminated or reduced osteoblast proliferation to the mechanical strain, suggesting
that bone’s adaptive response to mechanical strain is mediated through a mechanism
which involves ERa. To confirm these findings in vivo, Lee et al. [43] studied the
response to mechanical loading of bone in ERa-null mice. This commonly used
model provides axial loading of the ulna using a servomotor device to cyclically
deform the bone in an anesthetized animal; the key advantage of this model is to
provide very precise control over the loading signal delivered (strain magnitude and
strain distribution), but it does not involve muscle contraction or the integrated
physiological response to voluntary exercise. While wild-type mice exhibited an
8 % increase in cortical area at the midshaft ulna, the response in ERa-null mice was
nearly fourfold lower (2.4 % gain in bone area) (see Fig. 2.2). Primary osteoblast
cultures from the ERa knockout mice exhibited no proliferative response when
exposed to strain in vitro, while cells derived from wild-type littermates increased
in number by 58 %. These data demonstrate some critical role for ERa activity in
the adaptive response of bone to strain-related signals. The loss of bone and reduc-
tion in ability to respond to exercise in estrogen deficiency could be explained
through the estrogen receptor’s role in adaptation to loading.

The role of ERp is not as well established as that of ERa, but it, too, might have
arole in the loading response of bone. The fact that there are two estrogen receptors
present in bone has made determining the role of each individual receptor a greater
challenge. ERp is also present in osteoblasts, but early research was inconclusive as
to its impact on the loading response. With in vivo loading of ERa knockout mice
and ERf knockout mice, similar changes in bone are seen when the estrogen recep-
tors are individually silenced. ERP knockout mice exhibit only half the increase in
cortical area due to periosteal expansion as do ERB-intact (wild-type) mice [44].
This impact of the missing ERp on the cortical bone gain is about half of that
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Fig. 2.2 Mechanotransduction
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observed in ERa-null mice (nearly a fourfold decrease) [43], but it appears that the
absence of either ERa or ERP results in attenuation of the osteogenic response to
loading.

To complicate this story, more recent research demonstrates that there may be
differential roles for ERa and ERp in males and females. With ERa or ERp deleted,
the different effects of either reduced loading on tibial bone (via sciatic neurectomy)
or increased loading were investigated in male and female mice [45]. In both gen-
ders ERa-null, but not ERfB-null, mice exhibited an attenuated loss of cancellous
bone after prolonged disuse, as compared to their wild-type counterparts. Those
female mice lacking ERa had a diminished osteogenic response to loading on corti-
cal bone but, interestingly, no effect was observed for cancellous bone surfaces. By
contrast, ERa knockout males had a greater osteogenic response (vs. wild-type lit-
termates) to increased loading on both cortical and cancellous bone surfaces.
Deletion of ERp, on the other hand, resulted in an increased osteogenic response on
cortical bone surfaces in both male and female mice, suggesting a tonic inhibition
of periosteal osteoblast response to loading in the intact animal [45]. The precise
role of these two estrogen receptors in mechanotransduction may be more complex
than initially thought, given these gender-specific responses.

Another intriguing question is if mechanical loading or exercise is capable of
independently affecting estrogen receptor expression in bone cells. Osteoblast and



26 S.A. Bloomfield and C.E. Metzger

Fig. 2.3 Short-term
mechanical loading (LOAD) A DLIB ooy
upregulates ER-a expression CER4D
in (a) osteoblasts in the distal
femur metaphysis, even in
animals subjected to

12 weeks of 40 % reduction
in energy intake (ER-40).
Dashed line denotes baseline
control (BC) animals’ values.
Those groups not sharing the
same letter are significantly
different from each other
(p<0.05). *p<0.05 versus
baseline control mean value.
Data from Swift et al. [46]

8

g

ERxPositive Osteoblasts (%)
8 5

SHAM LOAD

osteocyte expression levels of ER-a protein are 6- and 26-fold greater, respectively,
in female rats after 1 week (3 bouts) of loading achieved by active muscle contrac-
tion (see Fig. 2.3) [46]. Interestingly, 12 weeks of energy restriction preceding the
week of imposed loading, which usually diminishes circulating estrogen, does not
diminish these increases in ER-a expression, but does blunt the bone formation
response to mechanical loading. Hence, in this case, the anabolic response of osteo-
blasts to exercise does not appear to be caused by a down-regulation in ER-a protein
in osteoblasts or osteocytes.

While more research needs to be conducted to fully understand the roles of each
of the estrogen receptors, there may be interesting implications of this work. For
example, could a pharmacological agent that manipulates estrogen receptors
improve mechanosensitivity and diminish the negative effects of estrogen defi-
ciency on bone? In conjunction with an appropriate exercise program, could manip-
ulation of estrogen receptors increase the effectiveness of exercise and improve
bone mass? Novel treatments for postmenopausal osteoporosis and age-related
bone loss may capitalize on the role of estrogen receptors in bone’s adaption to
mechanical loading.

Oxidative Stress: New Mechanism
for Aging-Related Bone Loss?

Oxidative stress has been a leading theory of aging for decades [47], but only very
recently has it been advanced as a mechanism for age-related bone loss [48]. The
primary mechanism leading to oxidative stress is the formation of reactive oxygen
species (ROS) by electrons escaping from the electron transport chain during aero-
bic metabolism which then join with oxygen to form superoxide (O,’), hydrogen
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Fig. 2.4 Antioxidant
treatment can reverse the
impact of estrogen deficiency
on cancellous bone mass and
osteoclast surfaces. (a)
Photomicrographs of distal
femurs of mice subjected to
sham ovariectomy (white
bar), ovariectomy (gray bar),
and ovariectomy with
ascorbate treatment (black
bar). Mineralized bone is in
black. (b) Bone volume
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peroxide (H,O,), and the hydroxyl radical (OH") [48]. ROS cause damage to
proteins, lipids, and DNA, initiating cell death and also trigger important signaling
pathways, such as the p66*™ pathway initiating cell apoptosis.

For several decades, it has been known that ROS in bone tissue are involved in
the formation and activation of osteoclasts, thereby increasing bone resorption [49].
This led to an interesting hypothesis that oxidative stress could enhance, or even
provide an alternate mechanism for, bone loss associated with menopause and
aging. In a large-scale study of postmenopausal women, that subset with a diagnosis
of osteoporosis had a higher oxidative status and lower antioxidant status as assessed
from serum markers. There was a significant negative correlation between a key
indicator of oxidative stress in this population and bone mineral density in the lum-
bar and femoral neck region [50].

Recent research has shown that estrogen may play a key role in protecting bone
tissue against the damage caused by ROS. Estrogens have been identified as antioxi-
dants in many tissues, effectively functioning as radical scavengers and suppressing
peroxidation reactions [51]. Lean et al. [52] hypothesized that this antioxidant func-
tion of estrogen might be an important mechanism for its well-known salutary effect
on bone health. Glutathione and thioredoxin, two major oxidative defense enzymes,
are much reduced in rodent bone marrow after ovariectomy. A single dose of
17p-estradiol rapidly normalizes these antioxidant enzyme levels. More convinc-
ingly, administration of exogenous antioxidants, N-acetyl cysteine (NAC) and ascor-
bate, prevents bone loss in OVX mice (see Fig. 2.4) [52]. To further validate the
effect of oxidative stress on bone, administration of L-buthionine-(S,R)-sulfoximine,
an inhibitor of glutathione, resulted in similar loss of bone as observed in OVX ani-
mals. These data show, first of all, that ROS can lead to bone loss and, secondly,
estrogens help to prevent bone loss by increasing intracellular oxidative defense
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mechanisms. The loss of estrogens at menopause could lead to a substantial decrease
in the ability of the bone cells to defend against ROS and thereby contribute to
increased osteoclastic activity and bone loss. Hence, the loss of estrogens in women
at menopause may amplify the oxidative stress accounting for aging-related bone
loss.

Besides antioxidant enzymes (glutathione, thioredoxin, and superoxide dis-
mutase), there are other pathways that lead to protection against ROS. The FoxO
genes, so named for their unique structure with a special winged DNA helix known
as a Forkhead box, are upregulated by ROS. Once FoxOs are activated and translo-
cated into the nucleus of the cell, they lead to the transcription of free radical scav-
enging enzymes (MnSOD, catalase) and DNA repair genes (such as Gadd45). The
FoxOs are also able to induce apoptosis in cells damaged by ROS [48, 53]. Mice
null for FoxOs exhibit increased oxidative stress and a loss of both cortical and
cancellous bone due to deficient bone formation [54]. If FoxOl1 is conditionally
deleted in osteoblasts, osteoblast proliferation and bone formation are significantly
impaired. Administration of the antioxidant NAC normalizes osteoblast number,
bone formation rate, and bone volume in mice lacking FoxO1 [55] and rates of
osteoblast apoptosis in mice with osteoblast-specific deletions of FoxO1, O3, and
04 [56]. These studies further highlight the effects of oxidative stress on bone loss
and the importance of defense mechanisms against an increase in ROS. Also of
importance, exogenous antioxidant compounds are able to counteract the deleteri-
ous effects of the deletion of oxidative defense genes.

As Lean et al. hypothesized, the antioxidant abilities of estrogens may be critical
to bone health due to its capacity to defend against oxidative stress [52]. Further
research has shown that loss of estrogens and androgens accelerate the effects of
aging by decreasing defenses against oxidative stress [48]. The loss of estrogen
results in increased lipid peroxidation and hydrogen peroxide, and a decrease in
oxidative defense enzymes (SOD, glutathione peroxidase, and glutathione S trans-
ferase) in femoral bone tissue of OVX mice, resulting in increased oxidative stress
[57]. Almeida et al. compared normally aging mice (up to 31 months of age) of both
genders with mice that underwent gonadectomy at 5 months of age [58]. Similar
changes in ROS, glutathione reductase, and phosphorylation of p53 and p66™ were
observed within 6 weeks of gonadectomy as observed over 31 months of aging. The
administration of NAC protected against all measures of oxidative stress damage
and was as effective at preserving spinal BMD as administration of either estrogen
or testosterone. This exogenous antioxidant also mitigated the increase in osteocyte
and osteoblast apoptosis caused by gonadectomy and maintained cancellous bone
mass [58]. Later studies by the same laboratory confirm that antioxidants are as
effective at maintaining bone integrity as sex steroid replacement [48, 54]. Taken
together, these studies demonstrate the importance of oxidative defense mechanisms
in bone tissue and demonstrate the powerful antioxidant effect of sex steroids.

Other potentially important mechanisms for estrogen’s antioxidant function
relate to osteoblast and osteocyte apoptosis and to immune cell function. (Osteocytes
are those cells embedded inside bone that are essential to signaling targeted remod-
eling of damaged bone, as well as sensing the mechanical loads placed on bone.)
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Pretreatment of MLO-Y4 osteocyte cells with either 17f-estradiol or selective
estrogen receptor modulators (SERMs) prevents osteocyte apoptosis [59]. This
suggests that estrogen deficiency may lead to a loss of osteocytes due to an inability
to protect against ROS-induced damage. Oxidative stress also impacts osteoblast
apoptosis. Aging or loss of androgens or estrogens leads to activation of nuclear
factor-kB (NF-xB), and phosphorylation of p66', which increases the production
of ROS and stimulates apoptosis. Administration of 17f-estradiol effectively inhib-
its ROS-stimulated activation of NF-kB and p66™ by acting on PKCp, thereby
attenuating osteoblast apoptosis [54]. OVX mice also exhibit an increase in ROS in
bone marrow, which enhances the activity of bone marrow dendritic cells that acti-
vate T cells, leading to a signaling cascade resulting in bone loss. Bone loss is
effectively prevented by supplying either an antioxidant or an inhibitor of the
CD80/CD28 pathway, which is involved in T cell activation [60]. Taken together,
these studies demonstrate that the loss of estrogen leads to a decreased ability to
defend against ROS acting on key bone and immune cells important for maintain-
ing bone integrity.

The evidence that oxidative stress leads to bone loss and the effect antioxidants
exert on reversing this damage could lead to novel concepts for treating bone disor-
ders like osteoporosis. Could a diet high in antioxidants help prevent the increase in
ROS seen with aging? Could administration of antioxidants prevent the sharp
decline in oxidative defense seen with postmenopausal osteoporosis and, therefore,
preserve bone mass or attenuate its decline? In a cross-sectional study of postmeno-
pausal women, Rao et al. [61] demonstrated a strong inverse correlation between
serum levels of the antioxidant lycopene (found in tomatoes, red bell peppers,
watermelon, and other red fruits and vegetables) with N-telopeptides (NTx), a well-
accepted serum marker of bone resorption. There is also strong epidemiological
evidence for the beneficial impact of flavonoids, polyphenolic compounds found in
many plant foods that have anti-inflammatory and antioxidant properties, on bone
health [62]. However, intervention trials provide less definitive conclusions to date.

Conclusion

The preceding provide a fine example of how integrative physiology informs the
field of bone biology, since nutritional status, endocrine regulation, and oxidative
stress are all important modulators of bone cell differentiation and activity and,
ultimately, bone structural integrity and fracture risk. It has become clear that pro-
longed negative energy balance is an important contributor to bone loss in a variety
of populations. Given the large number of Americans repeatedly attempting to lose
weight, useful interventions to minimize this loss of bone should be pursued, espe-
cially as it remains uncertain if bone loss associated with dietary energy restriction
is reversible. Estrogen deficiency clearly impacts estrogen receptor function, which
may explain why exercise appears to have a diminished osteogenic effect in post-
menopausal women. The interaction of estrogen withdrawal at menopause and
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oxidative stress, with its myriad effects on bone cell function, may lead to interest-
ing new therapeutic or dietary interventions for improving antioxidant defenses in
aging individuals. Defining the interplay of these factors in animal models and in
human intervention trials provides a stimulating challenge to integrative physiolo-
gists interested in optimizing bone health for all women.
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Chapter 3
Estrogen Effects on Skeletal Muscle

Marybeth Brown

In the past several decades the importance of the sex hormone estrogen for the
overall health and well-being of skeletal muscle has become apparent, particularly
for women, but also in men. In the early 1990s an article appeared indicating that
skeletal muscle may be an estrogen (E2) target and that E2 impacted muscle strength.
This seminal article was published by Phillips et al. [1] and indicated that women
who were on hormone replacement therapy (HRT) through the menopause main-
tained the strength (force/muscle mass) of their adductor pollicis muscle compared
with women who were not on HRT. Findings suggested that E2 provided a protec-
tive effect on muscle strength loss with aging that was maintained until women were
approximately 70 years of age. Since that time hundreds of studies have been con-
ducted and our understanding of E2 effects on skeletal muscle has grown substan-
tially. The purpose of this chapter is to summarize recent findings on known E2
effects on skeletal muscle but also indicate some of the questions that remain.

Women are living to an average age of 80 years but for most women E2 levels
begin to decline at around age 50. Thus, approximately one-third of a woman’s
lifetime is spent with very little circulating E2. Even for younger women, there are
a number of circumstances that result in low E2. For example, more than 600,000
hysterectomies are performed each year, resulting in tens of thousands of young
women with drastically reduced E2. Many younger women with breast cancer are
put on drugs or chemotherapy which brings circulating E2 levels to near zero.
Women who sustain head injury, spinal injury, and other forms of trauma also have
E2 values that are, in many instances, unmeasureable [2—4]. Thus, a substantial
number of women are E2 deficient, which may impact their quality of life through
diminished muscle (and bone) quantity and quality.
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Estrogen Effects on Muscle Mass

Cross-sectional studies indicate that muscle mass declines with aging beginning in
the third decade [5]. Approximately 10—15 % of mass is lost between the ages of 20
and 50 but once menopause commences, muscle mass declines at an accelerated
rate, approximately 1 % per year [6-8]. These studies indicate that the accelerated
rate of muscle mass loss with menopause coincides with the reduction in circulating
E2. Thus, by the time a woman is postmenopausal she has likely lost another 5 % of
muscle that is over and above the loss in muscle that has occurred prior to the meno-
pause. It warrants repeating that the average life-span for women is approximately
80 years while the average age for menopause is 53 years, which leaves a sizeable
portion of the life-span where women are E2 deficient.

Initially, only cross-sectional studies indicated an association between muscle
mass and E2 but now most population studies also support an E2 effect on muscle
mass [9]. For example, Taaffe et al. conducted a double-blind study of perimeno-
pausal women between the ages of 50 and 57 years, some of who received 1 year of
HRT [10]. Those in the HRT group had significantly increased cross-sectional area
of the quadriceps and hamstring muscles compared to the women who were not sug-
gesting a preservation of lean mass during menopause if E2 levels remained within
normal limits. Chen et al. [11] analyzed a large number of women from the Women’s
Health Initiative (WHI) study and found after 3 years that those taking HRT lost
0.04 kg of lean tissue mass compared to women on placebo who lost 0.44 kg of lean
mass, determined by DXA. Thus, there is reasonable evidence that E2 alone and E2
plus progesterone attenuate muscle mass loss during the menopause.

Probably the most remarkable study of E2 effects in women who had transi-
tioned to postmenopause was conducted by Ronkainen et al. [12]. In this instance
the investigators identified 13 monozygotic twin pairs who had gone through the
menopause (54—62 years of age when studied). One of the twins was on HRT for
the duration of menopause and the other was not and the average duration of hor-
mone use was 6.9 years. Twins receiving HRT had an average of 11 % more muscle
area of the thigh, providing strong evidence that the presence of normal values of
sex hormones during menopause attenuates muscle mass loss. One caveat, how-
ever, is that the independent effects of E2 alone rather than E2 combined with pro-
gesterone could not be readily discerned in this study.

Most of the studies of E2 preservation effects on muscle mass were conducted on
women who were transitioning through menopause. There are several studies, how-
ever, of younger women that support the androgenic effects of E2 on muscle.
Gonadotropin-releasing hormone (GnRH) agonist, if given to women, produces
profound hypogonadism and causes a nearly immediate loss in E2 production which
subsequently has a remarkably rapid negative effect on lean muscle mass [13].
In summary, the evidence supporting E2 as an anabolic agent is mounting. Although
most studies of HRT have not evaluated the independent effects of E2 and proges-
terone, there are still enough data to indicate that E2 alone is important for the
maintenance of muscle in women.
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One question that remains unanswered is whether E2 continues to have anabolic
effects through the entire lifetime or if E2 loses its effectiveness shortly after meno-
pause. Also unclear is whether women who take E2 through menopause, and thus
lose less muscle, maintain this advantage if E2 use is continued or discontinued.
Data from Phillips et al. suggest that the advantages of E2 use are lost by age 70 but
the number of subjects in their study is too few for conclusions to be drawn [1].
Kenny et al. studied the prevalence of sarcopenia (age-related decline in muscle
mass) in older women who were long-term users of hormone replacement [14].
Their results indicated that the incidence of sarcopenia was as high in women taking
HRT (23 %) as women not taking HRT (22 %). Complicating interpretation of their
results however is the fact that women on HRT took a variety of compounds and had
dosing regimens that varied substantially. More research is needed to better under-
stand the long-term effects of hormone use on muscle and how long the benefits of
HRT are maintained.

E2 effects are mediated through two estrogen receptors (ER) termed alpha and
beta. Interestingly, skeletal muscle fibers in men appear to have as much ER as
women, suggesting that muscle is a target tissue in men as well as in women. A few
studies are beginning to indicate the independent effects of E2 on muscle mass in
men, independent of testosterone, but data are too few at the moment for definitive
conclusions [15]. There are data that indicate that DHT is converted to both T2 and
E2 within male skeletal muscle suggesting a role for each during protein synthesis.
Data from our lab on male mice indicate that the absence of E2 results ina 10-12 %
loss in muscle mass with no effect on strength/mass. In this instance we studied
groups of wild-type (WT) mice and those without the ERa, ERf, and the enzyme
aromatase, which converts T2 to E2. Mice without a specific ER had occasional dif-
ferences in muscle mass, particularly those missing the ERa, but data were too
inconsistent for conclusions to be drawn. Mice lacking aromatase, those with E2
values that were undetectable, had significantly less mass than the WT controls.
Force per unit of muscle mass or force/muscle protein were comparable to values
for those of WT controls suggesting that E2 regulates, in part, muscle mass in the
male (Fig. 3.1).

When the WHI study was terminated prematurely, millions of women were
taken off of HRT and E2 alone due to the potential negative side effects of sex hor-
mone therapy. Since that time it has been realized that the WHI data presented a
very incomplete picture of hormonal effects on peri- and postmenopausal women
but clinical practitioners are still reluctant to prescribe E2. There are other estro-
genic compounds that potentially can stimulate skeletal muscle, possibly through
ER, compounds such as plantlike estrogens (phytoestrogens). Soy-based products
have been evaluated to a modest extent and it appears that soy isoflavones are
weakly estrogenic (anabolic), particularly when combined with exercise. Future
research should yield additional insights into other phytoestrogens, synthetic
steroids, and specific selective estrogen receptor modulators, compounds that may
have the desirable effects on skeletal muscle (and bone) without any deleterious
side effects.
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Fig. 3.1 Groups of male mice ranging in age from 4 to 6 months were studied. Control mice
(CON, n=11) were hormonally intact while those in the aromatase knockout (ARKO, n=9)
group were deficient in E2. The muscle masses of two representative muscles, gastrocnemius
and tibialis anterior, are presented. The mass deficiency for the gastrocnemius (17 %) and
tibialis anterior (20 %) is significant (p <0.01). Force per muscle mass was comparable between
groups

Estrogen Effects on Muscle Strength

The inevitable outcome for women who have less muscle mass is less muscle
strength. Unfortunately, the typical association of mass and strength is lost in
women who are E2 deficient. There is ample evidence, from both the human and
animal literature, indicating that E2 impacts muscle quality, specifically force/unit
area, such as muscle mass or cross-sectional area [12, 16—19]. Thus, with E2 defi-
ciency, a greater amount of force than skeletal muscle is lost, which may explain the
decline in functional capacity in many postmenopausal women. A recent meta-
analysis of the human and animal literature indicated that muscle force/unit of mus-
cle (specific force) is approximately 10 % less in the ovariectomized (OVX) rodent,
although results from a variety of studies range from no change to almost 20 % less
specific force [18]. The cause(s) associated with the loss in force/unit area is unclear.
Moran et al. determined, using electron paramagnetic resonance spectroscopy, that
the fraction of strong-binding myosin was ~15 % less in EDL single fibers from
OVX mice [16]. The loss of strong binding was consistent with the decline in EDL
specific force (19 %). These findings suggested to the investigators that the loss of
ovarian hormones causes a loss in the total number of actin and myosin molecules,
a reduction in the fraction of myosin that is strongly bound to actin during the con-
traction cycle or, possibly, that the force generated per molecule of myosin is
reduced [16]. These results could potentially explain the lower specific force but
findings have never been replicated.
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To put the loss of specific force in context, van Geel et al. reported in 329 healthy
postmenopausal women between the ages of 55 and 85 years (cross-sectional study)
that muscle mass loss was 5 % when those in the 55-65-year-old group were com-
pared to the 75-85-year-old women [20]. Within the same comparison groups the
decline in maximal knee extension strength (32 %) and grip strength (23 %) far
exceeded the loss in lean mass, suggesting a dramatic decrease in muscle efficiency
with age, possibly compositional change in lean mass. The declines in strength (and
lean mass) were associated with bioavailable serum E2 levels. Although all of the
women were aging, it was not possible to separate age-related muscle decline from
the changes associated with loss of ovarian hormones. Nonetheless, findings
strongly support the importance of active E2 (and testosterone).

Muscle force loss was also measured in the Finnish twin study. To reiterate, 13
postmenopausal monozygotic twin pairs were identified, one of whom had taken
HRT through the menopause (average duration of use was 6.9 years) while the other
twin had not [12]. The twin taking HRT had more muscle mass and significantly
more mobility than the twin not taking HRT. Lower body muscle power measured
as vertical jump height was 16 % higher in the HRT users. Average walking speed
was 7 % greater in women taking hormones. This study is important for two rea-
sons: first, the use of monozygotic twin pairs eliminates biologic subject variability
and second, the investigators demonstrated the functional consequences of lost
ovarian hormones. Older women are far more likely than men to require nursing
home placement due to loss of functional mobility. Findings from the twin study
suggest that the loss of E2 plays a role in the decline in physical function.

E2 and Exercise Effects

Because the loss of ovarian hormones results in a decline in muscle mass and strength,
it begs the questions of whether strengthening exercise can offset or mitigate these
losses. Surprisingly, little is known about the effects of exercise alone in the peri-
menopausal women or if there is an interaction of E2 and exercise. Several studies
have reported that the postmenopausal woman does not gain strength to the same
magnitude as men or premenopausal women, suggesting a role for E2 to augment
muscle force increases with exercise. Our lab strength-trained older men and women
(average age 82.3 years) at 70-80 % of 1-RM, 3x/week, for 3 months and found the over-
all increase in strength for the men (67 %) to be significantly higher than the strength
increase for older women (45 %) even though both groups worked at the same rela-
tive intensity (Fig. 3.2). However, Petrella et al. studied young (20-29 years) and
older men and women (6075 years, mean age 63.7 years) before and after 4 months
of rigorous strength training for the knee extensors [21]. Biopsies were taken from
the vastus lateralis muscle before and after training and myofiber cross-sectional area
determined. Hypertrophy occurred in all groups (young and older men, young and
older women) but the greatest increase occurred in the young men (~32 %). Younger
women had an ~32 % increase in strength whereas older women showed a 25 %
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Fig. 3.2 Strength gains following 3 months of traditional training at 60-80 % of 1-repetition
maximum. On average, participants trained rigorously 2 days/week and stretched or worked with
therabands during a third session. The training stimulus was the same for both men and women

improvement. Curiously, the number of myonuclei per muscle fiber increased only in
the young men. The number of NCAM-positive cells (indicative of satellite cell
incorporation) was higher only in the young men. These findings suggest that there is
little difference in training adaptation for young vs. older women. Whether these two
studies are comparable given a nearly 20-year difference in age for older subjects
remains to be seen. One important point to emerge from both of these studies is that
older postmenopausal women are adaptable to strength-training and capable of mak-
ing gains in muscle mass and force, whether the magnitude of change is the same or
lower than that of younger women. Gains in muscle mass and strength are important
for the maintenance of independence in old age.

Several additional studies provide results that are challenging to interpret and it
is still unclear whether E2 augments gains in muscle mass and strength with training
in the woman who is hormone deficient. Technically, exercise and E2 effects should
be additive if there is an independent hormone augmentation of muscle during exer-
cise. In one study of postmenopausal women Sipila et al. (2001) randomized their
50-57-year-old subjects into exercise, exercise-plus-HRT, HRT-only, and untrained
control (placebo HRT) groups. Women in the exercise groups strength-trained 2—3
days/week for 12 months [22]. Explosive power significantly increased in the HRT—
exercise and HRT groups. Knee extension torque and muscle fiber cross-sectional
area also increased in the HRT—exercise and HRT-alone groups. While the differ-
ences between these two groups were not significant, the magnitude of increase in
muscle torque and fiber area in the combined HRT—exercise group was greater than
that observed in the HRT-only subjects suggesting an additive beneficial effect of
hormone replacement. Subject variability was substantial which likely masked
potential differences given subject numbers in each group. Subsequent analyses of
the same women [23] revealed that quadriceps and posterior compartment (e.g.,
hamstrings) muscle loss was attenuated in women taking HRT compared to con-
trols. In a separate study Brown et al. (1997) strength-trained 42 women, half of
whom were on HRT. Women were between the ages of 60 and 72 and all of them
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exercised 3 days/week. The first three months were spent in stretching, balancing,
and light calisthenics in preparation for the subsequent 6 months of strength training
at ~75 % of 1-RM. At the end of 9 months strength was significantly increased in
leg press, hip extension, and isokinetic knee extension/flexion. However, the gains
made by the HRT-plus-exercise group were no greater than the gains made by
women who were not on HRT, which raises the question of whether women were
too far beyond the menopause to benefit from hormonal intervention [24].
Regardless, studies of strength training in postmenopausal women indicate that they
are capable of making significant gains in muscle strength. Whether the increases in
muscle mass and strength were augmented by HRT seems unclear but few studies
have addressed this issue and more are needed.

One rodent study of exercise and E2 effects on skeletal muscle warrants mention.
Grieseing et al. (2011) determined if E2 effects on skeletal muscle were indepen-
dent of physical activity. To that end they randomized mice to groups that had
increased physical activity (wheel running), diminished activity (HLU for 2 weeks),
and no muscle activity (nerve transection). In all instances, E2 effects on muscle
force were independent of activity level [25]. Soleus muscles in OVX mice from the
HLU and nerve transected groups had 31 % less muscle force/muscle protein con-
tent than mice subjected to the same conditions but supplemented with E2. Findings
strongly support the concept that E2 significantly influences muscle power indepen-
dent of physical activity levels.

E2 Effects on Muscle May Be Fast Acting or Exerted
Through ER

The apparent anabolic effects of E2 appear to be mediated through the ER. In rat
myotubes [26] Wiik et al. studied first whether ER were present and secondly
whether ER expression increased with E2 and electrical stimulation (exercise).
Investigators first demonstrated that both ERa and ER are present in myotubes.
Next E2 was used to determine if mRNA levels of ERa and ERf would increase in
response to hormone stimulation. In their cells only ERp increased in response to
E2 while ERa remained unchanged. In a separate set of studies Galluzzo et al. stud-
ied the effects of E2 on ERa and ERf using rat myoblast L6 cells [27]. In their cells,
Akt activation was the consequence of ERa stimulation, not ERB. Akt stimulation
has been linked to muscle hypertrophy and muscle development. Both receptors
ERa and ERp were involved in E2-mediated activation of p38. The p38/MAPK
pathway has been identified as critical for muscle cell differentiation and the fusion
of myoblasts into myotubes, a key step in muscle regeneration. Whether these stud-
ies are complementary is unclear. A third ER has been postulated which may modu-
late ER activity. This putative third receptor is called Gper and is expressed in both
the soleus and EDL muscles. Gper is responsive to E2 and appears to be associated
with antioxidant gene expression [28]. More study is needed to better understand
the potential role of Gper in muscle function.
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To further elaborate the role of ER, our laboratory studied female knockout (KO)
mice without ERa or ERf. Muscle mass and contractile tensions were determined
for four separate muscles with different anatomic and fiber type profiles. Muscle
mass was essentially unaffected in ERa and ER KO females. Peak tetanic tension/
anatomical cross-sectional area was significantly reduced in the ERa KO gastrocne-
mius and tibialis anterior but not in the plantaris or soleus muscles. The absence of
ERp had no impact on muscle force. Total myosin content was unaffected by KO
status [19].

These studies suggest that the ERs are important determinants of pathway activa-
tion in response to E2. Receptor function has been studied extensively but not in
skeletal muscle, so the role of ER in muscle has not been precisely determined.
What has become apparent recently in other cell types is that ERf} can act as a nega-
tive or a positive regulator of ER activity and that both receptors can be involved
simultaneously as o/p heterodimer which may explain some of the results that seem
contradictory [29-31]. More study of nuclear ER involvement is needed.

17-B estradiol can also stimulate non-transcriptional responses by non-genomic
signaling. Activation of the PI3K/Akt and MAPK pathways, for example, can occur
with or without the classic stimulation of the estrogen response element in the
nucleus. The non-genomic effects of E2 are hypothesized to activate receptors out-
side the nucleus such as those on the cell membrane, in the cytoplasm, and in the
mitochondria. Non-genomic signaling has been found to increase the expression of
a variety of signaling molecules including ERK1/2, JNK1/2, p38, CREB, and c-fos.
Cellular processes associated with non-genomic signaling include the regulation of
apoptosis, mitochondrial function, and blood flow to muscle [26, 32].

E2 Effects on Gene Expression

Several studies have addressed the question of what happens to muscle when E2 is
absent or when an E2-deficient organism is given E2 treatment. Overall, results
indicate that E2 has direct effects on gene expression in a variety of ways but most
effects still need to be elaborated in more detail.

Cell culture experiments provide strong evidence of E2 effects on gene expres-
sion. Wiik et al. [26] cultured rat myoblasts (curiously, from one male rat) and once
cells reached confluency, they were transfected with estrogen response element
(ERE)—luciferase. Cells were subsequently differentiated to myotubes and either
stimulated to contract (exercise) or exposed to ICI 182,780, an ER antagonist, or the
MAPK inhibitor PD-98059. Electrical stimulation activated the ERE-LUC reporter
construct. To determine if activation was ER dependent, ICI 182,780 was used.
Activation of the ERE was unaffected by ICI 182,780 but activation was abolished
when the MAPK inhibitor PD 98059 was added to the cell culture. E2 also stimulated
ERE-LUC activity but activation involved the ER. Thus, results indicate that exercise
and E2 stimulate ERE activation but one involves the ER and the other does not.



3 Estrogen Effects on Skeletal Muscle 43

Kahlert and colleagues [31] cultured L6 and C2C12 myoblasts with 17-p estra-
diol or estrone and determined if there is evidence of E2 effects on skeletal muscle
growth. Gene transactivation, as evidenced by activation of ERE-LUC, did occur in
response to 17-p estradiol in a dose-dependent fashion. Myoblast proliferation,
however, as measured by BrdU incorporation, was induced by estrone but not 17-f
estradiol. Further, investigators determined whether estrone or 17-f estradiol can
induce expression of the immediate early genes egr-1 and c-fos. Treatment of
myoblasts with 17-f estradiol for 30 min resulted in a 1.7-fold increase in c-fos and
a 2.3-fold increase in egr-1 expression. Treatment of myoblasts with estrone for
30 min led to a 3.9- and 4.6-fold increase, respectively, in c-fox and egr-1. Treatment
of cells with ICI 182,780 abolished responses indicating that E2 effects were medi-
ated by the ER. More study is needed to understand why both forms of E2 induced
the transcription factors egr-1 and c-fos but did not have similar effects on myoblast
proliferation.

To further establish a role for E2 in skeletal muscle cell growth (myogenesis),
Galuzzo et al. [27] studied the response of L6 cells to E2. Specifically, they exam-
ined ER-mediated nuclear signal transduction pathways. Briefly, they determined
that E2 increased myogenin and myosin heavy chain (MHC) levels. Further, when
they added the ER antagonist ICI 182,780 to the culture medium, myogenin and
MHC expression failed to occur, indicating that the E2 effects on muscle cell growth
were mediated by the ER. E2 also induced phosphorylation of p38 which is required
for the expression of myogenin and MHC, and is crucial for transcriptional control
of skeletal muscle differentiation. Interestingly, when these investigators added the
extranuclear ER blocker 2-bromopalmitate, myogenin and MHC expression failed
to occur. Thus, data indicate that E2-dependent rapid signaling from the membrane
and nuclear action are responsible for the induction of L6 differentiation. These
results need further elaboration.

Human skeletal muscle cells (myoblasts) were cultured by Dieli-Conwright et al.
[29] and treated with E2. RT-PCR was used to determine the expression levels of
mRNAs for steroid receptor coactivator (SRC), a positive regulator of ER activity,
and silencing mediator for retinoid and thyroid hormone receptors (SMRT), a nega-
tive regulator of ER activity. E2 treatment for 24 h resulted in increased mRNA
expression of SRC and decreased expression of SMRT. Additionally, E2 resulted in
increased mRNA expression for MyoD, a potent stimulator of myoblast differentia-
tion. Results suggest a role of E2 in the maintenance of skeletal muscle mass and
function and have implications for aging women.

These important studies strongly indicate a role of E2 as a hormone impacting
skeletal muscle cell growth and may explain why women who are postmenopausal
lose strength and muscle mass at an accelerated rate. Given the number of younger
women who are premenopausal undergoing oophorectomy each year coupled with
the enormous number of women with breast cancer who are receiving drugs to
reduce E2 levels, there may be an enormous number of women of all ages who are
strength deficient.
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Daily Running Distance

Distance (km)

Con OVX OVX+E2 ICI

Fig. 3.3 Mature female mice were placed in cages with running wheels and studied for 7 weeks.
Data for running distance were collected daily after steady-state running distances were observed,
which typically occurred within 2 weeks. Four groups of mice are presented: intact (sham OVX)
females, OVX females, OVX females supplemented with E2, and intact mice given 3 weeks of ICI
182,780 (10-12 mice/group). **Daily distances for OVX and ICI 182,780 mice are significantly
below those of the intact and E2-supplemented groups (p<0.01)

Indirect Effects of E2 on Skeletal Muscle

E2 exerts a powerful behavioral effect on spontaneous physical activity. Rodent
studies are particularly dramatic in that if ovarian hormones are removed (OVX),
spontaneous physical activity (wheel running) plummets almost immediately.
Indeed, distances are 20-25 % of those prior to OVX. When the ovarian hormone
E2 is provided back to the organism, running distances return to pre-OVX levels
(Fig. 3.3). In our lab mature 4-month-old mice were placed in cages with running
wheels and distances traveled were recorded daily for 6 weeks. Subsequently an
OVX was performed and mice were returned to their cages with running wheels and
followed another 3 weeks. With OVX running distances plummeted to values that
were approximately 20 % of those recorded when ovaries were functioning nor-
mally. After the 3-week recording period following OVX, E2 was then provided to
confirm that it was the ovarian hormone influencing spontaneous activity. Running
distances returned to baseline levels, those recorded before OVX.

Data for women suggest the same finding, a reduction in physical activity with
the loss of estrogen [12]. Coincidentally, menopausal women lose muscle mass but
gain fat mass, particularly in the abdominal region. Unclear is whether the loss of
spontaneous activity results in an increase in fat mass or the loss of hormone pre-
cipitates fat gain which subsequently impacts spontaneous activity. Women who
continue to endure exercise through the menopause do not gain body fat compared
to women who are sedentary suggesting that lifestyle is a more important determi-
nant of body fat than E2 [33].

One of the strongest determinants of dependency in old age is lack of physical
activity. Women who fail to exercise experience losses in factors that contribute to
independence: muscle mass and strength, balance, bone mass, flexibility, and car-
diovascular reserve. Women with a lifestyle that includes exercise have far less risk
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for loss of independence because they have higher muscle mass and strength, better
balance, better bones, higher cardiovascular endurance, and more reserve in all
systems. One aspect about aging that has received little attention is whether the loss
of E2 with the menopause, which contributes to inactivity, has long-term deleterious
consequences. Long-term studies of women who take HRT into their 70s and 80s
are needed.

Another indirect effect of E2 relates to food intake. Animal studies indicate that
loss of E2 results in hyperphagia [34]. Data from out of the lab also indicate that loss
of E2 affects metabolic rate suggesting that a food intake that maintained a stable
body weight before loss of E2 will result in body mass gain afterwards. A common
complaint of women who become postmenopausal is weight gain without a change
in diet, which mirrors rodent studies. Body mass is a direct determinant of physical
activity; the higher the body mass the more inactive the individual [35]. These find-
ings and observations suggest that loss of E2 with age or losses in E2 that are artifi-
cially induced result in weight gain and loss of spontaneous activity, which in the
long-term can independently contribute to losses in muscle mass and strength,
losses that are over and above those that occur with low E2. Indirect effects of lost
E2 may have more consequences than the direct effects of diminished levels of E2.

Protective Effects of E2 on Skeletal Muscle Injury

For the past decade the laboratory of Tiidus et al. has conducted a series of studies
to examine the influence of E2 on the extent of muscle injury and the mechanisms
behind the protection of E2-replete muscle. In one of their earliest studies Tiidus
et al. ran male and female rats downhill on a treadmill for 90 min to induce muscle
injury [36]. They determined that female rats sustained far less injury than males
and speculated that E2 may have a protective effect on the muscle cell membrane.
In a subsequent study male rats were again run downhill on a treadmill to induce
muscle damage but one group was supplemented with E2 prior to the exercise bout.
E2-supplemented male rats appeared to have less damage and greater number of
satellite cells compared to male rats that were not supplemented. In the next study
OVX female rats with and without E2 supplementation were run downhill for
90 min and sacrificed 72 h later. Soleus and white vastus lateralis muscles were
immunostained for Pax7 (total # of satellite cells), MyoD (activated satellite cells),
and BrdU (proliferating satellite cells). E2-supplemented rats had lower values of
the injury marker p-glucuronidase and higher number of Pax 7-, MyoD-, and BrdU-
stained cells [37]. Thus, results again indicated that E2 protects against muscle dam-
age and that E2 plays an active role in muscle repair by activating satellite cells. In
a subsequent study Enns et al. determined that the protective effects of E2 are medi-
ated through the ER. To make this determination the ER blocker ICI 182,780 was
given to rats to mitigate the effects of E2 supplementation. ICI 182,780 completely
blocked the increases in activated and total satellite number and prevented satellite
cell differentiation. Thus, findings suggest that ERs play an important role in the
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activation and proliferation of satellite cells. In a further study Thomas et al. [38]
determined further that the ERa was probably the route of E2-activated events. In
this instance the ERa-specific agonist propyl pyrazole triol or PPT was adminis-
tered 3 days before the exercise bout. PPT augmented myoblast activation and num-
ber to a similar extent as E2 indicating that E2 acts through the ER, particularly
ERaq, to stimulate myoblast proliferation.

Consistent with findings from rats, Dieli-Conwright et al. [39] determined that
post-exercise muscle damage is attenuated in menopausal women who are on HRT.
These investigators recruited 14 postmenopausal women 55-65 years of age, 8 of
whom were on HRT. Each woman had a pre-exercise strength test and then under-
went a rigorous bout of eccentric exercise (10 reps x 10 bouts) to induce damage to
the quadriceps. Women on HRT had far less change in inflammatory cytokines fol-
lowing exercise compared to women with low E2 values. HRT significantly blunted
increases in TNFa, and IL 6, 8, and 15. Further, women on HRT had lower serum
values of CK, another indicator of muscle damage.

In summary, data from animal and human studies strongly support a protective
effect of E2 against skeletal muscle damage. It has been hypothesized that E2
stabilizes the muscle cell membrane but there are few data to support this conten-
tion. There is evidence as well that E2 protects tissues other than skeletal muscle
from damage such as neural and cardiac. Thus, E2 appears to have an anti-
inflammatory role.

E2 Effects on Simulated Bed Rest

If, as hypothesized and demonstrated in some studies, E2 plays a role in muscle
protein synthesis, then the recovery of atrophic muscle should be blunted by the
absence of hormone. To that end, several studies have demonstrated that loss of E2
compromises the recovery of atrophic muscle. Mature female rats, half of whom
were OVX, were hindlimb unweighted (HLU) for 4 weeks to induce atrophy.
Subsequent to the unweighting, two groups of rats were cage recovered for 2 weeks.
Those with E2 showed an increase in muscle mass and peak tetanic force toward
baseline control values whereas rats lacking E2 failed to demonstrate recovery in
muscle parameters [40]. Moreover, rats that were E2 deficient failed to increase
total protein content or to activate the Akt/mTOR muscle protein synthesis pathway
[41]. In a subsequent study McClung et al. [42] determined that the recovery of the
atrophic soleus occurred in 7 days in rats that were HLU for 10 days. Rats that were
OVX required 2 weeks for soleus to recover its mass but importantly, recovery ulti-
mately did occur in this study. However, additional examination of muscle at the
single fiber level revealed that the recovery of mass in OVX females was not
reflected in fiber cross-sectional area, which remained essentially unchanged from
HLU values. Noncontractile tissue was found to be responsible for the increase in
soleus mass, particularly collagen and water. These results further support the
importance of E2 for myofiber growth.
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Fig. 3.4 Mature female mice Gastrocnemius wet mass (mg)
were HLU for 4 weeks and
studied or allowed 3 days of
cage recovery. Control (sham
OVX) mice were hormonally
intact, and OVX were not.
Recovery of muscle mass was
diminished in OVX mice and
in those mice receiving the
estrogen receptor blocker ICI
182,780. Tamoxifen, an ERx
agonist, failed to enhance
recovery. **Controls had
higher muscle wet mass than Con HLU R3 ICI Tam HLU R3
all other groups (p<0.01).
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In a recent study from our laboratory, mice were HLU for 4 weeks and subse-
quently allowed to recover for 3 days or 1 week. As hypothesized, recovery of the
atrophic soleus, plantaris, gastrocnemius, and tibialis anterior muscle mass was
compromised at both time points in the OVX mice. Additionally, the force generat-
ing capacity of the predominately fast fibered plantaris, gastrocnemius, and tibialis
anterior was diminished in OVX mice. The estrogen receptor antagonist ICI 182,780
completely blocked the recovery of muscle mass, contractile tension, and fiber
cross-sectional area in the sham OVX group. Surprisingly, the addition of tamoxi-
fen, an E2-related agonist that is preferential to ERa, failed to augment recovery in
any of the muscles studied (Fig. 3.4).

Collectively these studies have implications for E2-deficient women who
undergo bed rest for any reason. Over a million postmenopausal and hypogonadal
women are hospitalized each year. Additionally, women who undergo significant
physical trauma reportedly have sex hormone levels that are unmeasurable. These
women have the potential additional compromise due to the ill effects of bed rest
coupled with the likely negative effects of low E2 [2, 4]. There have been reports
that women with low E2 values have less rehabilitation potential [43]. It has also
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been noted that postmenopausal women do not respond to strength training to the
same extent as premenopausal women or men [21]. These findings raise the ques-
tion of whether short-term E2 supplementation should be considered to enhance
rehabilitation potential and recovery from bed rest.

In a unique study Sugiura et al. [44] immobilized one hindlimb of male rats for
10 days. For 2 weeks prior to immobilization one group of animals was given E2 at
a dose of 40 pg/kg of body weight or vehicle. This dose was maintained throughout
the immobilization phase, so E2-supplemented rats received treatment for 24 total
days. Subsequently the immobilized and non-immobilized soleus muscles were
removed and frozen. Rats that received vehicle injections had more soleus atrophy
than those that were treated with E2 suggesting attenuation in the rate of muscle
atrophy in the presence of E2 in a male rodent. Additionally, E2-treated males had
significantly less calpain expression (an indicator of muscle breakdown) compared
to rats that had not been treated.

Alternatives to E2

When the original WHI study was terminated in 2002 (E2 plus progesterone) mil-
lions of women were taken off HRT. It has been realized that the original data col-
lection was problematic for a variety of reasons including supplementing women
that were 10—15 years post menopause, not pre-screening for heart disease, not
delineating women with and without other pre-existing conditions, not including
physical activity or body mass as variables, and treating all women with the same
dose regardless of body size. A variety of secondary analyses have been performed
in the interim and several additional studies have been performed that seem to indi-
cate that women who are perimenopausal are actually protected from heart disease
with E2 and that the risk of breast cancer is negligible [44]. Two negative side
effects have persisted throughout the studies of women on HRT and they are deep
vein thrombosis and stroke [45]. However, women on HRT are protected against
colon cancer and osteoporosis (with attendant reductions in hip fracture as well).
The evidence seems to indicate that many women in the perimenopausal phase of
the menopause can benefit from HRT but as with any treatment, the benefits and
risks must be weighed accordingly.

Because the pendulum has not swung back toward the midline in terms of E2
usage, and there are clearly identifiable situations in which hormonal supplemen-
tation would be ideal, some alternative to E2 needs to be identified. Not all women
can take E2 (e.g., those with estrogen-fed breast cancers) and many physicians
are not aware of the newer work that indicates that the original findings of the
WHI are not applicable to women of all ages. There are, however, SERMS, estro-
gen receptor modulators, that have promise but are not well studied. There are as
well phytoestrogens and other potential botanicals that may have the desired
estrogenic effect on skeletal muscle without the secondary negative side effects.
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Considerable work is needed to fully elaborate this new realm of treatment
potential.

In summary, this chapter has identified the importance of E2 for the maintenance
of muscle mass in aging women and, most importantly, for the preservation of mus-
cle strength. As most women are living to the age of 80 years and beyond, it has
become more imperative for women to maintain muscle mass and strength for the
sake of independence. The average older woman spends her final 4 years in a nurs-
ing home, which is a dismal end with tremendous expense involved. It is entirely
probable that an E2 or an E2-like substance could preserve muscle integrity for a
decade or more and prevent some of the loss of independence associated with old
age. Thus, additional research on the role of E2 is sorely needed.
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Chapter 4
The Contribution of Ovarian Hormones to
the Cellular Regulation of Lipid Metabolism

Espen E. Spangenburg and Kathryn C. Jackson

Abstract Regardless of the reason any reductions in estrogen function leads to the
development of obesity and insulin resistance. In this chapter, we explore the con-
cept that low levels of circulating estrogen are associated with the accumulation of
lipid in skeletal muscle. We explore multiple possible metabolic mechanisms to
address the development of the altered lipid metabolism and place a broad emphasis
on the importance to women’s health.

Keywords Metabolism ¢ Lipid * Women ¢ Ovary ® Muscle

Our Understanding of Metabolic Function in Various Tissues
Is Advancing

With the advent of new technology, scientists have begun to unravel novel metabolic
regulatory mechanisms that help to define metabolic control in various tissues.
The advances have allowed us to gain a better understanding of how these mecha-
nisms either prevent or contribute to the development of metabolic disease in
humans. In addition, defining these mechanisms has made scientists cognizant of
tissue-to-tissue cross talk and the important role circulating factors play in regulat-
ing metabolic function in peripheral tissue. Unfortunately, due to the difficulty in
defining these mechanisms, a number of critical considerations are often overlooked
such as sex or hormonal status.
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From a Metabolic Perspective the Differences Between Men
and Women Are Underappreciated

For reasons that are often unclear, when cellular mechanisms are initially
characterized it is often assumed that the mechanism operates or is regulated in
the same manner across the sexes. However, a substantial amount of evidence
provides a foundation for rationale of testing these mechanisms in both males and
females before generating broad conclusions. For example, enzymatic activity of
constituents in the P-oxidation pathway in skeletal muscle is often higher in
untrained women compared to untrained men [1]. This finding corresponds with
results suggesting that women oxidize a greater amount of fat in response to an
acute exercise bout than men [2]. Similar results can be found in the liver, where
peroxisome proliferator-activated receptor activity, a critical regulator of meta-
bolic function, is significantly lower in female mice compared to male mice [3].
Finally, one of the most apparent metabolic differences that exist between men
and women is the distinction in anatomical fat storage, with men often storing
more lipid in the visceral region compared to women [4]. There are multiple more
examples that could be provided to address the unique sex differences, with all of
them contributing to defining the risk for developing metabolic based chronic
health conditions.

The Ovary Is Critical for Defining the Metabolic
Phenotype of Women

Most cellular mechanisms are initially defined in males because investigators often
wish to avoid the hormonal influence of the menstrual cycle in humans or the estrous
cycle in animal models. However, the cyclic release of hormones from the ovary in
women plays a critical role in defining the cellular phenotype of a variety of insulin-
sensitive peripheral tissues. Thus, to truly understand the importance of the mecha-
nism one must consider it across both sexes. An enormous amount of evidence
supports the importance of the ovary to overall physiological function of women.
A majority of this evidence was collected using female animals in which the ovaries
had been surgically removed (i.e., ovariectomy (OVX)). Using OVX animals is
important for women’s health research because the same surgical approach is often
used as a clinical approach in women to treat and/or prevent a number of chronic
clinical conditions. The OVX mouse model is often criticized by investigators
because of the vast number of physiological and metabolic changes that develop in
the animal making it often difficult to define mechanisms that are altered as a pri-
mary consequence of ovary removal. However, we would argue that this also points
to the critical importance of ovary function to women and thus this model should
not be discounted.
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Loss of Ovarian Function Increases the Mortality
of Women Independent of Age

As women age it is likely that they will experience a disruption in their
ovarian-signaling axis at some point in their life-span. For example, reductions in
ovary function are most commonly associated with the onset of age-induced meno-
pause. However, it is often overlooked that numerous premenopausal women elect
to undergo oophorectomy as an approach to treat or prevent chronic conditions such
as breast cancer and chronic migraines [5, 6]. In addition, pharmacological or envi-
ronmental disruption of the estrogen receptor can also result in premature ovarian
failure [7]. Finally, for reasons that are often unknown a small percentage of young
women develop primary ovarian insufficiency leading to abnormally low levels of
circulating estrogens [8]. Regardless, a consistent outcome that arises with the loss
of ovarian function is an increase in overall mortality irrespective of the age of the
woman. The epidemiological data clearly point to the complexity of the biological
impact of the ovary on women’s health and the importance of understanding the
consequences of disrupting ovarian function in women.

Ovariectomy Results in Reduced Physical Activity
and Visceral Adiposity

In women, loss of ovarian function results in significant increases in fat mass in the
visceral region; however this change does not always equate to increases in overall
body weight [4]. Similar results are seen in surgical oophorectomy or OVX in
animal models, with the most commonly studied being the mouse or the rat model.
From a metabolic perspective, our lab has gone to great lengths to characterize the
OVX mouse model [9, 10]. Specifically, we have shown that the OVX mouse exhib-
its significant increases in visceral adipose tissue mass (~150-250 %) (Fig. 4.1).
This increase in fat mass is the result of significant increases in adipocyte size with-
out a change in adipocyte number ([11]; data not shown). It has been suggested that
the increase in adiposity is the result of hyperphagia; however this statement appears
to only be true in the rat model [12]. Our data suggest that removal of the ovaries in
mice results in a slight reduction in daily food consumption and a significant
increase in feed efficiency (Table 4.1). The increase in feed efficiency is apparent
when calculating for body weight or visceral fat mass; thus the data suggest that
OVX mouse is more efficient at storing calories consumed when compared to the
sham control mouse (Table 4.1) which is in agreement with the work from other
labs [13]. The most pronounced behavioral change seen in the OVX mouse is lower
levels of physical activity when compared to the sham mouse (Fig. 4.2). Interestingly,
when we provided the OVX mouse access to a running wheel shortly after the sur-
gery we found that even though the OVX mice ran significantly less than the sham
mice the increased activity attenuated the increase in visceral fat mass [9, 10].
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Table 4.1 Food consumption in sham and OVX animals

Food consumption Feed efficiency Feed efficiency

(g/day) (BW/g*kcal) (VF/g*kcal)
Sham-Sed 5.21+0.29 1.14+0.007 5.34+0.12
OVX-Sed 4.38+0.06* 1.45+0.007* 4.22+0.06*
Sham-Exer 5.12+0.06 1.14+0.005 5.11£0.11
OVX-Exer 4.37+0.06* 1.45+0.005* 4.14+0.06*

*Different than sham P <0.05

However, the OVX mice with access to the running wheel still gained significantly
more fat mass compared to the sham-sedentary (Sed) group (Fig. 4.1) while retain-
ing a higher feed efficiency (Table 4.1). Collectively, these data suggest that visceral
adiposity in the OVX mouse is the result of an increased ability to store calories
coupled with a reduction in physical activity levels. In addition, the model exhibits
more similarities to humans experiencing loss of ovary function since clinically
postmenopausal women do not consume excess calories, but are typically less active
[14, 15]. An increase in visceral adiposity is significantly correlated with the devel-
opment of metabolic disease and thus strongly associated with increased mortality.
The anatomical location of white adipose tissue is a critical consideration, in that
excess lipid storage in the visceral region results in more severe consequences on
glucose disposal compared to the accumulation of lipid in subcutaneous depots.
Based on the changes observed in visceral fat mass in women it is clear that ovarian
hormones play a critical role in the regulation of lipid storage in females.
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Fig. 4.2 Voluntary running distances of female OVX mice are lower than age-matched sham
mice. Each point corresponds to distance run over 24 h

Development of Visceral Adiposity After Ovarian Ablation
Leads to Lipolytic Dysfunction in Adipocytes and Fatty Acid
Overflow

Under conditions of nutrient excess, free fatty acids (FFAs) are effectively removed
from circulation and stored as triacylglycerol (TAG) in white adipose tissue. In contrast
under conditions of energetic demand (i.e., exercise or starvation), FFAs are liberated
from the stored TAG using a highly regulated enzymatic process termed “lipolysis.”
Lipolysis is a sequential sequence of enzymatic reactions that result in the complete
catabolic breakdown of stored TAG leading to the release of FFAs into circulation.
However, in certain disease states, mechanisms that regulate anabolic storage or
catabolic breakdown of TAG are disrupted, and these alterations appear to signifi-
cantly contribute to the onset of metabolic disease. In our hands, OVX animals exhibit
significant elevations in circulating FFA, which appears to be a result of increases in
basal lipolysis in the visceral adipose tissue [9, 10]. The in vivo results are confirmed
by measures of enhanced lipolytic activation in visceral adipose tissue from OVX
animals compared to sham using adipose tissue organ bath setups and isolated adipo-
cyte measures [10, 16]. Coupled with dysregulation of basal lipolysis is a poor induc-
tion of the lipolytic response in OVX animals [10, 16, 17]. It is clear that derangements
in lipolytic function are a characteristic of visceral adipose tissue in OVX mice, with
the alterations resulting in a moderate increase in circulating FFA and a poor ability to
mobilize FFA under conditions of metabolic stress.

We have previously reviewed the mechanisms that appear to contribute to altered
regulation of lipolytic function in the OVX animals [11, 18]. Briefly, our data suggest
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Fig. 4.3 Disruption of ovarian function leads to development of the “overflow hypothesis”
in visceral adipocytes

that OVX animals exhibit a significant increase in visceral adipose tissue glycerol
lipase (ATGL) protein content compared to the sham animals [10, 17]. ATGL is the
rate-limiting lipase in the catabolic breakdown of stored TAG, which likely explains
the increased FFA release from adipose tissue in the OVX animals. The alteration in
lipase content was coupled with a decrease in perilipin (PLIN1) and an upregulation
of adipose differentiation-related protein (PLIN2) content in the OVX mice com-
pared to the sham mice. PLINT is a lipid droplet (LD) coating protein that regulates
lipolytic rate by preventing unstimulated lipolysis and by facilitating activated lipoly-
sis, while PLIN2, even though in the same protein family, does not adequately protect
the LD from unstimulated lipolytic attack nor does it encourage stimulated lipolysis [19].
These alterations in LD coating protein content are likely critical in explaining altera-
tions in adipocyte function under conditions of reduced ovarian function. With the
loss of ovarian function in the female mice, there are dynamic changes in critical
signaling proteins that result in dysregulation of lipolytic control contributing to sig-
nificant increases in circulating lipid under conditions of nutrient excess.

The ability of the adipocyte to continually expand to accommodate more lipid
storage is limited; thus under conditions of constant excess nutrient consumption
the rate of TAG storage will decline [20]. The inability to continue to sequester
more lipid in the white adipose tissue is termed the “overflow hypothesis” (Fig. 4.3)
[21]. This hypothesis suggests that increased fatty acid levels in circulation lead to
enhanced ectopic fat storage in other tissues such as skeletal muscle and/or the liver.
An inability to effectively store lipid, due to alterations in the regulatory control of
TAG dynamics, increases the risk of developing various forms of lipotoxicity in
peripheral tissue. Lipotoxicity is defined as the excessive accumulation of intracel-
lular lipid in peripheral tissue that contributes to the development of cellular
dysfunction. Lipotoxicity is most commonly linked to the development of periph-
eral insulin resistance. Thus, under conditions of ovarian dysfunction there are
unique cellular alterations that develop in white adipose tissue that would be a criti-
cal contributor to the development of increased risk for type 2 diabetes.
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Skeletal Muscle Is a Primary Storage Depot for Excess
Circulating Lipid Under Conditions of Reduced Ovarian
Function

Skeletal muscle is known to act as a storage depot for lipid in the form of
intramuscular triglycerides (IMTG). In 1999, Krssak et al. demonstrated a
relationship between excessive accumulation of IMTG and the onset of insulin
resistance in the muscle [22]. Investigations have attempted to pinpoint if the
accumulation of lipid within the muscle cell plays a causative role in the develop-
ment of insulin resistance; unfortunately the overall results remain equivocal.
Although the exact mechanism has yet to be identified, current dogma suggests
that elevation in stored lipid results in increased lipid-based molecules (i.e.,
ceramides) that are the likely contributors to the development of insulin resis-
tance in skeletal muscle [23]. Using the OVX model, we have found across dif-
ferent skeletal muscle groups (i.e., plantaris, soleus, tibialis anterior, flexor
digitorum brevis) an accumulation of a significant amount of intracellular IMTG
compared to the sham group (Fig. 4.4). As in other models, this elevated amount

SHAM I I
ovX SHAM OVX

Fig. 4.4 Accumulation of intramuscular TAG in skeletal muscle fibers in OVX animals compared
to age-matched sham animals. On the /eft are plantaris muscle cut in cross section and the right are
single muscle fibers isolated from the flexor digitorum brevis. Lipid droplets are imaged using
BODIPY (green) and nuclei (blue) as previously described [43]
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of IMTG is associated with the development of glucose intolerance in the OVX
mouse. The increase in IMTG in the OVX model is associated with increased
protein content of the primary fatty acid transporters, CD36/FAT and FABPpm, in
the skeletal muscle [24]. An increase in the protein content of these transporters
would contribute to the elevated IMTG storage in the OVX model. As pointed out
above, the OVX model results in a loss of regulatory control of lipolytic action in
the visceral adipose tissue contributing to an increase in circulating FFAs. Based
on the portal vein hypothesis, it would be expected that the triglyceride accumula-
tion would develop in the liver potentially resulting in hepatic steatosis [25];
however our results did not entirely support this hypothesis [9]. A similar result
has been found by another lab using the OVX mouse model [13]; however the
development of hepatic steatosis is often found in the OVX rat model that may be
a result of the transient hyperphagia that occurs in the rat [26, 27]. Collectively,
these data suggest that the primary target of the increased circulating lipid in the
OVX mouse model is the skeletal muscle and not the hepatic tissue. Thus, the
development of overall peripheral insulin resistance in the OVX model is likely
the result of a metabolic defect that is mediated in the skeletal muscle.

Uncovering the Metabolic Mechanisms That Contribute

to Increased IMTG Content and Onset of Insulin Resistance
in Skeletal Muscle Under Conditions of Ovarian Dysfunction
Remain Elusive

An often-implicated target for accumulation of IMTG is the mitochondria.
Arguments have been made that the development of dysfunction within the mito-
chondria contributes to a reduced ability to utilize lipid, thus encouraging fatty acids
to enter esterification and consequently storage [28]. However, many have argued
that for this to happen one must ignore the energetic state of the cell; thus it is hard
to reconcile that an inability to oxidize lipid is the primary or only deficit that is
responsible for the development of insulin resistance in skeletal muscle [29]. In our
hands, we have found that mitochondria in single skeletal muscle fibers from OVX
animals consume pyruvate and palmitate with equal efficacy as muscle fibers from
the sham animals [24]. The only detectable deficiency in oxygen consumption by
the muscle fibers from OVX animals was under basal conditions or in a state of
maximal uncoupling. These results are difficult to extrapolate to a physiological
state since neither state exists within tissue of the animal. For example, the uncou-
pled state represents an artificial condition used to maximally challenge or stress the
mitochondria and it is rare to find mitochondria operating in this condition [30].
In addition, we have found little evidence of loss of mitochondrial density within
skeletal muscle from OVX animals [24]. At this point, it is unclear if a mitochon-
drial pathology develops in the OVX animal that would contribute to the resulting
metabolic dysfunction seen in the animal.
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As a means to identify a possible mechanism, we undertook an unbiased
metabolic profiling approach to identify potential metabolic limitations within the
skeletal muscle from OVX mice. We found a significant reduction in the long-chain
acylcarnitines and short-chain acylcarnitines [24]. These data suggest a reduced flux
of long-chain fatty acids through p-oxidation or a reduced transport of long-chain
fatty acids into the mitochondria. With respect to the former, we have found no
differences in the protein content of VLCAD, LCAD, and MCAD in skeletal mus-
cle of OVX mice, which would suggest that enzymatic capacity of p-oxidation is
not the limiting factor. However it should be noted that other labs have found these
same enzymes to be estrogen sensitive [2]. With respect to the latter suggestion it is
possible that the results suggest an inability to transport long-chain fatty acids into
the mitochondria. Indeed, Campbell et al. found a reduction in carnitine palmitoyl-
transferase I (CPT-1) activity in skeletal muscle from OVX rats compared to sham
rats [31]. CPT-1 is the primary transporter of long-chain fatty acids into the mito-
chondria. These results suggest that the ovary influences lipid entry dynamics into
the mitochondria through some undefined influence on CPT-1 or possibly some
aspect of f-oxidation. Collectively, reductions in ovarian function result in increased
lipid accumulation in skeletal muscle due to poor lipid entry into the mitochondria,
which is a likely contributor to the development of peripheral insulin resistance.

Evidence Suggests That Estrogens Are Likely the Key
Ovarian Hormone That Influences the Overall Metabolic
Phenotype

Under conditions of reduced ovarian hormone function the subsequent increase in
visceral fat mass in women increases their risk for developing metabolic and cardio-
vascular diseases. Although the ovary secretes a number of different hormones cur-
rent evidence would suggest that it is a form of estrogen, likely 17f-estradiol, which
predominantly mediates these metabolic effects. For example, the use of estrogen
therapy (ET) in women can attenuate increases in visceral fat mass observed in
women following the menopausal transition [32]. In a similar fashion, chronic
17B-estradiol treatment of animal models after ovariectomy attenuates the develop-
ment of visceral adiposity [10], but does not always completely abrogate all of the
physiological alterations from developing. All of these “rescue” approaches suggest
that 17p-estradiol is the necessary factor missing after ovariectomy; it should be
noted that the redelivery approaches are not without limitations. Specifically, the
doses of 17B-estradiol used are often supra-physiological and the manner in which
they are delivered results in a sustained exposure of the dose rather than a cyclic
exposure that is seen during the estrous cycle. Thus, it is possible that these redeliv-
ery approaches have just overwhelmed the system resulting in a pharmacological
effect rather than a physiological effect. In addition, a number of these metabolic
changes seen in the OVX model also develop in a similar fashion across genetically
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manipulated animal models. For example, genetic ablation of the estrogen receptor
alpha or the aromatase enzyme results in adult-onset adiposity accompanied by the
development of glucose intolerance [33, 34]. Interestingly, when comparing these
genetic manipulated models a sex difference is often visualized with the male mice
often exhibiting more severe metabolic dysfunction than the female mice [33],
which might suggest that other female-specific hormones remain protective.
Another critical point that should be considered in examining these data is that these
mutant mice were born and developed in an environment of disrupted estrogen sig-
naling; thus they never experience any form of estrogen exposure. Although this is
a useful experimental approach it does not mimic clinical conditions found in
humans; it is rare that a human would never experience some influence of estrogen
exposure. In addition, due to the use of the global knockout approach the effects are
not tissue specific; thus it is challenging to determine primary versus secondary
effects, which is a problem that faces investigators using the OVX model. To over-
come these limitations, investigators will need to develop tissue-specific knockout
approaches to identify the true physiological role of the estrogen receptor in each
tissue. Overall, the data suggest that the disruption of the estrogen signaling axis is
likely the critical component to the development of these metabolic conditions;
however it would be naive not to consider the possibility that other ovarian derived
hormones are important to peripheral tissue function as well.

Disruption of Ovarian Function in Women Is a Broader
Health Implication and Deserves More Consideration Than
Just Under Conditions of Age-Induced Menopause

With the knowledge that ovarian or estrogen signaling is likely key to defining the
overall metabolic phenotype of women, it is possible to consider a bigger picture for
women’s health. Specifically, one would hypothesize that any intervention or envi-
ronmental exposure that disrupts estrogen function would lead to visceral adiposity
and/or metabolic disease. Recent evidence in both animal models and humans is
beginning to confirm this hypothesis. For example, women being treated for estrogen-
positive cancers with estrogen receptor antagonists are at increased risk for develop-
ing hepatic steatosis and alterations in glucose handling [35]. Female mice exposed
to Bisphenol A, an environmental chemical found in plastics, results in inhibition of
estrogen receptor function and increased risk for metabolic dysfunction [36]. These
considerations are critical because not all research questions that are specific to
women’s health are focused on preventing alterations as a result of age-induced
menopause. There are a number of reasons beyond age that contribute to loss of
estrogen function in women. Overall the data clearly indicate that disruptions to the
ovary signaling axis lead to the development of metabolic disease in women, thus
delineating the mechanisms induced by ovarian derived hormones (likely estrogens)
that define that the metabolic phenotype is critical in improving women’s health.
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Optimal Ovarian Function Is Necessary to Protect
the Women from Lipid-Based Insults

The ovary provides women with an environmental exposure that induces or activates
a metabolic phenotype in skeletal muscle that protects women from lipid-based
insults (Fig. 4.5). Indeed, previous studies have shown for unknown reasons that
females preserve muscle insulin sensitivity better than males when exposed to a
high-fat diet [37]. Thus, we are proposing that the ovaries protect skeletal muscle
from lipid-based insults (i.e., high-fat diet) through mechanisms that remain poorly
defined, thereby preserving insulin sensitivity. Our data demonstrate that under con-
ditions of reduced ovarian function there is an increase in visceral adiposity that
mediates the development of adipocyte dysfunction leading to increases in circulat-
ing lipid and increased storage of the lipid in skeletal muscle. We have previously
proposed a two-hit hypothesis to explain these results [11], in which we propose
that the ovary provides a multifactorial means for regulating metabolic function in
women. Specifically, the loss of ovarian function leads first to adipocyte dysfunc-
tion paralleled by a loss of a metabolic phenotype that would allow peripheral tissue
to tolerate increases in lipid exposure (Fig. 4.5). Thus, future studies will be critical
in identifying the underlying mechanisms by which the ovary communicates with
adipose tissue and other peripheral tissues. The hope would be that these studies
could identify the protective mechanisms that are lost in women under conditions of
ovarian disruption.

The current impact of the results from the Women’s Health Initiative (WHI)
provides a more immediate concern of designing approaches that can be used to
prevent the development of metabolic disease without the use of estrogen therapy.

Diet

Fig. 4.5 Skeletal muscle in women is exposed to ovarian hormones that activate a gene program
that induces a metabolic phenotype that is protective against lipid-mediated insults
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In years past it was possible to preserve the cellular phenotype by prescribing
ET; however evidence released from the WHI has discouraged this approach in
practicing clinicians (http://www.nhlbi.nih.gov/whi/) due to increased risk of breast
cancer and/or stroke. It should be noted that the initial results from the WHI were
met with substantial vocal and written criticism that argued that we are discounting
the use of ET in women too early [38]. Regardless, a clear impact of the WHI was
a significant and measureable loss of prescribed ET by clinicians [39, 40]. Thus,
what does a woman do when faced with a condition that results in reduced ovarian
function? Interestingly, although often overlooked evidence indicates that exercise
training prevents, attenuates, or even reverses most of these conditions suggesting
that exercise should be considered a potential substitute for estrogen therapy [41, 42].
Moreover, the side effects of estrogen therapy as found by the WHI (i.e., increased
risk of stroke, myocardial infarction, breast cancer) are not induced by exercise and
in fact exercise training often prevents these conditions. Thus, we are suggesting
that exercise training may act as an “estrogen-mimetic” acting to preserve the pro-
tective phenotype induced by the estrogen exposure. More studies will be necessary
to confirm this hypothesis; however for women who are experiencing alterations in
ovarian function implementing regular physical activity seems to be the most acces-
sible alternative intervention. With respect to women’s health, we are at crossroads
where it is critical to gain a better understanding of the influence of the ovary on all
peripheral tissues so that we can develop and implement usable interventions that
complement the clinician’s toolbox.
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Chapter 5
The Role of Estrogens in the Regulation
of Peripheral Glucose Dynamics

Paige C. Geiger and Anisha A. Gupte

Abstract While estrogen is an important hormone regulating sexual function and
reproduction, it also has numerous nonreproductive functions, including the regula-
tion of glucose homeostasis. Clinical studies indicate that postmenopausal women
are at greater risk for the development of type 2 diabetes, and new evidence in the
literature supports a direct role for estrogen in regulating glucose metabolism. The
primary estrogen receptors, ERa and ERf, are now thought to play critical roles in
the regulation of glucose in insulin-sensitive tissues. Increased adiposity occurs in
humans and mice as a result of decreased ERa activation, and mice with global
knockout of ERa exhibit impaired glucose tolerance and skeletal muscle insulin
resistance. Based on this evidence, the beneficial effects of estrogens on glucose
metabolism are thought to be mediated by ERa. ERa may regulate glucose by
increasing insulin-signaling and insulin-stimulated glucose uptake, maintaining
GLUTH4 expression, and mitigating inflammation and oxidative stress implicated in
the development of insulin resistance. ERa and ERp are known to demonstrate a
complex inter-regulatory relationship that varies with the target tissue. Both stimu-
lated by estrogen, the ability of ERa or ERp to regulate glucose may be dependent
on the expression levels and activation of the two receptors in various metabolic
tissues. ER isoform-specific agonists and antagonists may prove more beneficial in
preventing insulin resistance in postmenopausal women than estrogen treatment
alone and should be the focus of future research.
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Estrogen deficiency is thought to play a critical role in the increased prevalence of
metabolic dysfunction and the metabolic syndrome (dyslipidemia, hypertension, cen-
tral obesity, and insulin resistance) in postmenopausal women (Executive Summary
of the Third Report of The National Cholesterol Education Program (NCEP)) Expert
Panel on Detection, Evaluation, And Treatment of High Blood Cholesterol In Adults
(Adult Treatment Panel IIT) [1]. Postmenopausal women experience a 60 % increase
in risk of the metabolic syndrome, even after adjustments for age, body mass index,
household income, and levels of physical inactivity [2]. In addition, women with
metabolic syndrome are at increased risk for cardiovascular disease, the primary
cause of death in women from westernized countries. While estrogen is an important
hormone regulating sexual function and reproduction, it also has numerous nonrepro-
ductive functions, including the regulation of glucose homeostasis.

Glucose Homeostasis

Glucose is the body’s primary source of fuel and is regulated by the hormone insu-
lin. In response to postprandial glucose levels, § cells in the pancreas secrete insulin
to stimulate glucose uptake into skeletal muscle and adipose tissue. At the same
time, glycogen is formed in the liver through glycogenesis. Insulin functions by
binding to its receptor at the cell surface membrane of skeletal muscle or adipose
tissue, initiating a signaling cascade that ultimately results in translocation of the
glucose transporter, GLUT4, to the cell membrane for glucose entry.

Without proper maintenance of glucose homeostasis, insulin resistance and type
2 diabetes can develop. Type 2 diabetes is characterized by high blood glucose lev-
els in conjunction with insulin resistance and insulin deficiency. Insulin resistance,
as previously mentioned, occurs when the body no longer responds to insulin sig-
naling and results in decreased glucose uptake into skeletal muscle and adipose
tissue, as well as a failure to suppress glucose production and release into the blood
by the liver.

Clinical Evidence for the Role of Estrogen in Glucose
Regulation

The risk for type 2 diabetes is greater in postmenopausal women, with postmeno-
pausal women having higher fasting blood glucose and insulin levels compared to
age- and body mass index-matched premenopausal women [3, 4]. In addition, post-
menopausal women exhibit decreased insulin sensitivity and glucose tolerance
compared to premenopausal women [3]. Compared with age-matched men, pre-
menopausal women have increased insulin sensitivity and a lower prevalence of
insulin resistance [5, 6]. These differences in insulin action between premenopausal
women and age-matched men are at least partially due to higher levels of GLUT4 in
women [7, 8].
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A primary difficulty in determining the influence of estrogen on glucose
regulation lies in differentiating the effects of menopause from normal aging in
women or from differences in fat storage between men and premenopausal women.
For example, menopause brings about changes in fat storage in women such that
total body fat and abdominal fat increase [9-11]. Obese postmenopausal women
with greater amounts of visceral adipose tissue are more likely to have decreased
insulin sensitivity [12, 13]. Since abdominal fat is the number one risk factor for
developing type 2 diabetes [14—16], this increase in abdominal fat could directly
alter diabetes risk in postmenopausal women. Similarly, difference in fat storage
between premenopausal women and men could account for differences in insulin
sensitivity and insulin resistance between the sexes. While men tend to store fat in
the abdominal area, premenopausal women tend to store fat in the gluteofemoral
area [17-19]. Although other factors may be involved, women with predominately
upper body obesity are more likely to have impaired glucose tolerance than women
with predominately lower body obesity [20]. However, a study comparing non-
obese pre- and postmenopausal women demonstrated that the increase in abdominal
fat after menopause did not result in increased fasting insulin and glucose levels, or
a lower glucose infusion rate during euglycemic-hyperinsulinemic clamp [10].
Increasingly, new evidence in the literature supports a direct role for estrogen in
regulating glucose metabolism, independent of body fat distribution differences
between sexes or with aging.

Cell culture studies have shown that estrogen treatment induces GLUT4 translo-
cation to the membrane and increases insulin-stimulated glucose uptake [21], sug-
gesting that estrogen has direct effects on glucose metabolism on muscle independent
of adiposity. Estrogen and its receptors are important regulators of glucose metabo-
lism and body weight not only in women but also in men. Previous studies have
shown that men unable to synthesize estrogen display altered glucose metabolism
and insulin resistance [22]. Men with mutations in the aromatase gene, and as a
result cannot produce estrogen, or with mutations in ERa gene present with insulin
resistance [23, 24]. It is believed that although plasma estrogen levels in men are
lower compared to women, local concentrations at relevant sites of action such as
the skeletal muscle may be of crucial importance in glucose homeostasis [25].

Clinical studies utilizing estrogen replacement in postmenopausal women indi-
cate an important role for estrogen in glucose regulation. The Heart and Estrogen/
Progestin Replacement Study (HERS) and the Women’s Health Initiative Hormone
Trial (WHI) were two large-scale, national studies with over 2,500 and 16,000 sub-
jects, respectively, which assessed the overall potential benefits and risks of
Hormone Replacement Therapy (HRT), including risk factors for type 2 diabetes.
The HERS found that the incidence of insulin resistance in healthy, postmenopausal
women on HRT for 1 year was 35 % less compared to postmenopausal women not
on HRT [26]. The WHI demonstrates that fasting glucose and insulin levels also
decreased in postmenopausal women after 1 year of HRT [27]. In addition, a double
blind study by Andersson et al. [28] found that estrogen replacement for 3 months
in postmenopausal women with type 2 diabetes improved their glucose homeosta-
sis, as measured by euglycemic-hyperinsulinemic clamp, versus women with type 2
diabetes taking a placebo. A recent study by Gower et al. [29] randomized early
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postmenopausal women to HRT or placebo for 2 years. This study assessed the
independent effect of menopause on insulin sensitivity and found that HRT, even in
the presence of increased abdominal fat, increased insulin sensitivity at the end of
the 2-year study. Although the majority of HRT studies have used a combination of
estrogen and progestin, estrogen alone is thought to confer the greatest effect on
glucose regulation [3, 30-34].

While estrogen replacement benefits postmenopausal women in terms of glucose
regulation, the overall risks may outweigh the benefits. The WHI sought to deter-
mine the overall benefits and risks of HRT in postmenopausal women to serve as a
guideline for clinical practice. The trial ended early due to the increased risk of
severe health complications including breast cancer, thrombosis, and coronary heart
disease in the HRT-treated group [35]. Study investigators concluded that the over-
all risks of HRT exceeded the benefits. While estrogen has profound benefits on
glucose metabolism, alternative approaches for the prevention of insulin resistance
and type 2 diabetes based on targeted actions of estrogen are needed.

A major criticism to the HRT trials was that the study population was older than
would normally be considered for initiating hormone replacement and the study did
not tailor the hormones to the individual women. Cardiometabolic risk factors accu-
mulate over years before clinical presentation. It was likely that menopause-related
weight gain, and loss in estrogen protection in glucose metabolism and cardiovas-
cular disease would be well advanced before HRT had been initiated in the trials. As
a follow-up, the Kronos Early Prevention Study (KEEPS) has been initiated to study
HRT in women aged 42-58 years who are within 36 months of their final menstrual
period [36]. Early results from this trial confirm that early HRT to newly meno-
pausal women protects from metabolic syndrome, including maintenance of insulin
sensitivity and lowered cardiovascular risk factors [37].

Data from Animal Models Support Clinical Findings
of Estrogen’s Role in Glucose Metabolism

The use of rodent models has greatly contributed to the knowledge of cellular and
molecular effects of estrogen on glucose metabolism. Ovariectomy (OVX) in
rodents involves bi-lateral removal of the ovaries and models the postmenopausal
state in humans. OVX in rodents results in total body weight gain [38—41], total
body fat gain [40], and a high fat diet combined with OVX further increases weight
gain in female rodents [38, 40, 41]. The decreased susceptibility to type 2 diabetes
that females demonstrate over males also diminishes after rats undergo OVX [39] or
become acyclic [42].

OVX has also been shown to impair insulin sensitivity and glucose metabolism
in animal models [38, 43, 44]. Ten weeks of OVX in mice resulted in glucose intol-
erance [38]. Kumagai et al. [44] also found that 6 months of OVX in rats resulted
in whole body insulin resistance and decreased glucose uptake into skeletal mus-
cle. Estrogen replacement alone, or in combination with progesterone, ameliorated
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the insulin resistance, but progesterone alone had no effect [44]. These studies
demonstrate that OVX in rodents results in a phenotype similar to that seen in
postmenopausal women and can serve as a model to study the cellular and molecu-
lar effects of estrogen on glucose metabolism.

Estrogen Receptors

ERoa and ERp are the primary estrogen receptors and are products of two distinct
genes [45, 46]. Tissues such as the uterus, liver, kidney, and heart primarily express
ERa, while the ovary, prostate, lung, gastrointestinal tract, bladder, and hematopoi-
etic and central nervous systems express primarily ER [47, 48]. The ERs are mem-
bers of the nuclear receptor superfamily [49] which includes the classical steroid
hormones, orphan receptors, and adopted orphan receptors (reviewed in [50]). ERa
and ERp contain highly conserved DNA binding domains and as a result, both bind
with similar affinity and specificity to estrogen response elements. Despite this simi-
larity, ERa and ERp have diverse physiological effects in multiple tissues depending
on receptor level, and presence of various ligands, coactivators, and corepressors.

The ERs initiate cellular functions through both genomic and non-genomic
mechanisms (Fig. 5.1). The ERs typically reside in the nucleus, although current
literature indicates ERa is also present in the cytoplasm (reviewed in [51]).
Following activation of the ligand-binding domain and receptor dimerization, the
ERs bind to estrogen response elements on DNA to modulate gene transcription.
The non-genomic mechanisms of ER action, thought to be important in the role of
estrogen in nonreproductive tissues, occur following ligand binding to the ERs
residing in the cytoplasm or at the membrane and can result in increased levels of
nitric oxide and calcium, and activation of various signaling cascades and kinase
activity [51-53].

The ERs also play a role in glucose metabolism, with ERa and ERP knockout
(KO) mice providing much of the initial understanding of ER regulation of glucose
control. Increased adiposity occurs in humans and mice as a result of decreased
ERa activation [23, 54], and mice with global knockout of ERa exhibit impaired
glucose tolerance and skeletal muscle insulin resistance [54-56]. Based on this
evidence, the beneficial effects of estrogens on glucose metabolism are thought to
be mediated by ERa.

Mechanisms of ER-Mediated Glucose Metabolism

While activation of the estrogen receptors has the potential to positively modulate
glucose metabolism, the exact mechanism of action is unknown. Some studies sug-
gest a mechanism by which estrogen receptors modulate GLUT4, the critical glu-
cose transporter in skeletal muscle. NF-xB is a transcription factor that is activated



72 P.C. Geiger and A.A. Gupte

Estrogen
OOO 00

/ ° \ Insulin

O
% ——| PPARy ——— Sensitivity

Y

ERc. ERP
Genomic Non-genomic
mechanisms mechanisms

l HSP (?) l
T Gene expression for: 4 (=)
-Mitochondrial biogenesis (2) AMPK HADHB
-energy metabolism INK l -l-
* ) 1FAO 1FAO
Ak T;AO I PRSP M nsulin T glucose l
reb’s cycle No DNA bindi : ;
2 OXPHOS 0 DNA binding signaling uptake 4 Circulating
l l FFA
L FFA, DAG, ceramides T GLUT4 1 glucose l
l expression uptake T Insulin
. Sensitivity
T l'js_u!m T glucose
Sensitivity uptake

Fig. 5.1 Pathways indicating the integrative function of estrogen in regulating glucose uptake.
Estrogen mediates glucose homeostasis via its two receptors ERa and ERf. ERa, the predominant
isoform in muscle, adipose, and liver tissues has genomic and non-genomic mechanisms regulat-
ing insulin action and glucose metabolism. ER estrogen receptor, p phosphorylated, FAO fatty acid
oxidation, OXPHOS oxidative phosphorylation, FFA free fatty acids, AMPK AMP-dependent
kinase, NFkB nuclear factor kappa B, HSP heat shock proteins

by stimuli such as cellular stress, cytokines, and inflammation. The promoter region
of GLUT4 contains an NF-xB binding site [57], and NF-xB represses GLUT4 tran-
scription [58]. In a basal state, NF-kB is bound by the inhibitor of kappa B a (IxkBa)
in the cytosol and remains inactive. Upon activation of the stress kinase proteins,
IxBa is phosphorylated, which signals its degradation by the proteosome. The free
NF-kB is then activated and translocates to the nucleus where it functions as a tran-
scription factor. Tumor necrosis factor-a (TNF-a) is a cytokine that activates the
NF-kB pathway and is highly expressed in obese humans [59, 60]. In addition,
obese humans with T2DM have increased skeletal muscle NF-xB activation [61].
Previous studies have also shown that rats on an obesity-promoting high-fat diet
have decreased skeletal muscle GLUT4 protein [62—64]. Overall, these studies sug-
gest that obesity increases the amount of TNF-a and leads to NF-kB activation,
which is followed by a decrease in GLUT4 protein levels.

New evidence suggests NF-kB, and Glut4 consequentially, is regulated by ERa.
Rather than binding directly to DNA, ERa can also modulate gene expression by
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binding transcription factors [65-67]. Previous studies have shown that activated
ERa can directly bind to NF-kB and decrease NF-kB—-DNA binding [65, 68-70].
Activated ERa could essentially serve a protective function in regards to GLUT4
expression. The opposite would also be true, that low levels of activated ERax may
result in decreased GLUT4 levels. In fact, females with polycystic ovarian syn-
drome who have high androgen and low estrogen levels (and, therefore, low ERa
activation) have 35 % less GLUT4 protein compared to control females [71]. In
addition, ERa KO mice show a decrease in GLUT4 mRNA levels [72]. Therefore,
increased NF-kB activation via a high-fat diet and obesity combined with low ERa
activation could decrease GLUT4 transcription, leading to a subsequent decrease in
glucose uptake and insulin resistance. This physiological condition (obesity and low
E, levels) is present in most postmenopausal women, putting these women at a par-
ticular risk for insulin resistance.

Another postulated mechanism for estrogen-related protection of glucose
homeostasis is the mitigation of inflammation and oxidative stress that are impli-
cated in causing insulin resistance. ERa deficient mice have high levels of
Plasminogen activator inhibitor-1 (PAI-1) and TNF-a, markers of inflammation,
and reduced adiponectin, a suppressor of inflammation and inducer of insulin sensi-
tivity [73]. Muscles of ERa knockout mice also exhibit greater proinflammatory
lipid breakdown products diacylglycerol and ceramides, along with increased acti-
vation of stress kinases like JNK, all of which have been implicated in inducing
insulin resistance in skeletal muscle. The mechanism by which ERa mitigates the
proinflammatory state remains to be completely understood. One mechanism could
include the ability of ERs to regulate fatty acid oxidation and mitochondrial func-
tion. Previous studies indicate that ERax can modulate mitochondrial function,
including ATP production, mitochondrial membrane potential, and calcium concen-
trations [74, 75]. ERa directly interacts with mitochondrial fatty acid oxidation
enzyme HADHB. 17-f Estradiol increases the activity of HADHB in wild-type
cells but not in cells lacking ERa [76]. ERa is thought to have direct positive tran-
scriptional effects on increasing mitochondrial biogenesis [77], and ERa binding
sites are enriched in the promoters of genes involved in energy metabolism [78].
Recent studies also show the presence of ERs within the mitochondrial membrane
[79-81]. Mitochondrial ERs can bind directly to estrogen receptor elements, sug-
gesting that ERs may be directly involved in estrogen-induction of mtDNA tran-
scription [82]. Therefore, with a coordinated action of nuclear ERs, mitochondrial
ERs, and their coactivators, estrogen signaling may regulate mitochondrial function
in tissues with high energy demand, like skeletal muscles. Increased mitochondrial
oxidative phosphorylation and mitochondrial fatty acid oxidation improves com-
plete fatty acid metabolism, preventing the buildup of proinflammatory intermedi-
ates like DAG and ceramides [83]. Reduction in DAG and ceramides improves
glucose metabolism by reducing activation of stress kinases that are known to
inhibit the insulin-signaling pathways.

Several additional mechanisms have been postulated by which estrogens can
regulate glucose metabolism. Estrogens may improve insulin action by mitigat-
ing oxidative stress [84] and reducing mitochondrial ROS production [85].
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Another mechanism by which ER can regulate glucose metabolism is the
activation of PPARYy, a master regulator of insulin/glucose metabolism. ERf
inhibits ligand-mediated PPARy-transcriptional activity to reduce adipogenesis,
while high-fat diet-fed ERf knockout mice are more insulin sensitive despite
having more adiposity [86]. Packaging of fatty acids in adipose depots such that
they become incapable of inhibiting insulin signaling in muscle tissue is an
important mechanism of PPARy ligands in maintaining glucose homeostasis.
Estrogen may also affect glucose homeostasis by regulating muscle mass, which
are the primary glucose disposal centers in the body. In L6 cells, estrogen treat-
ment increases GLUT4 translocation to the membrane, along with expression of
myogenesis markers, including myogenin and MHC [21]. Estrogen-dependent
myogenesis was prevented by translation inhibitor cycloheximide and transcrip-
tion inhibitor actinomycin, suggesting that nuclear mechanism of ER action was
involved in muscle differentiation. The varied effects of estrogen on glucose
metabolism are only now being uncovered and are not yet fully understood.

Estrogen Regulation of Glucose in Insulin-Sensitive Tissues

Glucose regulation in the body mostly occurs in the skeletal muscle, adipose tissue,
and liver (Fig. 5.2). ERs are also present in the brain and have profound effects on
food intake [87]. ERs are thought to play a critical role in the regulation of glucose
metabolism by estrogen in each of these metabolic tissues.

Estrogen Regulation of Glucose Metabolism
in Skeletal Muscle

Approximately 75 % of glucose regulation in the body occurs in skeletal muscle
[88] and estrogen receptors are highly expressed in skeletal muscle. In mice that do
not express ERa, a decrease in whole body glucose tolerance and a decrease in
glucose uptake into the skeletal muscle is observed [54, 56, 89]. Even on a normal
chow diet, a lack of ERa resulted in impaired glucose tolerance and reduced insu-
lin sensitivity in skeletal muscle and liver [89]. Whether the whole body changes
can be attributed to impaired insulin action in skeletal muscle or the liver is not
clear [56].

Previous findings from our laboratory demonstrate an increase in insulin-
stimulated glucose uptake with PPT, suggesting an important role for ERa in medi-
ating skeletal muscle insulin sensitivity [90]. While ob/ob mice treated with PPT for
7 days demonstrated no increase in glucose uptake in soleus or EDL muscle [91],
this could be attributed to the significantly lower dose of PPT used in the latter study.
It can be somewhat difficult to parcel out the effects of ERs in skeletal muscle glu-
cose regulation, however, given the fact that estrogen stimulates both ERa and ERp.
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It is likely that estrogens and estrogen receptor modulators produce distinct pheno-
types depending on whether a tissue expresses predominately ERa or ERf [92]. It
has been suggested that ERa is more highly expressed in insulin-sensitive tissues
[51, 89, 93, 94]. However, other accounts indicate that ERP expression predomi-
nates in skeletal muscle [95]. ERa and ERp regulation of function varies with the
target tissue and activation of ER could oppose the action of ERa in the regulation
of glucose metabolism [47, 72, 96]. Distinct tissue-specific effects of estrogen and
estrogen receptor modulators occur with the recruitment of different coregulatory
proteins to ERs [92, 97]. Differences in coregulatory protein recruitment can result
in a modulator expressing agonist or antagonist properties. The coregulatory pro-
teins involved in ERa activation by estrogen and PPT in skeletal muscle have not
yet been identified, but could have an important role in determining the regulation
of glucose metabolism by estrogen in vivo.

While studies demonstrate that estrogen results in increased insulin signaling,
this does not appear to have a functional effect on glucose uptake in vivo.
Phosphorylation of Akt [98] and AMPK [99] occurs with estrogen treatment in
C2C12 muscle cells, and acute incubations (5 and 10 min) with estrogen increase
phosphorylation of Akt, AMPK, and TBCI1D1/4 in soleus muscle [100].
However, insulin-stimulated glucose transport is not increased with acute in vivo
estrogen incubation. In addition, 3 days of estrogen treatment in vivo demon-
strated no effect on insulin-stimulated glucose uptake in soleus or EDL muscles
[90]. This is in contrast to an increase in glucose uptake with 3 days of with PPT
treatment. The activation pattern of ERs with estrogen in vivo remains to be
determined in skeletal muscle.
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When ERa is stimulated via PPT, direct activation of the insulin-signaling
pathway occurs as shown by increased phosphorylation of Akt [90]. In C2C12
myotubes, stimulation of the insulin-signaling pathway with resveratrol was also
shown to be dependent on ERa activation [101]. ERa also has an effect on insulin-
independent pathways of glucose regulation with PPT increasing phosphorylation
of AMP-dependent kinase (pAMPK) in soleus and EDL muscles [90]. ERa-KO
mice demonstrate decreased pAMPK in skeletal muscle [89] and a recent study
demonstrates that estrogen-induced AMPK activation is mediated by ERa [100].
These findings suggest that ERa acts as a positive modulator of AMPK activation.
AMPK can phosphorylate both AS160 [102, 103] and TBC1D1 [104, 105], although
with phospho-specific sites distinct from those activated by Akt, to stimulate an
increase in glucose uptake. The ability of ER« to stimulate both insulin-dependent
and non-insulin-dependent pathways has important implications for the regulation
of glucose uptake in vivo.

ERo may also regulate glucose metabolism through direct modulation of
GLUT4. GLUT4 is decreased in the gastrocnemius muscle of male ERa knockout
(ERa-KO) mice [72]. However, a more recent report shows no change in GLUT4
levels in the quadriceps or soleus muscles in female ERa-KO mice [89]. It is pos-
sible that the ability of ERa to regulate GLUT4 may be fiber type specific as Gorres
et al. demonstrated that activation of ERa results in increased GLUT4 in the EDL
(fast-twitch) but not in the soleus (slow-twitch) muscle [90]. While numerous tran-
scriptional pathways regulate GLUT4 [106], acute ERa activation may be an addi-
tional and lesser known mechanism for modulating GLUT4.

Estrogen Regulation of Glucose Metabolism in Adipose Tissue

Studies show that estrogen treatment in adipocytes increases insulin-stimulated glu-
cose uptake and activation of the insulin-signaling pathway more than insulin alone
[107, 108]. Furthermore, Muraki et al. found that the beneficial effects of estrogen
were abolished when adipocytes were co-treated with methylpiperidinopyrazole
(MPP), a specific ERa inhibitor. The beneficial effects were restored with PPT treat-
ment to activate ERa [107]. These studies suggest that activation of ERa can poten-
tiate the insulin-signaling pathway and glucose uptake in cultured adipocytes.

In adipose tissue, ERa KO mice have increased body weight and white adipose
tissue weight compared to WT mice. ERa KO mice also have increased adipocyte
size and number, although food intake does not differ [54]. Similarly, aromatase KO
mice, in which androgens cannot be converted to E,, have increased body weight
[109] and adipose tissue weight [110] compared to WT mice. In contrast, ERf KO
mice do not have increased adipose tissue weight or percent body fat compared to
WT mice [111]. Therefore, estrogen/ERa signaling appears to be an important regu-
lator of body weight and adipocyte regulation. Ovariectomy of ERax KO mice
improves insulin resistance after reducing adipocyte size, indicating a role of ERp
in negative regulation of insulin action. The relative ratio of ERa/ERp expression
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seems to be directly associated with obesity as well as serum level of leptin in
omental adipose tissue of women [112].

Estrogen has the potential to regulate fat storage and triacylglyceride accumula-
tion by altering transcription of lipogenic proteins such as SREBP-1 and its down-
stream targets, ACC, and FAS [56, 113-116]. The effects of estrogen on lipogenic
pathways have primarily been assessed in response to estrogen treatment or replace-
ment. For example, Phrakonkham et al. [117] demonstrated that estrogen treatment
increased FAS expression in cultured adipocytes. However, other studies have dem-
onstrated opposite effects, with estrogen treatment in mice shown to decrease ACC
and FAS mRNA in adipose tissue [114, 118]. As has been previously shown, physi-
ological estrogen levels may positively modulate glucose metabolism, while high or
low estrogen levels have a different effect [107, 108]. More studies are needed to
assess the role of estrogen and ER expression in modulating lipogenic pathways in
cycling, OVX, and estrogen- treated animals.

Increased lipid intermediates and oxidative stress in insulin-responsive tissues
can result in activation of stress kinases [119-123]. We [119, 120] and others [89,
124] have previously shown that increased stress kinase activation and decreased
heat shock protein (HSP) expression contribute to decreased insulin signaling and
glucose uptake in skeletal muscle. Further evidence suggests that ERax may be
involved in stress kinase activation and HSP expression. Ribas et al. demonstrate
increased activation of JNK in skeletal muscle and adipose tissue of ERa knockout
mice [89]. When challenged with a high-fat diet, ERa knockout mice display greater
JNK activation and decreased HSP72 expression in adipose tissue compared to high-
fat fed wild-type mice [89]. These data suggest that ERa may contribute to glucose
regulation by positively modulating stress kinase activation and HSP expression.

Estrogen Regulation of Glucose Metabolism in the Liver

With respect to the liver, ERo KO mice show hepatic insulin resistance during the
euglycemic-hyperinsulinemic clamp test [56]. While hepatic glucose production
decreases in wild-type (WT) mice, insulin is not able to decrease hepatic glucose
production in ERa KO mice. Gene analyses of liver tissue from ERa KO mice
exhibit downregulation of genes regulating lipid transport and upregulation of genes
for hepatic lipid synthesis. Estrogen treatment reduces hyperglycemia, oxidative
stress, and ameliorates liver dysfunction in diabetic rats via increased expression
and signaling of insulin receptors [125].

ERs have a profound role in lipid metabolism in the liver. In liver, ERa has direct
binding sites on promoters of genes involved in lipid and glucose metabolism, includ-
ing PPARa, PDK4, PCK1 [78]. The anti-diabetic effects of estrogen treatment to
diabetic ob/ob mice are associated with reduced lipogenic genes in the liver [126].
On the other hand ERp KO mice have normal hepatic glucose output and insulin
secretion [56], suggesting that ER« likely plays the predominant role in regulation of
hepatic glucose homeostasis, possibly due to the much greater expression of ERa in
the liver compared to ERf. But another report showed that ERp KO fed a high-fat
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diet have decreased liver fat and increased insulin sensitivity, possibly due to the
reduction in triglyceride accumulation in the liver [86].

Estrogen treatment to ovariectomized mice protects against fatty liver disease
when fed a high fat diet [127]. The insulin-resistant liver faces a paradox for insulin
action because insulin resistance impairs the ability of insulin to suppress gluconeo-
genesis but increases insulin’s ability to promote lipogenesis. Estrogen treatment
selectively inhibits the lipogenic aspect of insulin signaling and yet promotes the
glucose suppressing-action of insulin [127], maintaining overall glucose homeosta-
sis in the body in the face of a HFD.

Recent studies indicate that amount of fat accumulation in the liver is a better
predictor of complications of obesity than visceral fat including insulin resistance
and diabetes. Estrogen and ERa agonists have been associated with reduced fatty
liver disease in mouse models [128] and women [129]. Women with fatty liver dis-
ease have hyperinsulinemia and insulin resistance, but also have less estrogen levels
than women without fatty liver disease, concurrent with the observation that fatty
liver disease is more prevalent in postmenopausal and women with polycystic ovar-
ian syndrome [129].

In summary, estrogen mediates its metabolic effects on tissue via its two recep-
tors, ERo and ERf; and many of these effects are dependent on the expression levels
and activation of the two receptors in various tissues. In insulin-sensitive tissues like
skeletal muscle, adipose tissue, and liver, ERa is the predominant mediator of estro-
gen action. Activation of ERa increases energy metabolism pathways, enhances
efficient fatty acid oxidation and improves insulin sensitivity. Estrogen’s metabolic
effects are achieved via both genomic mechanisms, for example increasing expres-
sion of genes for mitochondrial biogenesis, and via non-genomic mechanisms, for
example prevention of NFxB-mediated GLUT4 inhibition. In skeletal muscle,
estrogens increase insulin signaling and glucose uptake, while in the liver, estrogens
reduce fat storage and suppress glucose production. In contrast, estrogens may pro-
mote fat storage in adipose tissue in order to secure excess fatty acids which could
be harmful in the circulation.

Conclusion

Estrogen’s regulation of glucose metabolism is a delicately balanced process in the
body. While several reports show strong evidence of protective effects of estrogens,
other studies clearly indicate that estrogen levels out of the physiological range,
either lower or higher, are related to increased insulin resistance [130, 131]. Given
the potentially contrasting roles of ERa and ERp in regulating glucose homeostasis,
ER isoform-specific agonists may have more beneficial effects in preventing insulin
resistance in postmenopausal women than estrogen treatment alone. Future research
and long-term clinical trials are required to verify the therapeutic benefits of ER
modulators on glucose metabolism. The rapid increase in obesity and diabetes world-
wide warrants extensive investigation of ERs to improve glucose homeostasis.
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Chapter 6

The Impact of Estrogen Receptor o
Expression in the Pathogenesis

of the Metabolic Syndrome

Andrea L. Hevener and Brian G. Drew

Abstract Considering the trends in life expectancy, women in the modern era are
challenged with facing menopausal symptoms including hot flashes, sleep and
mood disorders, and sexual dysfunction as well as heightened disease risk associ-
ated with increasing adiposity and metabolic dysfunction for up to three decades of
life. Treatment strategies to combat menopausal symptoms and associated patholo-
gies have been hampered by our lack of understanding regarding the biological
causes of these clinical conditions and our incomplete understanding of the effects
of estrogens and the tissue-specific functions and molecular actions of its receptors.
In this chapter we provide evidence supporting a critical and protective role for the
estrogen receptor o in the maintenance of metabolic homeostasis and insulin sensi-
tivity. Studies identifying the ER-regulated pathways required for disease preven-
tion will lay the important foundation for the rational design of novel and
better-targeted therapeutic strategies to improve the health of women while limiting
complications that have plagued traditional hormone replacement interventions.

Keywords Metabolic syndrome ® Estrogen action ® Insulin resistance ® Obesity
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The National Vital Statistics report from the Centers for Disease Control indicates that
life expectancy has increased for white females from 48 years in 1900 to 80.6 years in
2011, with a noted gender difference of almost 5 years compared to male counterparts.
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Considering that menopause on average occurs at 51 years (National Institutes of
Health, NIA www.nia.nih.gov), women in the modern era are challenged with fac-
ing menopausal symptoms including hot flashes, sleep and mood disorders, and
sexual dysfunction as well as heightened disease risk associated with increasing
adiposity and metabolic dysfunction for up to three decades of life. Arming women
with knowledge about the health consequences of ovarian failure as well as further-
ing our understanding of the biological actions of estrogens in reproductive and
nonreproductive tissues have become critical endeavors if we wish to improve the
health of women around the world. Although many researchers and clinicians have
focused on the impact of replacement estrogens to ameliorate clinical symptoms
and provide protective health benefit, an incomplete understanding of the tissue-
specific effects of hormone action, and estrogen receptor distribution and function
contributes to our confusion and failure to advance therapeutic strategies to combat
female-associated pathologies.

In this chapter we will first present a brief history of hormone replacement high-
lighting observational studies and findings from the largest randomized clinical
study conducted in the United States to date, the Women’s Health Initiative. The
remainder and bulk of the chapter will focus on the biological and tissue-specific
actions of the estrogen receptor in regulating metabolic homeostasis, as metabolic
dysfunction is identified as a major underpinning in the pathobiology of many
chronic diseases that plague our society today.

In 1941, the U.S. Food and Drug Administration approved the use of estradiol as
a hormone replacement therapy to exclusively treat postmenopausal symptoms. In
1966, the book Feminine Forever was published fueling the argument and general
belief that hormone replacement was beneficial and the answer to preserving a
woman’s health and beauty. (Robert A Wilson. Feminine Forever, New York: M
Evans. 1966). In the 1970s, estrogen replacement monotherapy was linked to endo-
metrial cancer which led to progesterone addition to the replacement formulation
for treatment of women with a uterus [1, 2]. Despite these known cancer links, by
the 1990s, approximately 40 % of postmenopausal women in the U.S. were pre-
scribed hormone replacement therapy, i.e. estrogen with or without progestin, to
treat menopausal symptoms [3]. Additionally, as a result of several human observa-
tional and rodent-based studies showing a benefit of HRT in preventing or amelio-
rating complications associated with atherosclerosis and diabetes, many physicians
were prescribing HRT for off-label uses not approved by the FDA. Not until the
halting of the Women’s Health Initiative (WHI) study due to determination of
increased risk of coronary heart disease events, stroke, and breast cancer, were the
benefits of HRT experimentally scrutinized [4]. In the wake of reports published
from the WHI findings, HRT prescriptions abruptly declined by ~68 %.
Unfortunately, it appears that many overestimated disease risk associated with post-
menopausal hormone replacement, as the overall conclusions from the WHI studies
in many cases do not apply to the vast majority of menopausal women starting HRT
in their fifties closer to the menopausal transition [5-8]. Considering that the mean
age of WHI study participants was 63 years and the mean time since menopause
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was more than a decade, many have questioned whether the timing of hormone
administration may determine clinical benefit [8, 9]. Evidence suggests that for
symptomatic menopausal women younger than age 60 years or within 10 years of
menopause, the benefits of HRT outweigh the risks [10]. Because of the dramatic
increase in life expectancy since the turn of the century, women will now spend
several decades after menopause in estrogen deficiency, a condition shown to pro-
voke metabolic dysfunction predisposing to obesity, type 2 diabetes (T2D), cardio-
vascular disease, and certain forms of cancer [11, 12]. Therefore, the contribution of
sex hormone deficiency to the pathogenesis of metabolic associated diseases has
become a therapeutic challenge of the twenty-first century. Understanding how
estrogens and estrogen receptor expression contribute to energy balance, glucose
homeostasis, and adipose tissue development promises to yield novel therapeutic
applications. Here we review evidence in humans and rodents supporting a role of
estrogens and their receptors in regulating fuel homeostasis and insulin sensitivity
for the preservation of disease-free health (Fig. 6.1). We will also present basic
research suggesting that the estrogen receptor (ER), specifically the o form of the
receptor, is an important target to combat metabolic dysfunction.
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Molecular Mechanisms of Estrogen Receptor (ER) Action

Early studies in reproductive tissues investigating the actions of estradiol led to the
paradigm of classical nuclear ERs as ligand-activated transcription factors (Fig. 6.2)
[13]. Although ERs exist in two main forms, o and 3, which have multiple splice
variants of unknown function, ERs exhibit tissue specificity in expression and func-
tion [14]. The classical, or genomic mechanism of ER action, includes the ligand-
activated dissociation of ER from its chaperone, receptor dimerization, and receptor
binding either to estrogen response elements (ERE) in target genes promoters or to
AP-1 or SP-1 response elements through association/tethering with other transcrip-
tion factors bound to DNA (Fig. 6.2) [15]. After binding, ER dimers interact with
basal transcription factors leading to activation or repression of target gene expres-
sion. Overlap in binding sites for E,-liganded ERo and ER is observed when recep-
tors are expressed individually; however, when both ERs are present, few sites are
shared. Each ER restricts the binding site occupancy of the other, with ERa domi-
nating [16]. Moreover, ligand-activated ER promotes transcription in a cyclic fash-
ion. The repeated cycling of the receptor complex on and off target promoters in the
presence of continuous E, stimulation may represent a mechanism of continuous
sensing and adaptation to the external hormonal milieu to yield the appropriate tran-
scriptional response [17].

Estrogen Receptor Action
+ Classical Mechanism | l r
E.-ER complex binds directly to EREs in target gene promoters.
— —
ERE
+ Indirect DNA Binding Mechanism—ERE independent genomic action TF‘r.
protein-protein interactions with other transcription factors (NFkB, AP1,
Runx).

- Ligand-Independent Genomic Action 0
Growth factors activate protein kinase cascades leading to — E
phosphorylation (P) of ER at EREs. ERE

=
+ Non-Genomic Mechanism W N\ TF r
Membrane-associated ERs mediate estrogen actions (e.g. G-
protein coupled receptors).

Fig. 6.2 Molecular actions of ERa to activate or repress target genes by classical, DNA binding
or nongenomic actions. ERE estrogen response element in target gene promoters, P phosphoryla-
tion, TF transcription factor
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In addition to classical signaling, E,-ERa can act within minutes or seconds via
extranuclear and membrane-associated forms of the receptor (Fig. 6.2) [18].
Membrane associated receptors are localized to caveolae where they congregate
with other signaling molecules, including G proteins, growth factor receptors, tyro-
sine kinases (Src), linker proteins (MNAR), and orphan G-protein coupled recep-
tors (GPCRs). In a variety of cell types, membrane and extranuclear pools of ERs
activate protein kinases that phosphorylate transcription factors to promote their
nuclear translocation and transcriptional action [18, 19]. The G protein-coupled
estrogen receptor (GPER), or GPR30, has been reported to respond to E, however
its role as an ER is still controversial and thus will not be discussed in this chapter.
Although it is thought that estrogen effects on reproductive function are almost
exclusively mediated via classical nuclear ERs acting as ligand-activated transcrip-
tion factors, a large component of ER action related to energy metabolism also
involve extranuclear ERs (Fig. 6.2) [20]. A central question in the field pertaining to
the tissue-specific sites of ERa action and the molecular mechanisms by which the
receptor selectively activates or represses target genes persists.

The Impact of Brain Estrogen Action in the Regulation
of Energy Intake and Expenditure

Studies in humans and animal models have established important roles for estrogens
in the regulation of metabolism. As estrogen levels decline during and following
menopause, the prevalence of obesity escalates markedly [11, 21, 22]. Ovariectomy
(OVX), i.e. removal of the ovaries, leads to increased adiposity in rodents [23-25],
that is prevented by estrogenization typically by subcutaneous implantation of a
time-release estrogen pellet [26]. Although OVX induces a transient increase in
food intake, prevented by E, normalization [27, 28], hyperphagia cannot solely
account for the changes in metabolism and the development of obesity [25].
Furthermore, mice of both sexes lacking the enzyme CYP19, aromatase (aromatase
promotes the synthesis of estradiol), develop obesity in the absence of hyperphagia.
Instead, aromatase-deficient mice exhibit reduced physical activity and diminished
lean body mass [29]. Similarly, mice of both genders with a homozygous null muta-
tion for Esrl (ERa) develop obesity in the absence of hyperphagia [30, 31]. This
work suggests that although endogenous E, favors body weight homeostasis by
increasing energy expenditure [32], exogenous estrogens may promote energy bal-
ance by influencing both energy intake and expenditure. Thus, loss of ERa action
produces a predominant decrease in energy expenditure, while conversely, increas-
ing ERa signaling by raising serum E, concentrations both suppresses energy intake
and increases energy expenditure as illustrated in Fig. 6.3 and discussed below.
For over a century we have known that specific regions of the CNS control food
intake, energy expenditure, and weight gain, as lesioning of specific hypothalamic
nuclei within the ventral medial hypothalamus (VMH) [33, 34] or lateral hypo-
thalamus (LH) caused dramatic changes in these biological processes [35, 36].
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Estrogen Action

Fig. 6.3 The effects of ERa action in POMC and SF-1 neurons to control feeding and energy
expenditure. Findings from Xu et al. Cell Metabolism 14, 453-465, 2011

ERa is highly expressed in the rodent brain including the ventrolateral portion of
the VMN, the ARC, the medial preoptic area (MPOA), and the paraventricular
nuclei (PVN) [37-43]. ERp is expressed in the same hypothalamic nuclei but at
significantly lower levels by comparison. The effects of E, on energy balance are
thought to be primarily mediated by ERa, as women or female mice with muta-
tions in the ERa gene become obese [30, 44]. Moreover, ERa homozygosity in
animals prevents the anti-obesity effects of estrogen replacement [26]. These gene
deletion studies are consistent with pharmacological interventions in ovariecto-
mized (OVX) mice in which the selective ERa agonist PPT was shown to suppress
food intake, in contrast to the selective ERP agonist DPN which failed to influence
feeding behavior [45—47].

The signaling mechanisms of ER action in hypothalamic neurons are not fully
defined, but evidence suggests the involvement of both classical and extranuclear ER
actions [27, 48]. In the arcuate nucleus, ERa is highly expressed in pro-
opiomelanocortin (POMC) neurons shown to modulate food intake, energy expendi-
ture, and reproduction (Fig. 6.3) [49]. POMC neurons secrete o melanocyte
stimulating hormone («MSH), which acts in the PVN and lateral hypothalamus on
melanocortin 3 and melanocortin 4 (MC3/MC4) receptors to produce catabolism by
reducing food intake and increasing energy expenditure [SO—53]. ARC POMC mRNA
levels fluctuate over the course of the estrous cycle, with a marked increase occurring
coincident with proestrous when E, concentration is the highest [27, 54-57].
Conversely, POMC levels are reduced in ERa knockout mice [58]. These E,-induced
synaptological rearrangements in POMC neurons are tightly paralleled with the
effects of estrogens on food intake, energy expenditure, and body weight [27], and
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appear mediated by MC4R [59]. Indeed, deletion of ERa in POMC neurons of mice
leads to hyperphagia without affect to energy expenditure or adipose tissue distribu-
tion [49].

The ventral medial hypothalamus, VMH, is also thought to be an important neu-
ral circuit responsible for the homeostatic regulation of body weight and food
intake, as estrogens have been shown to directly alter the electrophysiological prop-
erties of VMH neurons [60]. Small hairpin (sh) RNA-mediated ERa gene silencing
and selective ablation of ERa from SF-1 containing neurons of the VMH blunts
E,-induced weight loss, promoting increased visceral fat deposition, and reductions
in energy expenditure in the absence of hyperphagia (Fig. 6.3) [61]. These findings
support the notion that ERa signaling in VMH neurons plays an important role in
regulating physical activity, thermogenesis, and fat distribution.

Since leptin was first described in 1994 [62], it has proven to be a powerful cata-
bolic signal in the brain, inhibiting food intake and increasing energy expenditure
[52, 63, 64]. Leprb is localized in several brain areas including the VMH and the
ARG, and colocalizes with several neuropeptides known to control food intake and
reproduction [65-67]. Leprb also binds ERa in the ARC [68], which is consistent
with estrogens inducing leprb mRNA [69], possibly by direct genomic action medi-
ated by ERE binding in the promoter of the leptin receptor gene [70]. The extensive
hypothalamic colocalization of these two receptors suggests a closely coupled inter-
action between peripheral derived signals in the regulation of energy homeostasis.
Indeed, increased E, is associated with enhanced central leptin sensitivity in rodents
[71-73]. Although circulating leptin levels do not change appreciably during the
estrous cycle, ARC leprb expression is highest during estrous and metestrous and is
inversely correlated with neuropeptide Y (NPY) mRNA expression [69]. Moreover,
OVX lowers the sensitivity to central leptin when compared to normally cycling
females, and this leptin resistance is prevented by E, replacement [73]. Analogously
in male rodents, exogenous E, administration also increases sensitivity to central
leptin [73]. The differences in central leptin sensitivity caused by the presence or
absence of estrogens may occur downstream of leprb transcription and translation,
possibly at the level of STAT3, as E, decreases food intake and increases energy
expenditure, resulting in a reduction in body weight in leptin-deficient (ob/ob) and
leptin resistant (db/db) mice of both sexes [27].

NPY is an effective anabolic peptide considering that central administration of
NPY potently increases food intake and decreases energy expenditure and fat oxida-
tion [74-77]. ARC neurons coexpress NPY mRNA and leprb protein. Leptin admin-
istration decreases, while leptin deficiency or leptin resistance increases NPY (and
AgRP) mRNA, demonstrating that leptin is a critical determinant of ARC NPY func-
tion [78]. NPY neurons in the hypothalamus not only affect feeding, but also influ-
ence reproduction, therefore, E, can modulate both of these neuroendocrine systems
by regulating NPY gene expression, NPY Y1 receptor expression [79], and NPY
release [80]. Additionally, NPY/AgRP neurons are required to mediate the anorexi-
genic effects of E, and hypothalamic expression of NPY and AgRP is tightly regu-
lated across the estrus cycle, with the lowest levels during estrus concomitant with
the E, peak and feeding nadir in wild-type mice [81]. Importantly, the cyclic changes
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in food intake and E,-induced anorexia are blunted in mice with degenerated NPY/
AgRP neurons [81], indicating that neurons coexpressing NPY and AgRP are func-
tionally required for the cyclic changes in feeding across estrous cycle and that NPY/
AgRPneurons are essential mediators of the anorexigenic function of E,. Interestingly,
it was shown that ERa is completely excluded from NPY/AgRP neurons in the
mouse hypothalamus [81], suggesting that E, may regulate these neurons indirectly
via unknown presynaptic neurons expressing ERa.

ERa Expression in the Control of Adipose Tissue Distribution
and Obesity Susceptibility

There is a well-described sexual dimorphism in body fat distribution as men have
less total body fat but increased intra-abdominal adipose tissue compared with
women who have more total fat but a higher proportion of gluteal/femoral subcuta-
neous (SC) adipose tissue which is shown to be less pathogenic [§2—86]. Following
menopause and the decline in circulating E,, women gain intra-abdominal fat and
develop male-pattern adiposity ameliorated by estrogen replacement therapy [87—
89]. Additionally, adipose tissue redistribution is reported in male—female trans-
sexuals receiving estradiol supplementation in which increased SC fat relative to
intra-abdominal adipose tissue is observed [90]. Thus, estrogens are thought to
regulate fat distribution [90, 91], and this may contribute to improved metabolic
profile in women receiving HRT.

Accumulation of central intra-abdominal or visceral fat, (“android,” or male-
pattern obesity) is correlated with increased risk and mortality from diabetes and
atherosclerosis [92]. Intra-abdominal adipose tissue is thought to be metabolically
and functionally different from SC adipose tissue. Indeed, compared the SC fat,
intra-abdominal adipose tissue has more efferent sympathetic axons and capillar-
ies, per unit volume, and these capillaries drain into the hepatic portal system [92].
Surgical removal of intra-abdominal adipose tissue in humans results in decreased
insulin and glucose levels [93] and prevents the onset of insulin resistance and glu-
cose intolerance in male rodents [94]. In contrast, surgical removal of SC fat tissue
of equal weight has no appreciable impact on the same parameters [94].
Teleologically, males may preferentially deposit adipose tissue in the intra-
abdominal depot because of its ability to be rapidly mobilized providing a quick
and abundant energy source during times of increased energy demand. In contrast,
SC adipose tissue allows for efficient storage of maximal calories per unit volume
of tissue. Lipid deposition into SC adipose tissue may provide an evolutionary
advantage for females by extending protection during limited caloric supply in
order to maintain reproductive function. Importantly, females also mobilize adi-
pose tissue stored in SC depots to meet the caloric demands placed on the body
during breast feeding. In contrast to android or male-pattern adiposity, “gynoid” or
female-pattern fat deposition is only weakly correlated with metabolic dysfunction
and disease risk [95-99]. In fact, transplantation of SC fat from donor mice into



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 95

— Phenotype
e Circulating Factors:
TGlucose
T Insulin
T Estradiol
T Leptin
4 Adiponectin
1 PAL-1
T Total cholesterol
T Triglycerides

Reduced Activity and Caloric Expenditure

Obesity

Impaired Glucose Tolerance

Insulin Resistance (hepatic and skeletal muscle)
Impaired Fatty Acid Oxidation and Tissue Inflammation
Increased Susceptibility to Deleterious Effects of HFD
Increased Susceptibility to Atherosclerosis when
Crossed into the ApoE KO Mouse Line

—

* & & & @ & @

Fig. 6.4 Metabolic dysfunction in ERaKO mice. Animals develop insulin resistance, impaired
glucose tolerance and obesity as early as 3—6 months of age and are more susceptible to the delete-
rious effects of HFD than age-matched WT counterparts

visceral regions of recipient mice decreases total fat and improves glucose
homeostasis suggesting that adipose-secreted factors may act systemically to
improve metabolism [100].

In addition to ovarian production, estrogens are also synthesized in adipocytes
(via aromatization of androgenic precursors by CYP19), and circulating levels are
elevated in proportion to total body adiposity [101, 102]. ERa is highly expressed
in adipose tissue [103, 104], and targeted global deletion of the ERa gene (ERaKO)
in mice of both genders promotes increased adiposity, with a near doubling of the
visceral depots compared with age-matched wild-type (WT) mice (Fig. 6.4) [30]. In
contrast, mice with a homozygous deletion of ERf (BERKO) show a body compo-
sition identical to WT mice, suggesting that ER} may play a limited role in adipose
tissue development and metabolism [105]. Reduced ERa expression or impaired
ERa function due to genetic alteration has been linked with increased prevalence of
specific features of the metabolic syndrome including obesity in both male and
female humans and rodents [106—113]. The role of ERa in adipocytes and the phe-
notypic outcomes of adipose-specific ERa deletion in mice are currently under
investigation by several laboratories around the world. Whether the obesity pheno-
type observed in whole body Esrl~~ mice or women harboring an ESR/ inactivat-
ing mutation is explained by loss of ERa from adipose tissue specifically or as a
result of a secondary phenotype of ERa deletion from other metabolic tissues
remains unknown.
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Estrogen Action and Insulin Sensitivity

Insulin resistance is a central disorder in the pathogenesis of type 2 diabetes and a
defining feature of the Metabolic Syndrome, a clustering of metabolic abnormalities
including obesity, hypertension, glucose intolerance, and dyslipidemia [114, 115].
Normally cycling women show enhanced insulin sensitivity compared to men when
normalized to lean mass, and this is a likely contributor to the reduced incidence of
type 2 diabetes in pre-menopausal women [116, 117]. Moreover, although a 40-50 %
reduction in insulin-mediated glucose disposal is consistently observed in male mice
following high fat feeding [118, 119], E,-replete females, humans and rodents, are
typically protected against a high fat diet and acute fatty acid-induced insulin resis-
tance [120-123]. Following menopause or OVX, a precipitous decline in insulin
sensitivity coincides with increased fat mass, and elevated circulating inflammatory
markers, LDL, triglycerides, and fatty acids [11, 124, 125]. OVX mice and rats are
insulin resistant, show impaired exercise-stimulated glucose disposal into muscle
[126], and are more susceptible to the deleterious effects of high fat diet or lipid
oversupply, and these physiological consequences of OVX are prevented by restora-
tion of circulating estradiol within a physiological concentration [127].

Although chronic administration of E, is shown to improve insulin sensitivity, at
least in rodents, the acute action of E, to promote insulin-stimulated glucose uptake
into muscle remains disputed; this despite consistent observations of E,-induced
activation of Akt and AMP-activated Protein Kinase (AMPK) [128, 129].
Furthermore, although administration of intravenous conjugated estrogens and E, to
postmenopausal women or OVX rats, respectively, is shown to stimulate a signifi-
cant increase in glucose disposal during hyperinsulinemic-euglycemic clamp stud-
ies [130, 131], ex vivo treatment of skeletal muscle with E, failed to recapitulate the
same increase in insulin-stimulated glucose disposal [128]. This is also in contrast
to short-term estradiol effects on insulin action in myotubes from postmenopausal
women and age-matched men [132]. Thus, two questions remain; does E, enhance
insulin sensitivity and what are the critical tissues of E, action that confer protection
against insulin resistance induced by nutrient oversupply?

Similar to findings for ovarian failure in women and rodents, a reduction in cir-
culating estrogens resulting from rare inactivating mutations or experimental dele-
tion of Cyp19 (aromatase) in mice confers an obesity-insulin resistance phenotype
[29, 106, 133-139]. The physiological and genetic evidence argues that E, and ER
favor insulin sensitivity in rodents and humans of both sexes when E, is maintained
within a tight physiological concentration. Indeed, replacement or augmentation of
E, to supraphysiological levels or over-stimulation of ER is thought to induce insu-
lin resistance secondary to hyperinsulinemia and or a reduction in total GLUT4
expression in muscle [140, 141]. In fact, two studies have reported that in postmeno-
pausal women, higher plasma levels of E, were prospectively associated with
increased risk of developing T2D [142, 143]. Clearly, additional studies in rodents
and humans using a dose response strategy are necessary to better understand the
interplay of steroid hormones including E,, testosterone, and progesterone on the
regulation of metabolism and insulin action in glucoregulatory tissues.
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Although, several laboratories have characterized the whole body ERaKO
mouse (Fig. 6.4 Phenotype Overview), many questions still remain including the
tissues responsible for conferring the severe insulin resistance-obesity phenotype.
Does obesity arise from loss of ERa within adipocytes specifically or can it be
driven as a secondary phenotype resulting from a loss of ERa in brain, skeletal
muscle, liver, or even selective immune cells? Furthermore, does a loss of ERa
specifically from myocytes drive skeletal muscle insulin resistance, or does this
phenotype arise as a secondary consequence of increased adiposity and altered adi-
pokine/cytokine release?

Although two forms of the receptor are expressed in many of the glucoregulatory
tissues, ERa is found in much higher abundance than ERf, as ERp transcript is
nearly undetectable in human and rodent muscle [132, 144, 145]. Consistent with
these observations, homozygous deletion of ER failed to produce insulin resis-
tance [44] in contrast to the marked skeletal muscle insulin resistance observed in
ERaKO animals (Fig. 6.4) [146, 147]. The underlying mechanism contributing to
impaired insulin action in ERaKO animals remains disputed as findings reported by
Bryzgalova et al. [148] suggesting reduced total GLUT4 levels in muscle as an
underlying cause for the ERaKO insulin resistance phenotype was not supported by
Ribas et al. [146]. Furthermore, despite maintenance of GLUT4 mRNA and protein,
Ribas et al. reported more dramatic skeletal muscle insulin resistance in ERaKO
mice than Bryzgalova et al. work by Hevener and colleagues suggests that the skel-
etal muscle insulin resistance observed in ERaKO mice is predominantly due to
direct effects of ERa deletion on pro-inflammatory signaling and proximal insulin
signal transduction.

Indeed, emerging findings in muscle from muscle-specific ERa knockout mice
and myotubes with ERa knockdown show no alteration in GLUT4 mRNA or pro-
tein despite a marked impairment in insulin-stimulated glucose disposal. These
observations in the muscle-specific ERax mouse are entirely consistent with those of
whole body ERaKO mice (Figs. 6.4 and 6.5) [146, 149]. Furthermore, additional
studies by Barros et al. [141, 150] investigating alteration in GLUT4 expression in
response to ovariectomy and E, supplementation are in conflict with other published
studies of similar design [132, 145, 151-153]. Given the lack of consensus ERE in
the GLUT4 promoter [154] and absence of confirmatory findings in cellular reporter
and chromatin immunoprecipitation assays, the regulation of GLUT4 expression by
ERa requires further investigation. GLUT4 is impacted by several redundant tran-
scriptional pathways [155, 156], and this redundancy in regulation likely underlies
the maintenance of total GLUT4 transcript and protein levels in the absence of ERa
as well as in humans or rodents of both genders in the context of insulin resistance,
obesity, and type 2 diabetes [157-160]. Considering the concomitant increase in
ERa and GLUT4 expression observed in muscle of exercise-trained humans and
mice, it is conceivable that while ERa deletion fails to impact GLUT4 expression,
increased ERa action may mediate in part the training-induced increase in total
GLUT4 content [157, 161-166].

Myocyte enhancer factor 2 (MEF2) expression and a functional MEF2 element
in the GLUT4 promoter are critical for GLUT4 gene expression [167]. Furthermore,
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Fig. 6.5 The impact of skeletal muscle-specific ERa deletion on insulin sensitivity and adiposity
in female mice (Ribas et al. [149])

reciprocal regulation between ERa and MEF2 can be observed in cardiomyocytes
via ERa interaction with class Il HDAC [168]. Despite complex transcriptional sig-
nal integration in the regulation of GLUT4 expression [155, 156, 169-172], it is
reasonable to speculate that elevated ERa action could promote increased GLUT4
transcription via heightened protein tethering with MEF2 on the GLUT4 promoter
or by indirect action via AMPK [128, 173]. It is important to note that transcrip-
tional activity of the GLUT4 promoter is quite low under basal conditions and other
ovarian hormones, e.g. progesterone, are shown to play an antagonistic role in the
regulation of GLUT4 expression [126]. These issues as well as the dose of E,
administration during interventional studies (presumably off-target effects of super-
physiological doses of E, are deleterious to metabolism), the age and hormone sta-
tus of the human subjects and rodents used are important considerations when
interpreting the literature. Given the varying roles that muscle and adipose tissue
play in controlling whole body metabolic homeostasis, it is likely that the interplay
of transcriptional regulators of GLUT4 vary markedly between tissues. Taken
together, these data would suggest a potential role for ERa as an enhancer of GLUT4
transcription in muscle under certain conditions, but not necessarily obligatory in
the direct regulation of GLUT4 expression under basal conditions.

Collectively, work by Ribas et al. suggests that the skeletal muscle insulin resis-
tance observed in whole body ERaKO mice and animals with a muscle-specific dele-
tion of ERa is predominantly the result of impaired insulin signal transduction [149].
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A role for ERa in the regulation of proximal insulin signal transduction has been
suggested previously as E, administration to insulin resistant rodents increases insu-
lin receptor substrate (IRS)-1 abundance and insulin-stimulated tyrosine phosphor-
ylation and as well as the phosphotylation of Akt at Ser473 [147, 174]. Akt serves
many functions in myocytes including ERa-induced regulation of myogenic dif-
ferentiation [175], suppression of muscle-atrophy associated ubiquitin ligases via
FOXO1 inhibition [176], and induction of genes associated with myocellular prolif-
eration [175, 177-180]. In breast cancer cell lines, endothelial cells, and cortical
neurons, ERa-specific binding and activation of PI3kinase as well as suppression of
the tumor suppressor and PI3kinase inhibitory protein, PTEN, is well-established
[181-185]; however, studies on these direct interactions in skeletal muscle are lim-
ited. Additionally, E, acting via ERa is also shown to promote phosphorylation of
p38 MAPK [186, 187], a signaling cascade shown to enhance GLUT4 intrinsic
activity and glucose uptake [188—190]. Furthermore, it is possible that ERa activa-
tion of Akt and MAPK pathways may underlie in large part the E,-mediated protec-
tion of muscle against age-induced sarcopenia [191-197], exercise-induced muscle
damage [179, 193, 198, 199], and myocyte apoptosis in the face of a variety of
cellular perturbations [200-203]. Thus, ERa stimulation of muscle growth and
insulin sensitivity via direct and indirect interaction with these pathways requires
further exploration.

In contrast to the protective effects of ERa, it is suggested that ER may promote
insulin resistance in skeletal muscle when the ERB:ERa« is elevated. In OVX mice,
while ERa-specific activation by PPT improved muscle insulin action [129], con-
versely, ligand-specific activation of ERp by DPN failed to ameliorate insulin resis-
tance [129]. Moreover, ovariectomy of hyperestrogenic female ERa-deficient mice
was shown to improve glucose tolerance and insulin sensitivity presumably though
elimination of ERp activation by endogenous E, [204]. Similarly, administration of
an ERB-selective agonist to male E,-deficient ArKO mice decreased glucose uptake
[150]. Finally, evidence indicates that ERp-deficiency protects against diet-induced
insulin resistance in male mice by increasing PPARY signaling in adipocytes, which
indirectly improves skeletal muscle insulin action by promoting lipid accumulation
in adipose tissue and diminishing ectopic lipid deposition in muscle [205, 206].
A role for ERp in the pathogenesis of human insulin resistance remains unknown
and there is still much work to do in determining the tissue-specific interactions of
these transcription factors under more physiological conditions.

ERa and Skeletal Muscle Fatty Acid Metabolism
and Inflammation

Normally cycling women are protected against acute lipid-induced insulin resistance
compared with estrogen-deficient women and men [120, 207]. Furthermore, muscle
from premenopausal women shows enhanced insulin sensitivity despite 47 % higher
triglyceride content compared with age-matched men [158]. These observations are
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consistent with a reduced respiratory quotient and greater reliance on the oxidation
of fatty acids as a fuel source in women [208]. Interesting similarities between E,
replete women and exercise trained subjects including elevated muscle ERa expres-
sion [144, 166, 209], heightened insulin sensitivity [210], elevated muscle lipid
tolerance [211], and enhanced oxidative capacity [212, 213] are consistently
observed. Estrogen supplementation is shown to enhance lipid oxidation in men
during acute endurance exercise [214] as well as palmitate oxidation in myotubes
from male subjects ex vivo [132]. The effect of E, to increase the expression of fatty
acid transport protein FAT/CD36 and FABP as well as transcription factors and key
enzymes that regulate oxidative metabolism [151, 157, 215] likely underlie these
observations in male subjects. In addition, exercise and E, are shown to rapidly
stimulate AMPK phosphorylation in both muscle and myotubes [128, 216]. AMPK
is considered a central regulator of many cellular processes including growth, mito-
chondrial biogenesis, and oxidative metabolism [217, 218]. Similar to the effects of
E, the ERa-selective agonist PPT stimulates AMPK phosphorylation in muscle of
female rats [129] while OVX or whole body ERa deletion is associated with reduced
skeletal muscle levels of phosphorylated AMPK [146, 219]. Muscle PPAR«,
PPARS, and UCP2 expression are also reduced in whole body ERaKO mice sug-
gesting that ERa is essential in the regulation of a coordinated program regulating
oxidative metabolism. Importantly, although the impairment in muscle fatty oxida-
tion was recapitulated in the muscle-specific ERaKO mice (MERKO), no altera-
tion in basal p-AMPK, PPARa, PPARS, or UCP2 was observed [149], thus
suggesting that these specific alterations in muscle gene expression in ERaKO
mice are secondary to the loss of ERa in other metabolic tissues, likely the CNS,
adipose, or liver. Despite these model differences, the skeletal muscle insulin resis-
tance and bioactive lipid accumulation (triacylglycerol, diacylglycerol, and cerami-
des) was surprisingly similar between ERaKO and MERKO. Consistent with these
observations, oxygen consumption rates in C2C12 myotubes with ERa knockdown
were reduced significantly. In addition, mitochondria from muscle cells depleted of
ERa produced high levels of reactive oxygen species thus precipitating increased
cellular oxidative stress. Collectively these data support the notion that ERa is
critical for maintaining fatty acid oxidation in skeletal muscle by mechanisms
including the regulation of: (1) fatty acid transport into the cell, (2) activation of
intermediary signaling critical for shifting substrate metabolism, (3) transcriptional
regulators of fatty acid metabolism, and mitochondrial function. Thus, ERa expres-
sion in skeletal muscle may be a central regulator of adiposity by indirect action as
MERKO mice reproduced the obesity phenotype observed in the whole body
ERaKO (Fig. 6.5).

Moreover, E, treatment reduces HFD-induced insulin resistance in skeletal mus-
cle by 50 % (assessed by hyperinsulinemic-euglycemic clamp) in an ERa-dependent
manner [147]. The mechanistic link between the accumulation of lipid intermedi-
ates, activation of inflammatory signaling cascades, and impaired insulin action is
shown in myocytes and rodent muscle, and indeed these factors are observed con-
currently in obese, type 2 diabetic subjects [220-223], as well as muscle from whole
body and muscle-specific ERaKO mice [146]. Bioactive lipid intermediates
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including diacylglycerol and ceramides are believed to activate stress kinases
including IKKp, c-Jun-N-terminal kinase (JNK), and certain nPKCs [221, 224—
226]. Indeed, muscle from normal chow-fed whole body ERaKO mice showed
heightened inflammatory signaling as reflected by markedly increased JNK phos-
phorylation and TNFa« transcript [146]. In addition to the increase in bioactive lipid
intermediates found in ERaKO muscle, the production of reactive oxygen species
as well as the possible ERa de-repression of selective inflammatory targets within
the nucleus are likely mediators of heightened muscle inflammation.

Markers of inflammation and oxidative stress are elevated in rodent models of
obesity and in patients with type 2 diabetes [227, 228]. Myotubes and skeletal mus-
cle with ERa deletion showed a marked reduction in Gpx3 expression, an antioxi-
dant enzyme reported to scavenge hydrogen peroxide and diminish oxidative stress
[145, 146]. E, replacement in OVX animals also increased Gpx3 expression in skel-
etal muscle [145]. Given that Gpx3 expression levels in skeletal muscle are elevated
in females compared to male [229], reduced in T2DM patients [230], are associated
with insulin resistance and metabolic dysfunction [230], and the gene is now identi-
fied as a causal candidate for obesity [231], additional work studying the direct role
of estrogen action in the regulation of anti-oxidant enzymes appears warranted.

Although reductions in mitochondrial number and function have been implicated
in the pathobiology of insulin resistance [232-235], and indeed gender dimorphisms
in mitochondrial biology have been described [236], whether E,/ERa preserves
insulin action by maintenance of mitochondrial integrity remains unknown.
Emerging unpublished findings from the Hevener laboratory indicate that skeletal
muscle ERa is critical for the maintenance of mitochondrial function and the turn-
over of damaged organelles. However, the mechanisms underlying these observa-
tions remain incompletely understood at the present time.

ERs and Hepatic Insulin Sensitivity

Hepatic insulin resistance contributes to impaired glucose tolerance and fasting
hyperglycemia of type 2 diabetes by unrestrained hepatic glucose production.
Although a direct role of the liver in the insulin resistance phenotype induced by E,
deficiency or tissue-selective ablation of ERa remains unclear. Bryzgalova et al.
showed that the global insulin resistance of female mice with a homozygous ERa
null mutation was due almost exclusively to impaired suppression of hepatic glu-
cose production (HGP) during euglycemic-hyperinsulinemic clamp studies in anes-
thetized mice [148]. In contrast, Ribas et al., reported in the same ERa-deficient
female mice only modest reduction in liver insulin sensitivity during euglycemic-
hyperinsulinemic clamp studies in conscious animals [31]. Thus, the possibility
exists that anesthesia artificially contributed to the severe hepatic insulin resistance
phenotype observed by Bryzgalova et al. in ERa-deficient mice [148]. Studies in
liver-specific ERa-deficient mice should provide the definitive findings required to
determine the role of liver ERa in controlling hepatic insulin action and glucose
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tolerance. Still, E, and PPT treatments ameliorate insulin resistance in genetically
obese leptin resistant and high fat diet-fed mice [147, 237]. Numerous studies are in
agreement that E, suppresses lipogenic gene expression, triglyceride accumulation,
and steatosis in liver of HFD-fed [237] and leptin-resistant female mice (Fig. 6.6)
[238]. Interestingly, this effect is not always reproduced by the ERa, selective ago-
nists PPT [239]. A significant limitation of studies inducing chronic estradiol eleva-
tion is the inability to ascribe specific actions of estradiol or ERa agonism to a given
tissue as circulating estradiol impacts all metabolic tissues producing numerous
secondary phenotypes due to extensive tissue crosstalk. Moreover, E, and possibly
ERa, cyclicity appears critical in the regulation of gene expression and cellular
function, and this cyclicity is eliminated during chronic E, or ERa agonist adminis-
tration. Together, these data suggest that ERa activation protects from hepatic insu-
lin resistance by preventing ectopic lipid accumulation in liver (lipotoxicity), but the
direct involvement of ERa and the molecular mechanisms of action in hepatocytes
require further clarification.

Estrogen Action, Immunity, and the Metabolic Syndrome

Estrogens affect many immune and inflammatory conditions including auto-
immune diseases [240-245] as well as immuno-modulatory responses to parasitic
and bacterial infection [246-251]. Following OVX, immune cell infiltration and
increased tissue inflammation (TNFa, iNOS, and CD11c¢) coincided with a ~4 fold
increase in perigonadal and inguinal fat. The T-cell marker CD3 and the Thl cyto-
kine interferon y were also elevated in perigonadal fat from ovariectomized female
mice [32] suggesting that the absence of E, promotes immune cell inflammation.
Indeed, similar to findings in rodents, circulating levels of pro-inflammatory cyto-
kines are elevated in women following natural or surgical menopause [124]. In line
with these studies, work by the laboratory of Pierre Gourdy showed that E, height-
ens the inflammatory response to intraperitoneal injection of thioglycollate or lipo-
polysaccharide, and that ERa is critical in mediating these actions as well as
reducing bacterial burden through phagocytosis [248]. Taken together, these data
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Fig. 6.7 Myeloid-specific ERa deletion promotes obesity, insulin resistance, and atherosclerosis
susceptibility in female mice

suggest that ERa expression in immune cells is critical for mediating a variety of
cellular responses necessary for normal innate and adaptive immunity.

ERa is expressed in macrophages and other immune cells known to exert dra-
matic effects on glucose homeostasis. Macrophages are central effector cells of
innate and adaptive immunity, and over the past decade their role in modulating
whole body metabolism and insulin sensitivity has taken on increasing interest
[252,253]. Recently Ribas et al. investigated the impact of ERa expression on mac-
rophage function to determine whether hematopoietic or myeloid-specific ERa
deletion manifests an obesity-induced insulin resistance phenotype in mice [254].
This group sought to determine how much of the whole body ERaKO phenotype
could be recapitulated by deletion of ERa specifically from myeloid cells. Indeed,
altered plasma adipokine and cytokine levels, glucose intolerance, insulin resis-
tance, and increased adipose tissue mass were observed in animals harboring a
hematopoietic or myeloid-specific deletion of ERa (Fig. 6.7) [254]. A similar obese
phenotype with increased atherosclerotic lesions was produced in LDLR-KO mice
transplanted with ERaKO bone marrow. In isolated macrophages, Ribas et al. found
that ERa is necessary for repression of inflammation, maintenance of oxidative
metabolism, IL4-mediated induction of alternative activation, full phagocytic
capacity in response to LPS, and oxidized LDL-induced expression of ApoE and
Abcal (Fig. 6.7) (301). Moreover, bone marrow-derived macrophages lacking ERa
secrete factors that induce skeletal muscle and adipocyte insulin resistance in
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culture [254]. A major limitation in the field is the failed identification of these pro-
inflammatory insulin-resistance producing substance secreted from immune cells.
Thus, metabolomic and proteomic analyses will be necessary to move the field for-
ward in this regard. It is likely that these macrophage-secreted factors include a
combination of cytokines, fatty acids, and reactive oxygen/nitrogen species that act
to alter metabolic function of adjacent cells in contact or in close proximity with
tissue resident macrophages.

Taken together, these data suggest that ERa expression in immune cells is critical
for mediating a variety of cellular responses necessary for normal innate and adap-
tive immunity. When E, levels are low or ERa action is impaired, disease suscepti-
bility increases as the functionality and responsiveness of critical immune cell types
become compromised. Although a few direct ERa targets in myeloid cells have
been identified, considering the intricate and diverse signaling by ERa as well as the
complex nature and crosstalk between cell types, the impact of sex steroids on
immunometabolism requires further and more sophisticated dissection.

Estrogen Action and Pancreatic f-Cell Function

The role of estrogens and ERs in f-cell function and the protection of f-cell mass
has been recently reviewed [19] and for the purpose of this chapter, we will focus on
the most recent developments. In rodent models, treatment with E, protects pancre-
atic B-cells against various injuries encountered in both TIDM and T2DM, includ-
ing oxidative stress, amyloid polypeptide toxicity, lipotoxicity, and apoptosis [19].
Three receptors—ERa, ERfB, and GPER —have been identified in rodent and human
B cells. Unlike the classical nuclear ERs acting as ligand-activated transcription fac-
tors in breast or uterine cells, f-cell ERs reside mainly in extranuclear locations.
They promote their effect via cytosolic interactions with kinases such as Src, ERK,
and AMPK or transcription factors of the STAT family [19, 255-258]. Activation of
ERa enhances glucose-stimulated insulin biosynthesis [255, 259] though a pathway
involving Src, ERK, and the stimulation of the nuclear translocation and binding to
the insulin promoter of the insulintropic transcription factor NeuroD1 (Fig. 6.8)
[255]. Activation of ERa reduces de novo synthesis of fatty acids and restrains lipo-
genesis and accumulation of toxic lipid intermediates in islets (Fig. 6.8) [256-258].
This anti-lipogenic action involves extranuclear ERa activation and promotes the
nuclear translocation of STAT3 leading to an inhibition of the master regulator of
lipogenesis the liver X receptor (LXR)p and its transcriptional targets, sterol regula-
tory element-binding protein 1c (SREBPIc) and carbohydrate response element
binding protein (ChREBP). The suppression of LXRf and SREBP1c mRNA may
be mediated via a membrane associate ERa working through Src and STAT3 [258].
In B-cells, chronic LXR activation provokes lipogenesis associated with lipotoxicity
and apoptosis [260]. Thus, ERa suppression of LXR expression in p-cells may
account for the inhibition of lipogenesis and prevention of islet lipotoxicity (Fig. 6.8)
[258]. Moreover, ERa can also activate AMP-kinase to suppress SREBP-1c gene
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Fig. 6.8 The effects of islet-specific ERa deletion on pancreatic function and glucose homeostasis [19]

and protein expression [258]. Thus, taken together, ERa acts via STAT3 and AMPK
pathways to decrease expression and activity of the master effector of FA synthesis
under conditions of glucose surplus [256].

Additionally, ERa promotes p-cell survival from most pro-apoptotic stimuli
encountered in the diabetic condition [261-263]. Anti-apoptotic mechanisms
involve a combination of rapid ERa actions mediated by protein phosphorylation
[262, 263], and a more classical genomic mechanism inducing an anti-inflammatory
cascade via liver receptor homolog-1 (LRH-1) [264]. Activation of ERp seems to
predominantly enhance glucose-stimulated insulin secretion [265, 266] via a mem-
brane pathway and activation of the ANF receptor promoting closure of KATP
channels [265]. GPER activation, however, protects p-cells from lipid accumulation
[257] and promotes cell survival [262, 267, 268]. GPER activation also enhances
glucose-stimulated insulin secretion [267, 269] via activation of the epidermal
growth factor receptor and ERK [269], but has no effect on insulin biosynthesis
[255]. However, it has been proposed that GPER induces the expression of ERa36,
a splice variant of the classical long isoform of ERa66 [270], as both ERa66 and
ERa36 are expressed in p-cells [256]. Thus, it is unclear whether GPER effects on
[-cells are due to intrinsic GPER action or indirect effects of GPER collaborating
with ERa36 at the membrane. Importantly, the beneficial effects of ER ligands on
[-cell survival, function, and nutrient homeostasis described above are all observed
in human B-cells [19, 256, 262, 268, 271].

Perhaps the translational potential of E, therapy in p-cell protection would be
best achieved in the context of pancreatic islet transplantation (PIT). Fertile women
with type 1 diabetes (T1D) show E, deficiency compared to nondiabetic women
[272], suggesting that islet survival in T1D women undergoing islet transplantation
could be enhanced by short-term augmentation of circulating E, To explore this
hypothesis, Mauvais-Jarvis and colleagues used a T1D model with xenotransplanta-
tion of human islets in nude mice rendered insulin-deficient by streptozotocin. In
this model a 4 week E, treatment protected p-cell mass and enhanced islet revascu-
larization and engraftment [273]. Thus, transient E, treatment provided an immedi-
ate therapeutic impact to improve PIT and achieve insulin independence with fewer
islets. Studies in human subjects are warranted and considering the short-term dura-
tion of E, administration, the risk of secondary complications arising in reproduc-
tive tissues is minimal.
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Conclusions and Perspectives

Over the past decade, a vast literature of molecular targets has emerged promising
the prospect of pharmacological intervention for the restoration of metabolic
homeostasis and insulin action to ameliorate complications associated with diabetes
and obesity in humans. The inherent simplicity and elegance of using estrogens or
ER agonists as therapeutic agents, at least in women, is underscored by decades of
research and in depth knowledge related to biological/clinical efficacy and toxicity
profiles obtained by in vivo studies in preclinical animal models and humans.
Estradiol and ERa-specific agonists are shown to promote energy homeostasis,
improve body fat distribution, and diminish insulin resistance, p-cell dysfunction
and inflammation. The challenge with estrogen supplementation, however, is the
relatively narrow therapeutic index when used chronically. Thus, although success-
ful in rodents, the translation of basic science advances showing amelioration of
complications associated with metabolic dysfunction by E, described in this review
becomes problematic when extending to clinical practice. However, 10 years after
the WHI concluded that the risks of hormone therapy outweigh benefit, reevaluation
of the WHI findings and determination that the risks of breast cancer, coronary heart
disease, stroke, and pulmonary embolism with estrogen—progestin treatment were
overstated, a revised position statement issued by the North American Menopause
Society [274], stating that HRT has a role in short-term treatment of menopausal
symptoms has led to the renewed interest in investigating the therapeutic benefits of
HRT. Thus, moving forward, it will be important to determine whether short-term
treatment with HRT during early menopause offers protection against metabolic
dysfunction.

Additionally, it is imperative that we determine mechanistically how best to
modulate specific ERa-regulated pathways involved in energy balance and glucose
homeostasis and develop targeted estrogen mimetics yielding metabolic benefit
without unwanted side effects. This could be achieved possibly by fusion peptides
[275, 276] or through novel SERMs that retain the beneficial metabolic effects of E,
in desired tissues, while exerting minimal or antagonistic effects on ERs in breast
and uterus. With regard to whole body metabolism and obesity, future studies should
focus on identifying the critical brain sites where ERs regulate body weight homeo-
stasis and delineate the intracellular signaling pathways that are required for estro-
gen action. Additionally, determining the functional role and molecular mechanisms
ER action in islets and immune cells, skeletal muscle, liver, and adipose tissue as
well as the metabolic crosstalk between these tissues may reveal additional pharma-
cological targets for therapeutic intervention. Furthermore, a major limitation in our
understanding and interpretation of E, action is the lack of information regarding
the contribution of extranuclear vs. nuclear ER actions, as well as ligand vs. non-
ligand-mediated functions of estrogen receptors in metabolic tissues. Delineation of
these pathways and the tissue specificity with which these signaling pathways are
engaged will be critical in moving the field forward and advancing therapeutic strat-
egies to improve women’s health.



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 107

Acknowledgements We attempted to reference the many laboratories who have contributed in
advancing the field of research and apologize to those investigators we were unable to cite in this
chapter.

This work was supported by grants from National Institutes of Health DK89109 and DK063491,
UCLA Department of Medicine, UCLA Iris-Cantor Women’s Health Foundation and the UCLA
Jonsson Comprehensive Cancer Center.

References

10.

11.

12.

13.

14.

15.

16.

. Ziel HK, Finkle WD (1975) Increased risk of endometrial carcinoma among users of conju-

gated estrogens. N Engl J Med 293:1167-1170

. Smith DC, Prentice R, Thompson DJ, Herrmann WL (1975) Association of exogenous estro-

gen and endometrial carcinoma. N Engl J Med 293:1164-1167

. Keating NL, Cleary PD, Rossi AS, Zaslavsky AM, Ayanian JZ (1999) Use of hormone

replacement therapy by postmenopausal women in the United States. Ann Intern Med 130:
545-553

. Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C, Stefanick ML, Jackson

RD, Beresford SA, Howard BV, Johnson KC et al (2002) Risks and benefits of estrogen plus
progestin in healthy postmenopausal women: principal results from the Women’s Health
Initiative randomized controlled trial. JAMA 288:321-333

. Mendelsohn ME, Karas RH (2007) HRT and the young at heart. N Engl J Med 356:

2639-2641

. Naftolin F, Taylor HS, Karas R, Brinton E, Newman I, Clarkson TB, Mendelsohn M, Lobo

RA, Judelson DR, Nachtigall LE et al (2004) The Women’s Health Initiative could not have
detected cardioprotective effects of starting hormone therapy during the menopausal transi-
tion. Fertil Steril 81:1498-1501

. Rossouw JE, Prentice RL, Manson JE, Wu L, Barad D, Barnabei VM, Ko M, LaCroix AZ,

Margolis KL, Stefanick ML (2007) Postmenopausal hormone therapy and risk of cardiovas-
cular disease by age and years since menopause. JAMA 297:1465-1477

. Manson JE, Allison MA, Rossouw JE, Carr JJ, Langer RD, Hsia J, Kuller LH, Cochrane BB,

Hunt JR, Ludlam SE et al (2007) Estrogen therapy and coronary-artery calcification. N Engl
J Med 356:2591-2602

. Hodis HN, Mack WJ (2009) Coronary heart disease and hormone replacement therapy after

the menopause. Climacteric 12(Suppl 1):71-75

Santen RJ, Allred DC, Ardoin SP, Archer DF, Boyd N, Braunstein GD, Burger HG, Colditz
GA, Davis SR, Gambacciani M et al (2010) Postmenopausal hormone therapy: an Endocrine
Society scientific statement. J Clin Endocrinol Metab 95:s1-s66

Carr MC (2003) The emergence of the metabolic syndrome with menopause. J Clin
Endocrinol Metab 88:2404-2411

Mauvais-Jarvis F (2011) Estrogen and androgen receptors: regulators of fuel homeostasis and
emerging targets for diabetes and obesity. Trends Endocrinol Metab 22:24-33

O’Malley BW (1971) Mechanisms of action of steroid hormones. N Engl J Med 284:
370-377

Nilsson S, Makela S, Treuter E, Tujague M, Thomsen J, Andersson G, Enmark E, Pettersson
K, Warner M, Gustafsson JA (2001) Mechanisms of estrogen action. Physiol Rev 81:
1535-1565

Safe S, Kim K (2008) Non-classical genomic estrogen receptor (ER)/specificity protein and
ER/activating protein-1 signaling pathways. J Mol Endocrinol 41:263-275

Charn TH, Liu ET, Chang EC, Lee YK, Katzenellenbogen JA, Katzenellenbogen BS (2010)
Genome-wide dynamics of chromatin binding of estrogen receptors alpha and beta: mutual
restriction and competitive site selection. Mol Endocrinol 24:47-59



108

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

A.L. Hevener and B.G. Drew

. Shang Y, Hu X, DiRenzo J, Lazar MA, Brown M (2000) Cofactor dynamics and sufficiency
in estrogen receptor-regulated transcription. Cell 103:843-852

Hammes SR, Levin ER (2007) Extranuclear steroid receptors: nature and actions. Endocr
Rev 28:726-741

Tiano JP, Mauvais-Jarvis F (2012) Importance of oestrogen receptors to preserve functional
beta-cell mass in diabetes. Nat Rev Endocrinol 8(6):342-351

Liu S, Mauvais-Jarvis F (2010) Minireview: estrogenic protection of beta-cell failure in met-
abolic diseases. Endocrinology 151:859-864

Flegal KM, Carroll MD, Ogden CL, Johnson CL (2002) Prevalence and trends in obesity
among US adults, 1999-2000. JAMA 288:1723-1727

Freedman DS, Khan LK, Serdula MK, Galuska DA, Dietz WH (2002) Trends and correlates
of class 3 obesity in the United States from 1990 through 2000. JAMA 288:1758-1761
Blaustein JD, Wade GN (1976) Ovarian influences on the meal patterns of female rats.
Physiol Behav 17:201-208

Drewett RF (1973) Sexual behaviour and sexual motivation in the female rat. Nature
242:476-477

Wallen WJ, Belanger MP, Wittnich C (2001) Sex hormones and the selective estrogen recep-
tor modulator tamoxifen modulate weekly body weights and food intakes in adolescent and
adult rats. J Nutr 131:2351-2357

Geary N, Asarian L, Korach KS, Pfaff DW, Ogawa S (2001) Deficits in E2-dependent control
of feeding, weight gain, and cholecystokinin satiation in ER-alpha null mice. Endocrinology
142:4751-4757

Gao Q, Mezei G, Nie Y, Rao Y, Choi CS, Bechmann I, Leranth C, Toran-Allerand D, Priest
CA, Roberts JL et al (2007) Anorectic estrogen mimics leptin’s effect on the rewiring of
melanocortin cells and Stat3 signaling in obese animals. Nat Med 13:89-94

Clegg DJ, Benoit SC, Barrera JG, Woods SC (2003) Estrogen mediates body fat distribution
and brain sensitivity to adiposity signals. Diabetes 52 (supplement 1)

Jones ME, Thorburn AW, Britt KL, Hewitt KN, Wreford NG, Proietto J, Oz OK, Leury BJ,
Robertson KM, Yao S et al (2000) Aromatase-deficient (ArKO) mice have a phenotype of
increased adiposity. Proc Natl Acad Sci U S A 97:12735-12740

Heine PA, Taylor JA, Iwamoto GA, Lubahn DB, Cooke PS (2000) Increased adipose tissue
in male and female estrogen receptor-alpha knockout mice. Proc Natl Acad Sci U S A 97:
12729-12734

Ribas V, Nguyen MT, Henstridge DC, Nguyen AK, Beaven SW, Watt MJ, Hevener AL
(2009) Impaired oxidative metabolism and inflammation are associated with insulin resis-
tance in ERalpha-deficient mice. Am J Physiol Endocrinol Metab 298(2):E304-E319
Rogers NH, Perfield JW 2nd, Strissel KJ, Obin MS, Greenberg AS (2009) Reduced energy
expenditure and increased inflammation are early events in the development of ovariectomy-
induced obesity. Endocrinology 150:2161-2168

Smith GP (2000) The controls of eating: a shift from nutritional homeostasis to behavioral
neuroscience. Nutrition 16:814-820

Louis-Sylvestre J (1980) Neuroendocrinology of hyperphagias and obesities. Reprod Nutr
Dev 20:1545-1562

Danguir J, Nicolaidis S (1980) Cortical activity and sleep in the rat lateral hypothalamic
syndrome. Brain Res 185:305-321

Milam KM, Stern JS, Storlien LH, Keesey RE (1980) Effect of lateral hypothalamic lesions
on regulation of body weight and adiposity in rats. Am J Physiol 239:R337-R343

Simerly RB, Chang C, Muramatsu M, Swanson LW (1990) Distribution of androgen and
estrogen receptor mRNA-containing cells in the rat brain: an in situ hybridization study.
J Comp Neurol 294:76-95

Simonian SX, Herbison AE (1997) Differential expression of estrogen receptor alpha and
beta immunoreactivity by oxytocin neurons of rat paraventricular nucleus. J Neuroendocrinol
9:803-806



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 109

39

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

. Voisin DL, Simonian SX, Herbison AE (1997) Identification of estrogen receptor-containing
neurons projecting to the rat supraoptic nucleus. Neuroscience 78:215-228

Osterlund M, Kuiper GG, Gustafsson JA, Hurd YL (1998) Differential distribution and regu-
lation of estrogen receptor-alpha and -beta mRNA within the female rat brain. Brain Res Mol
Brain Res 54:175-180

Wilkinson HA, Dahllund J, Liu H, Yudkovitz J, Cai SJ, Nilsson S, Schaeffer JM, Mitra SW
(2002) Identification and characterization of a functionally distinct form of human estrogen
receptor beta. Endocrinology 143:1558-1561

Shima N, Yamaguchi Y, Yuri K (2003) Distribution of estrogen receptor beta mRNA-
containing cells in ovariectomized and estrogen-treated female rat brain. Anat Sci Int
78:85-97

Merchenthaler I, Lane MV, Numan S, Dellovade TL (2004) Distribution of estrogen receptor
alpha and beta in the mouse central nervous system: in vivo autoradiographic and immuno-
cytochemical analyses. J] Comp Neurol 473:270-291

Ohlsson C, Hellberg N, Parini P, Vidal O, Bohlooly M, Rudling M, Lindberg MK, Warner M,
Angelin B, Gustafsson JA (2000) Obesity and disturbed lipoprotein profile in estrogen
receptor-alpha- deficient male mice. Biochem Biophys Res Commun 278:640-645

Roesch DM (2006) Effects of selective estrogen receptor agonists on food intake and body
weight gain in rats. Physiol Behav 87:39-44

Santollo J, Wiley MD, Eckel LA (2007) Acute activation of ER alpha decreases food intake,
meal size, and body weight in ovariectomized rats. Am J Physiol Regul Integr Comp Physiol
293:R2194-R2201

Liang YQ, Akishita M, Kim S, Ako J, Hashimoto M, lijima K, Ohike Y, Watanabe T, Sudoh
N, Toba K et al (2002) Estrogen receptor beta is involved in the anorectic action of estrogen.
Int J Obes Relat Metab Disord 26:1103—-1109

Dhillon SS, Belsham DD (2011) Estrogen inhibits NPY secretion through membraneassoci-
ated estrogen receptor (ER)-alpha in clonal, immortalized hypothalamic neurons. Int J Obes
(Lond) 35(2):198-207

Xu Y, Nedungadi TP, Zhu L, Sobhani N, Irani BG, Davis KE, Zhang X, Zou F, Gent LM,
Hahner LD et al (2011) Distinct hypothalamic neurons mediate estrogenic effects on energy
homeostasis and reproduction. Cell Metab 14:453-465

Elmquist JK, Maratos-Flier E, Saper CB, Flier JS (1998) Unraveling the central nervous
system pathways underlying responses to leptin. Nat Neurosci 1:445-450

Elias CF, Aschkenasi C, Lee C, Kelly J, Ahima RS, Bjorbaek C, Flier JS, Saper CB, Elmquist
JK (1999) Leptin differentially regulates NPY and POMC neurons projecting to the lateral
hypothalamic area. Neuron 23:775-786

Elmquist JK, Elias CF, Saper CB (1999) From lesions to leptin: hypothalamic control of food
intake and body weight. Neuron 22:221-232

Elias CF, Kelly JF, Lee CE, Ahima RS, Drucker DJ, Saper CB, Elmquist JK (2000) Chemical
characterization of leptin-activated neurons in the rat brain [In Process Citation]. J Comp
Neurol 423:261-281

Wise PM, Scarbrough K, Weiland NG, Larson GH (1990) Diurnal pattern of proopiomelano-
cortin gene expression in the arcuate nucleus of proestrous, ovariectomized, and steroid-treated
rats: a possible role in cyclic luteinizing hormone secretion. Mol Endocrinol 4:886-892
Bohler HC Jr, Tracer H, Merriam GR, Petersen SL (1991) Changes in proopiomelanocortin
messenger ribonucleic acid levels in the rostral periarcuate region of the female rat during the
estrous cycle. Endocrinology 128:1265-1269

Korner J, Chua SC Jr, Williams JA, Leibel RL, Wardlaw SL (1999) Regulation of hypotha-
lamic proopiomelanocortin by leptin in lean and obese rats. Neuroendocrinology 70:
377-383

Slamberova R, Hnatczuk OC, Vathy I (2004) Expression of proopiomelanocortin and proen-
kephalin mRNA in sexually dimorphic brain regions are altered in adult male and female rats
treated prenatally with morphine. J Pept Res 63:399-408



110

58

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

78.

79.

A.L. Hevener and B.G. Drew

. Hirosawa M, Minata M, Harada KH, Hitomi T, Krust A, Koizumi A (2008) Ablation of
estrogen receptor alpha (ERalpha) prevents upregulation of POMC by leptin and insulin.
Biochem Biophys Res Commun 371:320-323

Polidori C, Geary N (2002) Estradiol treatment fails to affect the feeding responses to mela-
nocortin-3/4 receptor agonism or antagonism in ovariectomized rats. Peptides 23:1697-1700
Minami T, Oomura Y, Nabekura J, Fukuda A (1990) 17 beta-estradiol depolarization of hypo-
thalamic neurons is mediated by cyclic AMP. Brain Res 519:301-307

Musatov S, Chen W, Pfaff DW, Mobbs CV, Yang XJ, Clegg DJ, Kaplitt MG, Ogawa S (2007)
Silencing of estrogen receptor alpha in the ventromedial nucleus of hypothalamus leads to
metabolic syndrome. Proc Natl Acad Sci U S A 104:2501-2506

Zhang Y, Proenca R, Maffei M, Barone M, Leopold L, Friedman JM (1994) Positional clon-
ing of the mouse obese gene and its human homologue. Nature 372:425-432

Schwartz MW, Woods SC, Porte DJ, Seeley RJ, Baskin DG (2000) Central nervous system
control of food intake. Nature 404:661-671

Myers MG Jr, Leibel RL, Seeley RJ, Schwartz MW (2010) Obesity and leptin resistance:
distinguishing cause from effect. Trends Endocrinol Metab 21:643-651

van Dijk G, Thiele TE, Donahey JCK, Campfield LA, Smith FJ, Burn P, Bernstein IL, Woods
SC, Seeley RJ (1996) Central infusion of leptin and GLP-1 (7-36) amide differentially stimu-
late c-Fos-like immunoreactivity in the rat brain. Am J Physiol 271:R1096-R1100

Elmquist JK, Ahima RS, Elias CF, Flier JS, Saper CB (1998) Leptin activates distinct projec-
tions from the dorsomedial and ventromedial hypothalamic nuclei. Proc Natl Acad Sci U S A
95:741-746

Elmquist JK, Bjorbaek C, Ahima RS, Flier JS, Saper CB (1998) Distributions of leptin recep-
tor mRNA isoforms in the rat brain. ] Comp Neurol 395:535-547

Diano S, Kalra SP, Sakamoto H, Horvath TL (1998) Leptin receptors in estrogen receptor-
containing neurons of the female rat hypothalamus. Brain Res 812:256-259

Bennett PA, Lindell K, Wilson C, Carlsson LM, Carlsson B, Robinson IC (1999) Cyclical
variations in the abundance of leptin receptors, but not in circulating leptin, correlate with
NPY expression during the oestrous cycle. Neuroendocrinology 69:417-423

Lindell K, Bennett PA, Itoh Y, Robinson IC, Carlsson LM, Carlsson B (2001) Leptin receptor
S'untranslated regions in the rat: relative abundance, genomic organization and relation to
putative response elements. Mol Cell Endocrinol 172:37-45

Ainslie DA, Morris MJ, Wittert G, Turnbull H, Proietto J, Thorburn AW (2001) Estrogen
deficiency causes central leptin insensitivity and increased hypothalamic neuropeptide Y. Int
J Obes Relat Metab Disord 25:1680—1688

Clegg DJ, Riedy CA, Smith KA, Benoit SC, Woods SC (2003) Differential sensitivity to
central leptin and insulin in male and female rats. Diabetes 52:682-687

Clegg DJ, Brown LM, Woods SC, Benoit SC (2006) Gonadal hormones determine sensitivity
to central leptin and insulin. Diabetes 55:978-987

Chavez M, van Dijk G, Arkies BJ, Woods SC (1995) Third ventricular insulin infusion atten-
uates NPY-induced feeding at the level of the paraventricular nucleus. Obes Res 3:335s
Levin BE (1999) Arcuate NPY neurons and energy homeostasis in diet-induced obese and
resistant rats. Am J Physiol 276:R382-R387

Cone RD, Cowley MA, Butler AA, Fan W, Marks DL, Low MJ (2001) The arcuate nucleus
as a conduit for diverse signals relevant to energy homeostasis. Int J Obes Relat Metab Disord
25(Suppl 5):S63-S67

Herzog H (2003) Neuropeptide Y and energy homeostasis: insights from Y receptor knockout
models. Eur J Pharmacol 480:21-29

Baskin DG, Schwartz MW, Seeley RJ, Woods SC, Porte DJ, Breininger JF, Yonak Z, Schaefer
J, Krouse M, Burghardt C et al (1999) Leptin receptor long form splice variant protein
expression in neuron cell bodies of the brain and colocalization with neuropeptide Y mRNA
in the arcuate nucleus. J Histochem Cytochem 47:353-362

Hill JW, Urban JH, Xu M, Levine JE (2004) Estrogen induces neuropeptide Y (NPY) Y1
receptor gene expression and responsiveness to NPY in gonadotrope-enriched pituitary cell
cultures. Endocrinology 145:2283-2290



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 111

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.
100.

Bonavera JJ, Dube MG, Kalra PS, Kalra SP (1994) Anorectic effects of estrogen may be
mediated by decreased neuropeptide-Y release in the hypothalamic paraventricular nucleus.
Endocrinology 134:2367-2370

Olofsson LE, Pierce AA, Xu AW (2009) Functional requirement of AgRP and NPY neurons
in ovarian cycle-dependent regulation of food intake. Proc Natl Acad Sci U S A 106:
15932-15937

Bouchard C, Despres JP, Mauriege P (1993) Genetic and nongenetic determinants of regional
fat distribution. Endocr Rev 14:72-93

Enzi G, Gasparo M, Biondetti PR, Fiore D, Semisa M, Zurlo F (1986) Subcutaneous and
visceral fat distribution according to sex, age, and overweight, evaluated by computed tomog-
raphy. Am J Clin Nutr 44:739-746

Bjorntorp P (1992) Abdominal fat distribution and disease: an overview of epidemiological
data. Ann Med 24:15-18

Bjorntorp P (1992) Abdominal fat distribution and the metabolic syndrome. J Cardiovasc
Pharmacol 20(Suppl 8):S26-S28

Bjorntorp P (1992) Hormonal effects on fat distribution and its relationship to health risk
factors. Acta Paediatr Suppl 383:59-60, discussion 61

Gambacciani M, Ciaponi M, Cappagli B, Piaggesi L, De Simone L, Orlandi R, Genazzani
AR (1997) Body weight, body fat distribution, and hormonal replacement therapy in early
postmenopausal women. J Clin Endocrinol Metab 82:414-417

Haarbo J, Hansen BF, Christiansen C (1991) Hormone replacement therapy prevents coro-
nary artery disease in ovariectomized cholesterol-fed rabbits. APMIS 99:721-727

Haarbo J, Marslew U, Gotfredsen A, Christiansen C (1991) Postmenopausal hormone
replacement therapy prevents central distribution of body fat after menopause. Metabolism
40:1323-1326

Elbers JM, Asscheman H, Seidell JC, Gooren LJ (1999) Effects of sex steroid hormones on
regional fat depots as assessed by magnetic resonance imaging in transsexuals. Am J Physiol
276:E317-E325

Elbers JM, de Roo GW, Popp-Snijders C, Nicolaas-Merkus A, Westerveen E, Joenje BW,
Netelenbos JC (1999) Effects of administration of 17beta-oestradiol on serum leptin levels in
healthy postmenopausal women. Clin Endocrinol (Oxf) 51:449-454

Wajchenberg BL (2000) Subcutaneous and visceral adipose tissue: their relation to the meta-
bolic syndrome. Endocr Rev 21:697-738

Thorne A, Lonnqvist F, Apelman J, Hellers G, Arner P (2002) A pilot study of long-term
effects of a novel obesity treatment: omentectomy in connection with adjustable gastric band-
ing. Int J Obes Relat Metab Disord 26:193-199

Gabriely I, Ma XH, Yang XM, Atzmon G, Rajala MW, Berg AH, Scherer P, Rossetti L,
Barzilai N (2002) Removal of visceral fat prevents insulin resistance and glucose intolerance
of aging: an adipokine-mediated process? Diabetes 51:2951-2958

Lapidus L, Bengtsson C, Larsson B, Pennert K, Rybo E, Sjostrom L (1984) Distribution of
adipose tissue and risk of cardiovascular disease and death: a 12 year follow up of partici-
pants in the population study of women in Gothenburg, Sweden. Br Med J (Clin Res Ed)
289:1257-1261

Donahue RP, Orchard TJ, Becker DJ, Kuller LH, Drash AL (1987) Sex differences in the
coronary heart disease risk profile: a possible role for insulin. The Beaver County Study. Am
J Epidemiol 125:650-657

Donahue RP, Abbott RD (1987) Central obesity and coronary heart disease in men. Lancet
2:1215

Ohlson LO, Larsson B, Svardsudd K, Welin L, Eriksson H, Wilhelmsen L, Bjorntorp P,
Tibblin G (1985) The influence of body fat distribution on the incidence of diabetes mellitus.
13.5 years of follow-up of the participants in the study of men born in 1913. Diabetes 34:
1055-1058

Bjorntorp P (1996) The android woman—a risky condition. J Intern Med 239:105-110

Tran TT, Yamamoto Y, Gesta S, Kahn CR (2008) Beneficial effects of subcutaneous fat trans-
plantation on metabolism. Cell Metab 7:410—420



112

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

A.L. Hevener and B.G. Drew

Schneider G, Kirschner MA, Berkowitz R, Ertel NH (1979) Increased estrogen production in
obese men. J Clin Endocrinol Metab 48:633-638

Tchernof A, Despres JP, Dupont A, Belanger A, Nadeau A, Prud’homme D, Moorjani S,
Lupien PJ, Labrie F (1995) Relation of steroid hormones to glucose tolerance and plasma
insulin levels in men. Importance of visceral adipose tissue. Diabetes Care 18:292-299
Mizutani T, Nishikawa Y, Adachi H, Enomoto T, Ikegami H, Kurachi H, Nomura T, Miyake
A (1994) Identification of estrogen receptor in human adipose tissue and adipocytes. J Clin
Endocrinol Metab 78:950-954

Price TM, O’Brien SN (1993) Determination of estrogen receptor messenger ribonucleic acid
(mRNA) and cytochrome P450 aromatase mRNA levels in adipocytes and adipose stromal
cells by competitive polymerase chain reaction amplification. J Clin Endocrinol Metab
77:1041-1045

Ogawa S, Chan J, Chester AE, Gustafsson JA, Korach KS, Pfaff DW (1999) Survival of
reproductive behaviors in estrogen receptor beta gene-deficient (betaERKO) male and female
mice. Proc Natl Acad Sci U S A 96:12887-12892

Smith EP, Boyd J, Frank GR, Takahashi H, Cohen RM, Specker B, Williams TC, Lubahn DB,
Korach KS (1994) Estrogen resistance caused by a mutation in the estrogen-receptor gene in
aman. N Engl J Med 331:1056-1061

Okura T, Koda M, Ando F, Niino N, Ohta S, Shimokata H (2003) Association of polymor-
phisms in the estrogen receptor alpha gene with body fat distribution. Int J Obes Relat Metab
Disord 27:1020-1027

Nilsson M, Dahlman I, Ryden M, Nordstrom EA, Gustafsson JA, Arner P, Dahlman-Wright
K (2007) Oestrogen receptor alpha gene expression levels are reduced in obese compared to
normal weight females. Int J Obes (Lond) 31:900-907

Deng HW, LiJ, Li JL, Dowd R, Davies KM, Johnson M, Gong G, Deng H, Recker RR (2000)
Association of estrogen receptor-alpha genotypes with body mass index in normal healthy
postmenopausal Caucasian women. J Clin Endocrinol Metab 85:2748-2751

Casazza K, Page GP, Fernandez JR (2010) The association between the rs2234693 and
1rs9340799 estrogen receptor alpha gene polymorphisms and risk factors for cardiovascular
disease: a review. Biol Res Nurs 12:84-97

Okura T, Koda M, Ando F, Niino N, Shimokata H (2003) Relationships of resting energy
expenditure with body fat distribution and abdominal fatness in Japanese population.
J Physiol Anthropol Appl Human Sci 22:47-52

Okura T, Koda M, Ando F, Niino N, Tanaka M, Shimokata H (2003) Association of the mito-
chondrial DNA 15497G/A polymorphism with obesity in a middle-aged and elderly Japanese
population. Hum Genet 113:432-436

Yamada Y, Ando F, Niino N, Ohta S, Shimokata H (2002) Association of polymorphisms of
the estrogen receptor alpha gene with bone mineral density of the femoral neck in elderly
Japanese women. J Mol Med 80:452-460

DeFronzo RA, Bonadonna RC, Ferrannini E (1992) Pathogenesis of NIDDM. A balanced
overview. Diabetes Care 15:318-368

Miranda PJ, DeFronzo RA, Califf RM, Guyton JR (2005) Metabolic syndrome: definition,
pathophysiology, and mechanisms. Am Heart J 149:33-45

Park YW, Zhu S, Palaniappan L, Heshka S, Carnethon MR, Heymsfield SB (2003) The meta-
bolic syndrome: prevalence and associated risk factor findings in the US population from the
Third National Health and Nutrition Examination Survey, 1988-1994. Arch Intern Med
163:427-436

Yki-Jarvinen H (1984) Sex and insulin sensitivity. Metabolism 33:1011-1015

Hevener AL, Olefsky JM, Reichart D, Nguyen MT, Bandyopadyhay G, Leung HY, Watt MJ,
Benner C, Febbraio MA, Nguyen AK et al (2007) Macrophage PPAR gamma is required for
normal skeletal muscle and hepatic insulin sensitivity and full antidiabetic effects of thiazoli-
dinediones. J Clin Invest 117:1658-1669

Choi CS, Fillmore JJ, Kim JK, Liu ZX, Kim S, Collier EF, Kulkarni A, Distefano A, Hwang
YJ, Kahn M et al (2007) Overexpression of uncoupling protein 3 in skeletal muscle protects
against fat-induced insulin resistance. J Clin Invest 117:1995-2003



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 113

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

Frias JP, Macaraeg GB, Ofrecio J, Yu JG, Olefsky JM, Kruszynska YT (2001) Decreased
susceptibility to fatty acid-induced peripheral tissue insulin resistance in women. Diabetes
50:1344-1350

Hevener A, Reichart D, Janez A, Olefsky J (2002) Female rats do not exhibit free fatty acid-
induced insulin resistance. Diabetes 51:1907-1912

Djouadi F, Weinheimer CJ, Saffitz JE, Pitchford C, Bastin J, Gonzalez FJ, Kelly DP (1998)
A gender-related defect in lipid metabolism and glucose homeostasis in peroxisome prolif-
erator- activated receptor alpha- deficient mice. J Clin Invest 102:1083-1091

Hong J, Stubbins RE, Smith RR, Harvey AE, Nunez NP (2009) Differential susceptibility to
obesity between male, female and ovariectomized female mice. Nutr J 8:11

Pfeilschifter J, Koditz R, Pfohl M, Schatz H (2002) Changes in proinflammatory cytokine
activity after menopause. Endocr Rev 23:90-119

Sites CK, Toth MJ, Cushman M, L’'Hommedieu GD, Tchernof A, Tracy RP, Poehlman ET
(2002) Menopause-related differences in inflammation markers and their relationship to body
fat distribution and insulin-stimulated glucose disposal. Fertil Steril 77:128-135

Campbell SE, Febbraio MA (2002) Effect of the ovarian hormones on GLUT4 expression and
contraction-stimulated glucose uptake. Am J Physiol Endocrinol Metab 282:E1139-E1146
Stubbins RE, Holcomb VB, Hong J, Nunez NP (2012) Estrogen modulates abdominal adi-
posity and protects female mice from obesity and impaired glucose tolerance. Eur J Nutr
51(7):861-870

Rogers NH, Witczak CA, Hirshman MF, Goodyear LJ, Greenberg AS (2009) Estradiol stimu-
lates Akt, AMP-activated protein kinase (AMPK) and TBC1D1/4, but not glucose uptake in
rat soleus. Biochem Biophys Res Commun 382:646-650

Gorres BK, Bomhoff GL, Morris JK, Geiger PC (2011) In vivo stimulation of oestrogen
receptor alpha increases insulin-stimulated skeletal muscle glucose uptake. J Physiol 589:
2041-2054

Van Pelt RE, Gozansky WS, Schwartz RS, Kohrt WM (2003) Intravenous estrogens increase
insulin clearance and action in postmenopausal women. Am J Physiol Endocrinol Metab
285:E311-E317

Alonso A, Gonzalez-Pardo H, Garrido P, Conejo NM, Llaneza P, Diaz F, Del Rey CG,
Gonzalez C (2010) Acute effects of 17 beta-estradiol and genistein on insulin sensitivity and
spatial memory in aged ovariectomized female rats. Age (Dordr) 32:421-434

Salehzadeh F, Rune A, Osler M, Al-Khalili L (2011) Testosterone or 17{beta}-estradiol expo-
sure reveals sex-specific effects on glucose and lipid metabolism in human myotubes.
J Endocrinol 210:219-229

Rochira V, Madeo B, Zirilli L, Caffagni G, Maffei L, Carani C (2007) Oestradiol replacement
treatment and glucose homeostasis in two men with congenital aromatase deficiency: evi-
dence for a role of oestradiol and sex steroids imbalance on insulin sensitivity in men. Diabet
Med 24:1491-1495

Guercio G, Di Palma MI, Pepe C, Saraco NI, Prieto M, Saure C, Mazza C, Rivarola MA,
Belgorosky A (2009) Metformin, estrogen replacement therapy and gonadotropin inhibition
fail to improve insulin sensitivity in a girl with aromatase deficiency. Horm Res 72:370-376
Takeda K, Toda K, Saibara T, Nakagawa M, Saika K, Onishi T, Sugiura T, Shizuta Y (2003)
Progressive development of insulin resistance phenotype in male mice with complete aroma-
tase (CYP19) deficiency. J Endocrinol 176:237-246

Maffei L, Murata Y, Rochira V, Tubert G, Aranda C, Vazquez M, Clyne CD, Davis S,
Simpson ER, Carani C (2004) Dysmetabolic syndrome in a man with a novel mutation of the
aromatase gene: effects of testosterone, alendronate, and estradiol treatment. J Clin Endocrinol
Metab 89:61-70

Maffei L, Rochira V, Zirilli L, Antunez P, Aranda C, Fabre B, Simone ML, Pignatti E, Simpson
ER, Houssami S et al (2007) A novel compound heterozygous mutation of the aromatase gene
in an adult man: reinforced evidence on the relationship between congenital oestrogen defi-
ciency, adiposity and the metabolic syndrome. Clin Endocrinol (Oxf) 67:218-224



114

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

A.L. Hevener and B.G. Drew

Jones ME, Mclnnes KJ, Boon WC, Simpson ER (2007) Estrogen and adiposity —utilizing
models of aromatase deficiency to explore the relationship. J Steroid Biochem Mol Biol
106:3-7

Morishima A, Grumbach MM, Simpson ER, Fisher C, Qin K (1995) Aromatase deficiency in
male and female siblings caused by a novel mutation and the physiological role of estrogens.
J Clin Endocrinol Metab 80:3689-3698

Nadal A, Alonso-Magdalena P, Soriano S, Quesada I, Ropero AB (2009) The pancreatic beta-
cell as a target of estrogens and xenoestrogens: implications for blood glucose homeostasis
and diabetes. Mol Cell Endocrinol 304:63-68

Barros RP, Morani A, Moriscot A, Machado UF (2008) Insulin resistance of pregnancy
involves estrogen-induced repression of muscle GLUT4. Mol Cell Endocrinol 295:24-31
Ding EL, Song Y, Manson JE, Rifai N, Buring JE, Liu S (2007) Plasma sex steroid hormones and
risk of developing type 2 diabetes in women: a prospective study. Diabetologia 50:2076-2084
Kalyani RR, Franco M, Dobs AS, Ouyang P, Vaidya D, Bertoni A, Gapstur SM, Golden SH
(2009) The association of endogenous sex hormones, adiposity, and insulin resistance with
incident diabetes in postmenopausal women. J Clin Endocrinol Metab 94:4127-4135

Wiik A, Gustafsson T, Esbjornsson M, Johansson O, Ekman M, Sundberg CJ, Jansson E
(2005) Expression of oestrogen receptor alpha and beta is higher in skeletal muscle of highly
endurance-trained than of moderately active men. Acta Physiol Scand 184:105-112
Baltgalvis KA, Greising SM, Warren GL, Lowe DA (2010) Estrogen regulates estrogen
receptors and antioxidant gene expression in mouse skeletal muscle. PLoS One 5:¢10164
Ribas V, Nguyen MT, Henstridge DC, Nguyen AK, Beaven SW, Watt MJ, Hevener AL
(2010) Impaired oxidative metabolism and inflammation are associated with insulin resis-
tance in ERalpha-deficient mice. Am J Physiol Endocrinol Metab 298:E304-E319

Riant E, Waget A, Cogo H, Arnal JF, Burcelin R, Gourdy P (2009) Estrogens protect against
high-fat diet-induced insulin resistance and glucose intolerance in mice. Endocrinology 150:
2109-2117

Bryzgalova G, Gao H, Ahren B, Zierath JR, Galuska D, Steiler TL, Dahlman-Wright K,
Nilsson S, Gustafsson JA, Efendic S et al (2006) Evidence that oestrogen receptor-alpha
plays an important role in the regulation of glucose homeostasis in mice: insulin sensitivity in
the liver. Diabetologia 49:588-597

Ribas V, Drew BG, Soleymani T, Daraei P, Hevener A (2010) Skeletal muscle specific er
alpha deletion is causal for the metabolic syndrome. Endocr Rev 31:S5

Barros RPA, Machado UF, Warner M, Gustafsson J-A (2006) Muscle GLUT4 regulation by
estrogen receptors ERf and ERa. Proc Natl Acad Sci U S A 103:1605-1608

Campbell SE, Mehan KA, Tunstall RJ, Febbraio MA, Cameron-Smith D (2003) 17beta-
estradiol upregulates the expression of peroxisome proliferator-activated receptor alpha and
lipid oxidative genes in skeletal muscle. J Mol Endocrinol 31:37-45

Alonso A, Ordonez P, Fernandez R, Moreno M, Llaneza P, Patterson AM, Gonzalez C (2009)
17beta-estradiol treatment is unable to reproduce p85 alpha redistribution associated with
gestational insulin resistance in rats. J Steroid Biochem Mol Biol 116:160-170

Hansen PA, McCarthy TJ, Pasia EN, Spina RJ, Gulve EA (1996) Effects of ovariectomy and
exercise training on muscle GLUT-4 content and glucose metabolism in rats. J Appl Physiol
80:1605-1611

Barros RP, Gustafsson JA (2011) Estrogen receptors and the metabolic network. Cell Metab
14:289-299

Murgia M, Jensen TE, Cusinato M, Garcia M, Richter EA, Schiaffino S (2009) Multiple
signalling pathways redundantly control glucose transporter GLUT4 gene transcription in
skeletal muscle. J Physiol 587:4319—4327

Zorzano A, Palacin M, Guma A (2005) Mechanisms regulating GLUT4 glucose transporter
expression and glucose transport in skeletal muscle. Acta Physiol Scand 183:43-58

Fu MH, Maher AC, Hamadeh MJ, Ye C, Tarnopolsky MA (2009) Exercise, sex, menstrual
cycle phase, and 17beta-estradiol influence metabolism-related genes in human skeletal mus-
cle. Physiol Genomics 40:34—47



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 115

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

Hoeg L, Roepstorff C, Thiele M, Richter EA, Wojtaszewski JF, Kiens B (2009) Higher intra-
muscular triacylglycerol in women does not impair insulin sensitivity and proximal insulin
signaling. J Appl Physiol 107:824-831

Garvey WT, Maianu L, Zhu JH, Brechtel-Hook G, Wallace P, Baron AD (1998) Evidence for
defects in the trafficking and translocation of GLUT4 glucose transporters in skeletal muscle
as a cause of human insulin resistance. J Clin Invest 101:2377-2386

Garvey WT, Maianu L, Hancock JA, Golichowski AM, Baron A (1992) Gene expression of
GLUT4 in skeletal muscle from insulin-resistant patients with obesity, IGT, GDM, and
NIDDM. Diabetes 41:465-475

Brozinick JT Jr, Etgen GJ Jr, Yaspelkis BB 3rd, Ivy JL (1994) Glucose uptake and GLUT-4
protein distribution in skeletal muscle of the obese Zucker rat. Am J Physiol 267:R236-R243
Dela F, Ploug T, Handberg A, Petersen LN, Larsen JJ, Mikines KJ, Galbo H (1994) Physical
training increases muscle GLUT4 protein and mRNA in patients with NIDDM. Diabetes
43:862-865

Rodnick KJ, Holloszy JO, Mondon CE, James DE (1990) Effects of exercise training on
insulin-regulatable glucose-transporter protein levels in rat skeletal muscle. Diabetes
39:1425-1429

Brozinick JT Jr, Etgen GJ Jr, Yaspelkis BB 3rd, Kang HY, Ivy JL (1993) Effects of exercise
training on muscle GLUT-4 protein content and translocation in obese Zucker rats. Am J
Physiol 265:E419-E427

Banks EA, Brozinick JT Jr, Yaspelkis BB 3rd, Kang HY, Ivy JL (1992) Muscle glucose trans-
port, GLUT-4 content, and degree of exercise training in obese Zucker rats. Am J Physiol
263:E1010-E1015

Lemoine S, Granier P, Tiffoche C, Berthon PM, Thieulant ML, Carre F, Delamarche P (2002)
Effect of endurance training on oestrogen receptor alpha expression in different rat skeletal
muscle type. Acta Physiol Scand 175:211-217

Mora S, Pessin JE (2000) The MEF2A isoform is required for striated muscle-specific expres-
sion of the insulin-responsive GLUT4 glucose transporter. J Biol Chem 275:
16323-16328

van Rooij E, Fielitz J, Sutherland LB, Thijssen VL, Crijns HJ, Dimaio MJ, Shelton J, De
Windt LJ, Hill JA, Olson EN (2010) Myocyte enhancer factor 2 and class II histone deacety-
lases control a gender-specific pathway of cardioprotection mediated by the estrogen receptor.
Circ Res 106:155-165

Moreno H, Serrano AL, Santalucia T, Guma A, Canto C, Brand NJ, Palacin M, Schiaffino S,
Zorzano A (2003) Differential regulation of the muscle-specific GLUT4 enhancer in regen-
erating and adult skeletal muscle. J Biol Chem 278:40557-40564

Gan Z, Burkart-Hartman EM, Han DH, Finck B, Leone TC, Smith EY, Ayala JE, Holloszy J,
Kelly DP (2011) The nuclear receptor PPARbeta/delta programs muscle glucose metabolism
in cooperation with AMPK and MEF2. Genes Dev 25:2619-2630

Oshel KM, Knight JB, Cao KT, Thai MV, Olson AL (2000) Identification of a 30-base pair
regulatory element and novel DNA binding protein that regulates the human GLUT4 pro-
moter in transgenic mice. J Biol Chem 275:23666-23673

Smith JA, Kohn TA, Chetty AK, Ojuka EO (2008) CaMK activation during exercise is
required for histone hyperacetylation and MEF2A binding at the MEF2 site on the Glut4
gene. Am J Physiol Endocrinol Metab 295:E698-E704

Gong H, Xie J, Zhang N, Yao L, Zhang Y (2011) MEF2A binding to the Glut4 promoter
occurs via an AMPKalpha2-dependent mechanism. Med Sci Sports Exerc 43:1441-1450
Ordonez P, Moreno M, Alonso A, Llaneza P, Diaz F, Gonzalez C (2008) 17beta-Estradiol
and/or progesterone protect from insulin resistance in STZ-induced diabetic rats. J Steroid
Biochem Mol Biol 111:287-294

Galluzzo P, Rastelli C, Bulzomi P, Acconcia F, Pallottini V, Marino M (2009) 17beta-Estradiol
regulates the first steps of skeletal muscle cell differentiation via ER-alpha-mediated signals.
Am J Physiol Cell Physiol 297:C1249-C1262



116

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

A.L. Hevener and B.G. Drew

Stitt TN, Drujan D, Clarke BA, Panaro F, Timofeyva Y, Kline WO, Gonzalez M, Yancopoulos
GD, Glass DJ (2004) The IGF-1/PI3K/Akt pathway prevents expression of muscle atrophy-
induced ubiquitin ligases by inhibiting FOXO transcription factors. Mol Cell 14:395-403
Enns DL, Igbal S, Tiidus PM (2008) Oestrogen receptors mediate oestrogen-induced
increases in post-exercise rat skeletal muscle satellite cells. Acta Physiol (Oxf) 194:81-93
Enns DL, Tiidus PM (2008) Estrogen influences satellite cell activation and proliferation fol-
lowing downhill running in rats. J Appl Physiol 104:347-353

Thomas A, Bunyan K, Tiidus PM (2010) Oestrogen receptor-alpha activation augments post-
exercise myoblast proliferation. Acta Physiol (Oxf) 198:81-89

Kamanga-Sollo E, White ME, Hathaway MR, Weber WJ, Dayton WR (2010) Effect of
Estradiol-17beta on protein synthesis and degradation rates in fused bovine satellite cell cul-
tures. Domest Anim Endocrinol 39:54—62

Lee YR, Park J, Yu HN, Kim JS, Youn HJ, Jung SH (2005) Up-regulation of PI3K/Akt signal-
ing by 17beta-estradiol through activation of estrogen receptor-alpha, but not estrogen recep-
tor-beta, and stimulates cell growth in breast cancer cells. Biochem Biophys Res Commun
336:1221-1226

Noh EM, Lee YR, Chay KO, Chung EY, Jung SH, Kim JS, Youn HJ (2011) Estrogen receptor
alpha induces down-regulation of PTEN through PI3-kinase activation in breast cancer cells.
Mol Med Rep 4:215-219

Simoncini T, Hafezi-Moghadam A, Brazil DP, Ley K, Chin WW, Liao JK (2000) Interaction
of oestrogen receptor with the regulatory subunit of phosphatidylinositol-3-OH kinase.
Nature 407:538-541

Simoncini T, Fornari L, Mannella P, Varone G, Caruso A, Liao JK, Genazzani AR (2002)
Novel non-transcriptional mechanisms for estrogen receptor signaling in the cardiovascular
system. Interaction of estrogen receptor alpha with phosphatidylinositol 3-OH kinase.
Steroids 67:935-939

Mannella P, Brinton RD (2006) Estrogen receptor protein interaction with phosphatidylino-
sitol 3-kinase leads to activation of phosphorylated Akt and extracellular signal-regulated
kinase 1/2 in the same population of cortical neurons: a unified mechanism of estrogen
action. J Neurosci 26:9439-9447

Ronda AC, Vasconsuelo A, Boland R (2010) Extracellular-regulated kinase and p38 mitogen-
activated protein kinases are involved in the antiapoptotic action of 17beta-estradiol in
skeletal muscle cells. J Endocrinol 206:235-246

Ronda AC, Buitrago C, Boland R (2010) Role of estrogen receptors, PKC and Src in ERK2
and p38 MAPK signaling triggered by 17beta-estradiol in skeletal muscle cells. J Steroid
Biochem Mol Biol 122:287-294

Niu W, Huang C, Nawaz Z, Levy M, Somwar R, Li D, Bilan PJ, Klip A (2003) Maturation of
the regulation of GLUT4 activity by p38 MAPK during L6 cell myogenesis. J Biol Chem
278:17953-17962

Furtado LM, Somwar R, Sweeney G, Niu W, Klip A (2002) Activation of the glucose trans-
porter GLUT4 by insulin. Biochem Cell Biol 80:569-578

Sweeney G, Somwar R, Ramlal T, Volchuk A, Ueyama A, Klip A (1999) An inhibitor of p38
mitogen-activated protein kinase prevents insulin-stimulated glucose transport but not glu-
cose transporter translocation in 3T3-L1 adipocytes and L6 myotubes. J Biol Chem
274:10071-10078

Sorensen MB, Rosenfalck AM, Hojgaard L, Ottesen B (2001) Obesity and sarcopenia after
menopause are reversed by sex hormone replacement therapy. Obes Res 9:622-626

Leger B, Derave W, De Bock K, Hespel P, Russell AP (2008) Human sarcopenia reveals an
increase in SOCS-3 and myostatin and a reduced efficiency of Akt phosphorylation.
Rejuvenation Res 11:163B-175B

Tiidus PM (2000) Estrogen and gender effects on muscle damage, inflammation, and oxida-
tive stress. Can J Appl Physiol 25:274-287



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 117

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

Messier V, Rabasa-Lhoret R, Barbat-Artigas S, Elisha B, Karelis AD, Aubertin-Leheudre M
(2011) Menopause and sarcopenia: a potential role for sex hormones. Maturitas 68:331-336
Chen Z, Bassford T, Green SB, Cauley JA, Jackson RD, LaCroix AZ, Leboff M, Stefanick
ML, Margolis KL (2005) Postmenopausal hormone therapy and body composition—a sub-
study of the estrogen plus progestin trial of the Women’s Health Initiative. Am J Clin Nutr
82:651-656

Sipila S, Taaffe DR, Cheng S, Puolakka J, Toivanen J, Suominen H (2001) Effects of hor-
mone replacement therapy and high-impact physical exercise on skeletal muscle in post-
menopausal women: a randomized placebo-controlled study. Clin Sci (Lond) 101:147-157
Teixeira PJ, Going SB, Houtkooper LB, Metcalfe LL, Blew RM, Flint-Wagner HG, Cussler
EC, Sardinha LB, Lohman TG (2003) Resistance training in postmenopausal women with
and without hormone therapy. Med Sci Sports Exerc 35:555-562

Dieli-Conwright CM, Spektor TM, Rice JC, Sattler FR, Schroeder ET (2009) Hormone ther-
apy attenuates exercise-induced skeletal muscle damage in postmenopausal women. J Appl
Physiol 107:853-858

Sotiriadou S, Kyparos A, Albani M, Arsos G, Clarke MS, Sidiras G, Angelopoulou N,
Matziari C (2006) Soleus muscle force following downhill running in ovariectomized rats
treated with estrogen. Appl Physiol Nutr Metab 31:449-459

Boland R, Vasconsuelo A, Milanesi L, Ronda AC, de Boland AR (2008) 17beta-estradiol
signaling in skeletal muscle cells and its relationship to apoptosis. Steroids 73:859-863
Vasconsuelo A, Milanesi L, Boland R (2008) 17Beta-estradiol abrogates apoptosis in murine
skeletal muscle cells through estrogen receptors: role of the phosphatidylinositol 3-kinase/
Akt pathway. J Endocrinol 196:385-397

Wang F, He Q, Sun Y, Dai X, Yang XP (2010) Female adult mouse cardiomyocytes are pro-
tected against oxidative stress. Hypertension 55:1172-1178

McLoughlin TJ, Smith SM, DeLong AD, Wang H, Unterman TG, Esser KA (2009) FoxO1
induces apoptosis in skeletal myotubes in a DNA-binding-dependent manner. Am J Physiol
Cell Physiol 297:C548-C555

Naaz A, Zakroczymski M, Heine P, Taylor J, Saunders P, Lubahn D, Cooke PS (2002) Effect
of ovariectomy on adipose tissue of mice in the absence of estrogen receptor alpha (ERalpha):
a potential role for estrogen receptor beta (ERbeta). Horm Metab Res 34:758-763
Foryst-Ludwig A, Clemenz M, Hohmann S, Hartge M, Sprang C, Frost N, Krikov M, Bhanot
S, Barros R, Morani A et al (2008) Metabolic actions of estrogen receptor beta (ERbeta) are
mediated by a negative cross-talk with PPARgamma. PLoS Genet 4:¢1000108

Barros RP, Gabbi C, Morani A, Warner M, Gustafsson JA (2009) Participation of ERalpha
and ERbeta in glucose homeostasis in skeletal muscle and white adipose tissue. Am J Physiol
Endocrinol Metab 297:E124-E133

Hoeg LD, Sjoberg KA, Jeppesen J, Jensen TE, Frosig C, Birk JB, Bisiani B, Hiscock N,
Pilegaard H, Wojtaszewski JF et al (2011) Lipid-induced insulin resistance affects women
less than men and is not accompanied by inflammation or impaired proximal insulin signal-
ing. Diabetes 60:64-73

Cortright RN, Koves TR (2000) Sex differences in substrate metabolism and energy homeo-
stasis. Can J Appl Physiol 25:288-311

Lemoine S, Granier P, Tiffoche C, Berthon PM, Rannou-Bekono F, Thieulant ML, Carre F,
Delamarche P (2002) Effect of endurance training on oestrogen receptor alpha transcripts in
rat skeletal muscle. Acta Physiol Scand 174:283-289

Torgan CE, Brozinick JT Jr, Banks EA, Cortez MY, Wilcox RE, Ivy JL (1993) Exercise train-
ing and clenbuterol reduce insulin resistance of obese Zucker rats. Am J Physiol 264:
E373-E379

Amati F, Dube JJ, Alvarez-Carnero E, Edreira MM, Chomentowski P, Coen PM, Switzer GE,
Bickel PE, Stefanovic-Racic M, Toledo FG et al (2011) Skeletal muscle triglycerides, diacyl-
glycerols, and ceramides in insulin resistance: another paradox in endurance-trained athletes?
Diabetes 60:2588-2597



118

212.

213.

214.

215.

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

231.

232.

A.L. Hevener and B.G. Drew

Maher AC, Akhtar M, Vockley J, Tarnopolsky MA (2010) Women have higher protein con-
tent of beta-oxidation enzymes in skeletal muscle than men. PLoS One 5:¢12025

Turcotte LP, Richter EA, Kiens B (1992) Increased plasma FFA uptake and oxidation during
prolonged exercise in trained vs. untrained humans. Am J Physiol 262:E791-E799
Hamadeh MJ, Devries MC, Tarnopolsky MA (2005) Estrogen supplementation reduces
whole body leucine and carbohydrate oxidation and increases lipid oxidation in men during
endurance exercise. J Clin Endocrinol Metab 90:3592-3599

Maher AC, Akhtar M, Tarnopolsky MA (2010) Men supplemented with 17beta-estradiol
have increased beta-oxidation capacity in skeletal muscle. Physiol Genomics 42:342-347
D’Eon TM, Rogers NH, Stancheva ZS, Greenberg AS (2008) Estradiol and the estradiol
metabolite, 2-hydroxyestradiol, activate AMP-activated protein kinase in C2C12 myotubes.
Obesity (Silver Spring) 16:1284—1288

Mihaylova MM, Shaw RJ (2011) The AMPK signalling pathway coordinates cell growth,
autophagy and metabolism. Nat Cell Biol 13:1016-1023

Hardie DG (2011) AMP-activated protein kinase: an energy sensor that regulates all aspects
of cell function. Genes Dev 25:1895-1908

Kim JY, Jo KJ, Kim OS, Kim BJ, Kang DW, Lee KH, Baik HW, Han MS, Lee SK (2010)
Parenteral 17beta-estradiol decreases fasting blood glucose levels in non-obese mice with
short-term ovariectomy. Life Sci 87:358-366

Wellen KE, Hotamisligil GS (2005) Inflammation, stress, and diabetes. J Clin Invest
115:1111-1119

Itani SI, Ruderman NB, Schmieder F, Boden G (2002) Lipid-induced insulin resistance in
human muscle is associated with changes in diacylglycerol, protein kinase C, and IkappaB-
alpha. Diabetes 51:2005-2011

Adams JM 2nd, Pratipanawatr T, Berria R, Wang E, DeFronzo RA, Sullards MC, Mandarino
LJ (2004) Ceramide content is increased in skeletal muscle from obese insulin-resistant
humans. Diabetes 53:25-31

Yang G, Badeanlou L, Bielawski J, Roberts AJ, Hannun YA, Samad F (2009) Central role of
ceramide biosynthesis in body weight regulation, energy metabolism, and the metabolic syn-
drome. Am J Physiol Endocrinol Metab 297:E211-E224

Summers SA (2006) Ceramides in insulin resistance and lipotoxicity. Prog Lipid Res
45:42-72

Holland WL, Brozinick JT, Wang LP, Hawkins ED, Sargent KM, Liu Y, Narra K, Hoehn KL,
Knotts TA, Siesky A et al (2007) Inhibition of ceramide synthesis ameliorates glucocorti-
coid-, saturated-fat-, and obesity-induced insulin resistance. Cell Metab 5:167—179

Holland WL, Knotts TA, Chavez JA, Wang LP, Hoehn KL, Summers SA (2007) Lipid media-
tors of insulin resistance. Nutr Rev 65:S39-S46

Hotamisligil GS (2008) Inflammation and endoplasmic reticulum stress in obesity and diabe-
tes. Int J Obes (Lond) 32(Suppl 7):S52-S54

Donath MY, Shoelson SE (2011) Type 2 diabetes as an inflammatory disease. Nat Rev
Immunol 11:98-107

Borras C, Sastre J, Garcia-Sala D, Lloret A, Pallardo FV, Vina J (2003) Mitochondria from
females exhibit higher antioxidant gene expression and lower oxidative damage than males.
Free Radic Biol Med 34:546-552

Chung SS, Kim M, Youn BS, Lee NS, Park JW, Lee IK, Lee YS, Kim JB, Cho YM, Lee HK
et al (2009) Glutathione peroxidase 3 mediates the antioxidant effect of peroxisome proliferator-
activated receptor gamma in human skeletal muscle cells. Mol Cell Biol 29:20-30

Yang X, Deignan JL, Qi H, Zhu J, Qian S, Zhong J, Torosyan G, Majid S, Falkard B,
Kleinhanz RR et al (2009) Validation of candidate causal genes for obesity that affect shared
metabolic pathways and networks. Nat Genet 41:415-423

Patti ME, Butte AJ, Crunkhorn S, Cusi K, Berria R, Kashyap S, Miyazaki Y, Kohane I,
Costello M, Saccone R et al (2003) Coordinated reduction of genes of oxidative metabolism



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 119

233.

234.

235.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

in humans with insulin resistance and diabetes: Potential role of PGC1 and NRF1. Proc Natl
Acad Sci U S A 100:8466-8471

Befroy DE, Petersen KF, Dufour S, Mason GF, de Graaf RA, Rothman DL, Shulman GI
(2007) Impaired mitochondrial substrate oxidation in muscle of insulin-resistant offspring of
type 2 diabetic patients. Diabetes 56:1376—1381

Morino K, Petersen KF, Dufour S, Befroy D, Frattini J, Shatzkes N, Neschen S, White MF,
Bilz S, Sono S et al (2005) Reduced mitochondrial density and increased IRS-1 serine phos-
phorylation in muscle of insulin-resistant offspring of type 2 diabetic parents. J Clin Invest
115:3587-3593

Petersen KF, Dufour S, Befroy D, Garcia R, Shulman GI (2004) Impaired mitochondrial
activity in the insulin-resistant offspring of patients with type 2 diabetes. N Engl ] Med
350:664-671

Gomez-Perez Y, Amengual-Cladera E, Catala-Niell A, Thomas-Moya E, Gianotti M, Proenza
AM, Llado I (2008) Gender dimorphism in high-fat-diet-induced insulin resistance in skele-
tal muscle of aged rats. Cell Physiol Biochem 22:539-548

Bryzgalova G, Lundholm L, Portwood N, Gustafsson JA, Khan A, Efendic S, Dahlman-
Wright K (2008) Mechanisms of antidiabetogenic and body weight-lowering effects of estro-
gen in high-fat diet-fed mice. Am J Physiol Endocrinol Metab 295:E904-E912

Gao H, Bryzgalova G, Hedman E, Khan A, Efendic S, Gustafsson JA, Dahlman-Wright K
(2006) Long-term administration of estradiol decreases expression of hepatic lipogenic genes
and improves insulin sensitivity in ob/ob mice: a possible mechanism is through direct regu-
lation of signal transducer and activator of transcription 3. Mol Endocrinol 20:1287-1299
Lundholm L, Bryzgalova G, Gao H, Portwood N, Falt S, Berndt KD, Dicker A, Galuska D,
Zierath JR, Gustafsson JA et al (2008) The estrogen receptor {alpha}-selective agonist propyl
pyrazole triol improves glucose tolerance in ob/ob mice; potential molecular mechanisms.
J Endocrinol 199:275-286

Tiwari-Woodruff S, Voskuhl RR (2009) Neuroprotective and anti-inflammatory effects of
estrogen receptor ligand treatment in mice. J Neurol Sci 286:81-85

Spence RD, Voskuhl RR (2012) Neuroprotective effects of estrogens and androgens in CNS
inflammation and neurodegeneration. Front Neuroendocrinol 33(1):105-115

Gold SM, Sasidhar MV, Morales LB, Du S, Sicotte NL, Tiwari-Woodruff SK, Voskuhl RR
(2009) Estrogen treatment decreases matrix metalloproteinase (MMP)-9 in autoimmune
demyelinating disease through estrogen receptor alpha (ERalpha). Lab Invest §9:1076—-1083
Atwater I, Gondos B, DiBartolomeo R, Bazaes R, Jovanovic L (2002) Pregnancy hormones
prevent diabetes and reduce lymphocytic infiltration of islets in the NOD mouse. Ann Clin
Lab Sci 32:87-92

Dulos J, Vijn P, van Doorn C, Hofstra CL, Veening-Griffioen D, de Graaf J, Dijcks FA, Boots
AM (2010) Suppression of the inflammatory response in experimental arthritis is mediated
via estrogen receptor alpha but not estrogen receptor beta. Arthritis Res Ther 12:R101

Yang YH, Ngo D, Jones M, Simpson E, Fritzemeier KH, Morand EF (2010) Endogenous
estrogen regulation of inflammatory arthritis and cytokine expression in male mice, predomi-
nantly via estrogen receptor alpha. Arthritis Rheum 62:1017-1025

Klein PW, Easterbrook JD, Lalime EN, Klein SL (2008) Estrogen and progesterone affect
responses to malaria infection in female C57BL/6 mice. Gend Med 5:423—433

Vegeto E, Cuzzocrea S, Crisafulli C, Mazzon E, Sala A, Krust A, Maggi A (2010) Estrogen
receptor-alpha as a drug target candidate for preventing lung inflammation. Endocrinology
151:174-184

Calippe B, Douin-Echinard V, Delpy L, Laffargue M, Lelu K, Krust A, Pipy B, Bayard F,
Arnal JF, Guery JC et al (2010) 17Beta-estradiol promotes TLR4-triggered proinflammatory
mediator production through direct estrogen receptor alpha signaling in macrophages in vivo.
J Immunol 185:1169-1176



120

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

A.L. Hevener and B.G. Drew

Hepworth MR, Hardman MJ, Grencis RK (2010) The role of sex hormones in the develop-
ment of Th2 immunity in a gender-biased model of Trichuris muris infection. Eur J Immunol
40:406-416

Lezama-Davila CM, Isaac-Marquez AP, Barbi J, Cummings HE, Lu B, Satoskar AR (2008)
Role of phosphatidylinositol-3-kinase-gamma (PI3Kgamma)-mediated pathway in 17beta-
estradiol-induced killing of L. mexicana in macrophages from C57BL/6 mice. Immunol Cell
Biol 86:539-543

Douin-Echinard V, Calippe B, Billon-Gales A, Fontaine C, Lenfant F, Tremollieres F, Bayard
F, Guery JC, Arnal JF, Gourdy P (2011) Estradiol administration controls eosinophilia
through estrogen receptor-alpha activation during acute peritoneal inflammation. J Leukoc
Biol 90:145-154

Olefsky JM, Glass CK (2010) Macrophages, inflammation, and insulin resistance. Annu Rev
Physiol 72:219-246

Chawla A, Nguyen KD, Goh YP (2011) Macrophage-mediated inflammation in metabolic
disease. Nat Rev Immunol 11:738-749

Ribas V, Drew BG, Le JA, Soleymani T, Daraei P, Sitz D, Mohammad L, Henstridge DC,
Febbraio MA, Hewitt SC et al (2011) Myeloid-specific estrogen receptor alpha deficiency
impairs metabolic homeostasis and accelerates atherosclerotic lesion development. Proc Natl
Acad Sci U S A 108:16457-16462

Wong WP, Tiano JP, Liu S, Hewitt SC, Le May C, Dalle S, Katzenellenbogen JA,
Katzenellenbogen BS, Korach KS, Mauvais-Jarvis F (2010) Extranuclear estrogen receptor-
{alpha} stimulates NeuroD1 binding to the insulin promoter and favors insulin synthesis.
Proc Natl Acad Sci U S A 107:13057-13062

Tiano JP, Delghingaro-Augusto V, Le May C, Liu S, Kaw MK, Khuder SS, Latour MG, Bhatt
SA, Korach KS, Najjar SM et al (2011) Estrogen receptor activation reduces lipid synthesis
in pancreatic islets and prevents beta cell failure in rodent models of type 2 diabetes. J Clin
Invest 121:3331-3342

Tiano J, Mauvais-Jarvis F (2012) Selective estrogen receptor modulation in pancreatic beta-
cells and the prevention of type 2 diabetes. Islets 4:173-176

Tiano JP, Mauvais-Jarvis F (2012) Molecular mechanisms of estrogen receptors’ suppression
of lipogenesis in pancreatic beta-cells. Endocrinology 153:2997-3005

Alonso-Magdalena P, Ropero AB, Carrera MP, Cederroth CR, Baquie M, Gauthier BR, Nef
S, Stefani E, Nadal A (2008) Pancreatic insulin content regulation by the estrogen receptor
ER alpha. PLoS One 3:¢2069

Choe SS, Choi AH, Lee JW, Kim KH, Chung JJ, Park J, Lee KM, Park KG, Lee IK, Kim JB
(2007) Chronic activation of liver X receptor induces beta-cell apoptosis through hyperacti-
vation of lipogenesis: liver X receptor-mediated lipotoxicity in pancreatic beta-cells. Diabetes
56:1534-1543

Le May C, Chu K, Hu M, Ortega CS, Simpson ER, Korach KS, Tsai MJ, Mauvais-Jarvis F
(2006) Estrogens protect pancreatic beta-cells from apoptosis and prevent insulin-deficient
diabetes mellitus in mice. Proc Natl Acad Sci U S A 103:9232-9237

Liu S, Le May C, Wong WP, Ward RD, Clegg DJ, Marcelli M, Korach KS, Mauvais-Jarvis F
(2009) Importance of extranuclear estrogen receptor-alpha and membrane G protein-coupled
estrogen receptor in pancreatic islet survival. Diabetes 58:2292-2302

Liu S, Mauvais-Jarvis F (2009) Rapid, nongenomic estrogen actions protect pancreatic islet
survival. Islets 1:273-275

Baquie M, St-Onge L, Kerr-Conte J, Cobo-Vuilleumier N, Lorenzo PI, Jimenez Moreno CM,
Cederroth CR, Nef S, Borot S, Bosco D et al (2011) The liver receptor homolog-1 (LRH-1)
is expressed in human islets and protects {beta}-cells against stress-induced apoptosis. Hum
Mol Genet 20:2823-2833

Soriano S, Ropero AB, Alonso-Magdalena P, Ripoll C, Quesada I, Gassner B, Kuhn M,
Gustafsson JA, Nadal A (2009) Rapid regulation of K(ATP) channel activity by 17{beta}-
estradiol in pancreatic beta}-cells involves the estrogen receptor {beta and the atrial natri-
uretic peptide receptor. Mol Endocrinol 23:1973-1982



6 The Impact of Estrogen Receptor o Expression in the Pathogenesis... 121

266.

267.

268.

269.

270.

271.

272.

273.

274.

275.

276.

Soriano S, Alonso-Magdalena P, Garcia-Arevalo M, Novials A, Muhammed SJ, Salehi A,
Gustafsson JA, Quesada I, Nadal A (2012) Rapid insulinotropic action of low doses of
bisphenol-A on mouse and human islets of Langerhans: role of estrogen receptor beta. PLoS
One 7:¢31109

Balhuizen A, Kumar R, Amisten S, Lundquist I, Salehi A (2010) Activation of G protein-
coupled receptor 30 modulates hormone secretion and counteracts cytokine-induced apopto-
sis in pancreatic islets of female mice. Mol Cell Endocrinol 320:16-24

Kumar R, Balhuizen A, Amisten S, Lundquist I, Salehi A (2011) Insulinotropic and
antidiabetic effects of 17{beta}-estradiol and the GPR30 agonist G-1 on human pancreatic
islets. Endocrinology 152:2568-2579

Sharma G, Prossnitz ER (2011) Mechanisms of estradiol-induced insulin secretion by the G
protein-coupled estrogen receptor GPR30/GPER in pancreatic beta-cells. Endocrinology
152:3030-3039

Kang L, Zhang X, Xie Y, Tu Y, Wang D, Liu Z, Wang ZY (2010) Involvement of estrogen
receptor variant ER-alpha36, not GPR30, in nongenomic estrogen signaling. Mol Endocrinol
24:709-721

Contreras JL, Smyth CA, Bilbao G, Young CJ, Thompson JA, Eckhoff DE (2002) 17beta-
Estradiol protects isolated human pancreatic islets against proinflammatory cytokine-induced
cell death: molecular mechanisms and islet functionality. Transplantation 74:1252-1259
Salonia A, Lanzi R, Scavini M, Pontillo M, Gatti E, Petrella G, Licata G, Nappi RE, Bosi E,
Briganti A et al (2006) Sexual function and endocrine profile in fertile women with type 1
diabetes. Diabetes Care 29:312-316

Liu S, Kilic G, Mauvais-Jarvis F (2010) Estrogens improve angiogenesis during pancreatic
islet transplantation. Keystone symposia on islet biology. Whistler, BC, Canada, Abstract
North American Menopause Society (2012) The 2012 hormone therapy position statement
of: The North American Menopause Society. Menopause 19(3):257-271

Finan B, Yang B, Ottaway N, Stemmer K, Miiller TD, Yi CX, Habegger K, Schriever SC,
Garcia-Céceres C, Kabra DG et al (2012) Targeted estrogen delivery reverses the metabolic
syndrome. Nature Medicine 18(12):1847-1856

Finan B, Yang B, Ottaway N, Stemmer K, Muller TD, Yi CX, Habegger K, Schriever SC,
Garcia-Caceres C, Kabra DG et al (2012) Targeted estrogen delivery reverses the metabolic
syndrome. Nat Med 18:1847-1856



Chapter 7
Metabolic Health in the Aging Female:
Human Perspective

Alice S. Ryan

Abstract The incidence rates of overweight and obesity has increased dramatically
over the last several decades and women with increased body fat and a sedentary
lifestyle have a greater risk for cardiovascular disease, type 2 diabetes mellitus,
hypertension, dyslipidemia, and certain cancers. This chapter provides a human
perspective of obesity and aging, describes the cardiometabolic profile of post-
menopausal women, presents a view of racial disparities in older women, and dis-
cusses the effects of aerobic and resistive exercise training on metabolic health in
aging women. Finally, the chapter imparts some future research directions in the
aging female.

Keywords Postmenopausal women ® Obesity ® Exercise ® Metabolism

Overweight and Obesity in Aging Women

Body mass index (BMI), a measure of an individual’s weight in relation to height is
used to define overweight and obesity. Overweight in adults is defined by a BMI
between 25 and 29 kg/m?. Obesity is defined as a BMI > 30 kg/m?. Further classifi-
cations for obesity by BMI include Class I obesity (BMI: 30.0-34.9 kg/m?), Class
IT obesity (35.0-39.9 kg/m?), and Class III or morbid obesity (BMI>40 kg/m?).
Numerous adverse health conditions and diseases are associated with overweight
and obesity such as insulin resistance, dyslipidemia, and risk for type 2 diabetes,
stroke, arthritis, and cardiovascular disease. Obesity is also a well-established risk
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factor for most common cancers including cancer of the breast (postmenopausal),
colorectal, esophagus, liver, gallbladder, and uterine cancer. There is also evidence
that being overweight increases the risk for cancer recurrence and may reduce like-
lihood of survival [1-4].

The National Center for Health Statistics began tracking the prevalence and
trends of overweight US adults in 1960 with the National Health Examination
Survey (NHES I) and completed additional National Health and Nutrition
Examination Surveys (NHANES I, II, III, continuous) in 2000 [5]. During this
40-year period, the prevalence of obesity increased significantly from 18.5 to 37.8 %
in 40-59-year-old women and from 26.3 to 35 % in women >60 years of age
between 1960 and 1999-2000. From 1999 to 2004, there was no increase in the
prevalence of obesity in women. Trends in obesity from 1999 to 2008 are the most
recently reported NHANES data [6] which indicated a 68 % overall prevalence of
overweight and obesity and slightly lower prevalence of 64 % among women only.
The prevalence of obesity varies by age and racial and ethnic groups for women
such that the likelihood of being obese was significantly greater in both non-Hispanic
black women and Mexican American women than non-Hispanic white women [6].
In particular, the likelihood of being obese was significantly higher in women aged
40-59 years as well as in the age group 60 years or older compared to the 20-39
year age group which suggest that the prevalence of obesity did not appear to be
growing at the same rate as it had over the last 10 years for women [6]. Given this
evidence, it could be inferred that women may be taking steps to comply with cur-
rent nutrition and physical activity advice to modify overweight and obesity.

An obvious concern of severe obesity is that it is associated with increased mor-
tality [7]. Reduced physical fitness is also associated with increased risk of all-cause
and CVD mortality [8—10]. This is also true in postmenopausal women wherein
there is a graded inverse relationship between physical activity and all-cause mortal-
ity risk, indicating that increasing frequency and the intensity of exercise results in
a reduced mortality rate [11]. Middle-aged women who maintained a healthy life-
style by not being overweight, not smoking, exercising moderately or vigorously
30 min/day, and eating a healthy diet, had more than an 80 % reduction in the inci-
dence of coronary events compared to those women without these traits [12].
Furthermore, brisk walking and vigorous exercise are associated with considerable
and similar risk reductions in the incidence of coronary events among women [13].
These investigations provide evidence that a program of regular moderate intensity
exercise can have substantial health implications in the aging women.

Cardiometabolic Profiles in Postmenopausal Women
Body Composition

The increase in body fat in women as just described above not only effects disease
risk and mortality but an increase in obesity in postmenopausal women may have
a profound effect on the cardiometabolic profile. More specifically, regional
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adiposity may confer a higher metabolic risk. We investigated whether there was
a critical visceral fat level associated with elevated cardiovascular risk factors in
over 200 older women [14]. A woman with a visceral fat of >106 cm? was five
times more likely to have a reduced HDL-cholesterol and about four times more
likely to have a high LDL/HDL cholesterol ratio than women whose visceral fat
was below this level [14]. In addition, women in the highest quintile of visceral fat
(>163 cm?) were also at a higher risk of impaired glucose tolerance, whereas those
postmenopausal women in the lowest quintile (<105 cm?) had lower fasting glu-
cose and insulin concentrations and better lipid profiles than all other quintiles of
women with higher visceral fat levels. As shown in other populations, insulin
sensitivity determined by a hyperinsulinemic-euglycemic clamp is negatively cor-
related with waist circumference, waist-to-hip ratio, and visceral fat in postmeno-
pausal women [15]. These results suggest that increased abdominal adiposity and
an upper body fat distribution are associated with insulin resistance in older
women.

Lower body fat may also be important in cardiovascular risk and the insulin
resistance observed in postmenopausal women. Mid-thigh intramuscular fat was
associated with fasting insulin, leptin, triacylglyccerol, total cholesterol, and low-
density lipoprotein (LDL)-cholesterol [16]. We also found in an early study that
insulin sensitivity was negatively associated with mid-thigh low-density lean tissue
or intramuscular fat (Fig. 7.1) [15]. Our data was recently confirmed wherein
increased thigh intermuscular fat was associated with insulin resistance in healthy
early postmenopausal women [17]. In addition, insulin sensitivity was positively
associated with thigh subcutaneous fat independent of total body fat [17].
Postmenopausal women with levels of low muscle attenuation (increased intramus-
cular fat) had worse metabolic risk including elevated fasting and 2-h glucose and
reduced insulin sensitivity by the glucose clamp [18]. Furthermore, women with
high muscle attenuation (lowest mid-thigh intramuscular fat) as well as increased
visceral fat had the worst profiles [18], suggesting that visceral fat may be more
important than fat within the muscle in terms of metabolic risk.

In the Kronos Early Estrogen Prevention Study, healthy early postmenopausal
women (n=650) underwent computed tomography (CT) imaging to study cardiac
and intra-hepatic fat and their relationship to metabolic risk factors [19]. Increased
epicardial adipose tissue was associated with high LDL-cholesterol, triglycerides,
glucose, insulin, hs-C-reactive protein (CRP), and low HDL levels. Likewise, higher
pericardial adipose tissue was associated with increased triglycerides, insulin, hs-
CRP, and low HDL-cholesterol. Results of these associations of cardiac fat, in
general, persisted after adjustment for total obesity by BMI and abdominal fat
(waist circumference). In addition, hepatic fat was associated with a worse profile
of the above risk factors in this large group of postmenopausal women [19]. In
another study, uric acid, BMI, waist circumference, alanine aminotransferase,
triglycerides levels, and HDL-cholesterol were associated with insulin resistance
measured by Homeostasis model assessment (HOMA) in postmenopausal women
without diabetes [20]. In summary, there is evidence in postmenopausal women that
subcutaneous abdominal fat and ectopic fat (visceral fat, thigh intramuscular fat,
and hepatic fat) are associated with increased disease risk.
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Fig. 7.1 Relationship between mid-thigh low-density lean tissue and insulin sensitivity, M/I
(r=-0.33, P=0.05) in African American and Caucasian women

In a comprehensive longitudinal examination of changes in body composition
during menopause, Lovejoy et al. [21] found that women who became postmeno-
pausal by the fourth year of the study had gained weight and body fat. In addition,
only women who became postmenopausal had an increase in visceral fat, whereas
all women gained subcutaneous abdominal fat over time. The group also reported
that not only did energy expenditure by accelerometry decline as the women aged
but 24-h energy expenditure and substrate oxidation measured with a whole-room
calorimeter decreased over time, with greater decreases in the women who became
postmenopausal [21]. This study was the first longitudinal investigation to substan-
tiate the cross-sectional observations of increases in abdominal fat in women during
the perimenopausal years. It is thought that fat distribution changes may be influ-
enced by sex hormone concentrations.

Hormonal Status

Several reports have examined hormones or metabolites such as insulin, sex
hormone-binding globulin (SHBG), testosterone, leptin, and adiponectin to investi-
gate hormonal status in postmenopausal women. A higher fasting insulin is associ-
ated with a worse lipoprotein lipid profile (increased triglyceride and reduced
HDL-cholesterol) in postmenopausal women [22]. Insulin was also associated with



7 Metabolic Health in the Aging Female: Human Perspective 127

apolipoprotein A-I after adjustment for abdominal adiposity, estrone, and SHBG
[22]. When body fat is similar between perimenopausal and postmenopausal
women, fasting insulin is not different between groups [23]. Fasting insulin
increased with an associated weight gain in women studied over a 3-year period of
menopause [24].

SHBG is a serum glycoprotein that binds testosterone with high affinity and
estrogen with lower affinity and is considered an indirect marker of androgenicity.
Serum SHBG is negatively associated with obesity [25] and visceral fat [26]. SHBG
is also associated with insulin resistance and glucose tolerance in postmenopausal
women [27, 28] and is an independent marker of risk for type 2 diabetes [29]. In
over 750 postmenopausal women who were lean to obese (BMI range 15-53 kg/
m?), HOMA-IR, BMI, and diastolic blood pressure were inversely related to serum
SHBG and combined, explained approximately 34 % of the variation of SHBG
[30]. Furthermore, there was a positive relationship between serum SHBG and
serum total testosterone; however, the relationship between SHBG and insulin resis-
tance was independent of circulating testosterone [30], suggesting that androgens
do not help explain this relationship. Others have shown that serum SHBG is nega-
tively correlated with metabolic syndrome ( [31] E) and markers of inflammation
including CRP [32-34] in women. Moreover, serum SHBG is inversely correlated
with serum CRP concentrations even after adjustment for age, components of the
metabolic syndrome, insulin resistance, LDL-cholesterol, serum sex hormones,
estradiol, and total testosterone [33], suggesting that SHBG may be independently
associated with inflammation in Asian postmenopausal women.

Leptin, a product of the OB gene in humans, has been studied in the context of
obesity and glucose homeostasis given that the OB protein regulates body weight
and fat deposition through alterations in appetite and metabolism [35, 36]. Leptin is
highly correlated with percent fat, subcutaneous abdominal fat, and visceral fat in
women [37]. Moreover, leptin is associated with fasting insulin even after control-
ling for body fat. We also found that plasma leptin levels changed little from basal
during hyperglycemic (approximately 10 mmol/LO or hyperinsulinemic-euglycemic
(400-3,000 pmol/L) clamp studies in women athletes and controls [37]. In ~150
postmenopausal women, serum leptin levels were significantly higher in women
with the metabolic syndrome than those without the metabolic syndrome even after
adjustment for BMI, WHR, and visceral fat [38]. Leptin is also associated with BMI
and total fat mass in Japanese postmenopausal women with knee osteoarthritis [39].
Menopausal status is a significant predictor of both leptin and adiponectin in pre-
menopausal and postmenopausal Tunisian women [40]. In another cross-sectional
study, plasma leptin was associated with BMI and percent body fat in physically
active postmenopausal women between the ages of 50 and 85 [41].

Adiponectin, a peptide expressed specifically and abundantly in adipose tissue
[42, 43], is considered an anti-inflammatory and insulin-sensitizing adipokine
which is lower in obesity [44]. In approximately 150 women, adiponectin and leptin
levels were measured to examine the relationships among those adipocytokines,
total and central obesity, and insulin sensitivity across the adult age span in women
[45]. Adiponectin was negatively associated with BMI, percent fat, waist
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circumference, visceral fat, subcutaneous abdominal fat, and leptin [45]. In healthy
postmenopausal Korean women, adiponectin was significantly negatively corre-
lated with waist circumference, high-density lipoprotein cholesterol, diastolic blood
pressure, and insulin resistance by HOMA model [46]. In the Women’s Health
Initiative Observational Study, adiponectin levels were associated with stroke risk
factors including obesity and systolic blood pressure [47]. We also determined
peripheral tissue sensitivity to exogenous insulin using the hyperinsulinemic-eugly-
cemic clamp and showed that in a multivariate analysis, only insulin sensitivity or
M was a significant independent predictor of adiponectin [45]. The mechanism by
which adiponectin exerts its insulin-sensitizing effects is through a decrease in mus-
cle and liver triglyceride content [48]. In skeletal muscle, adiponectin increases
fatty acid oxidation [48, 49] by inactivating acetyl CoA carboxylase (ACC) and
activating AMP-activated kinase [50], thereby regulating glucose metabolism.

Racial Disparities in Postmenopausal Women

Several studies from our group suggest that race may differentially affect body com-
position in the older female. Postmenopausal African American women have sig-
nificantly more subcutaneous abdominal fat and greater waist circumference than
Caucasian postmenopausal women [15, 51]. Mid-thigh low-density lean tissue
(a marker of intramuscular fat) is almost 35 % higher in postmenopausal African
American than Caucasian women [15]. Studies are conflicting with regard to racial
differences in visceral fat. Caucasian postmenopausal women had approximately
22 % higher visceral fat area but similar subcutaneous fat area in one study [14] and
no differences in visceral fat area in others [15, 51, 52]. Subcutaneous abdominal fat
at L2-L.3 was lower in African American than Caucasian postmenopausal women
so that the ratio of visceral to subcutaneous fat was lower in African than in the
Caucasian women [52].

We have also studied postmenopausal women who are overweight or obese and
sedentary and made several metabolic comparisons between African American and
Caucasian women. Postmenopausal African American women had similar circulat-
ing levels of SHBG even after adjustment for body fat and fasting insulin as
Caucasian postmenopausal women [51]. Furthermore, levels of testosterone did not
differ between groups [51]. The associations of body composition, insulin, and lip-
ids with SHBG differ between African American and Caucasian obese postmeno-
pausal women. In African American women, SHBG is not related to central obesity,
insulin, or HDL-cholesterol, but SHBG is related to these factors in Caucasian
women. These results suggest that after menopause, sex steroid metabolism may
affect regional fat distribution, lipid and glucose metabolism differently in African
American and Caucasian women [51, 53, 54]. Postmenopausal African American
women have higher insulin levels [15, 51], higher insulin area under the curve [51]
and higher leptin concentrations [51] than Caucasian postmenopausal women.
Leptin concentration was 20 % lower in obese postmenopausal African American
than Caucasian women matched for level of body fat [55]. In an early study, we
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reported that postmenopausal African American women had 60 % lower glucose
uptake, assessed during a 240 pmol/m? per minute hyperinsulinemic-euglycemic
clamp due to a 98 % lower nonoxidative glucose disposal [15]. Insulin sensitivity
was negatively correlated with mid-thigh low-density lean tissue, suggesting that
increased fat deposition in the muscle in African American women decreases insu-
lin sensitivity. Rates of basal and insulin-suppressed lipolysis in abdominal fat were
higher in African American than Caucasian postmenopausal women [52]. The
decline in sex steroids with menopause may contribute to this finding. More studies
are needed to investigate the mechanisms that may contribute to the body composi-
tion and metabolic differences between African American and Caucasian post-
menopausal women.

Exercise Training in the Aging Female

Exercise training has beneficial effects on cardiometabolic health and traditional car-
diovascular risk factors including obesity, hypertension, dyslipidemia, and glucose
intolerance. Studies in highly competitive athletes offer a unique perspective to com-
pare to healthy but sedentary older women. In comparisons of athletes and sedentary
women, we have reported that women athletes (swimmers, runners, triathletes)
between 18 and 69 years of age have lower percent body fat, fat mass, visceral, and
subcutaneous abdominal fat than normal BMI age-matched controls [56]. Of par-
ticular interest to this chapter, the postmenopausal athletes had half the amount of
visceral fat than the older controls as well as similar total body fat and subcutaneous
abdominal fat to the young athletes implying that the competitive nature and
increased endurance training enabled the older athletes to maintain a reduced adipos-
ity despite their age [56]. We also studied glucose metabolism in these older women
athletes and reported p-cell sensitivity to glucose and peripheral tissue sensitivity to
insulin was preserved in women athletes as a function of age [57]. The older seden-
tary women had a 70 % greater first-phase insulin response, a 103 % greater second-
phase insulin response during hyperglycemia, and utilized significantly less glucose
than the older athletes, indicating increased insulin sensitivity in older athletes [57].
HDL-cholesterol is greater and LDL-cholesterol is lower in women athletes than
sedentary women [58]. Moreover, total and LDL-cholesterol increased with age
even after adjustment for fitness (VO,max) and visceral fat suggesting that changes
in lipoproteins are due to primary aging [58]. These studies highlight the benefits of
high-intensity training in older competitive women athletes.

Exercise, Body Composition, and Cardiometabolic Outcomes

Improvements in physical fitness and changes in body weight are important to
changes in body composition. In sedentary obese postmenopausal women who par-
ticipated in a walking and weight loss program, a 10 % increase in VO,max results
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in a 20 % decrease in visceral fat, whereas a lack of change in VO,max decreases
visceral fat by about half that amount (10 % decrease) [59]. In several of our studies
of different groups of postmenopausal women, we have examined changes in body
composition after weight loss alone, or weight loss combined with aerobic training
over a 6-month period. We report that an 8—10 % decrease in body weight results in
a 13-18 % decrease in visceral fat and a 12—17 % decrease in subcutaneous abdomi-
nal fat [60—63]. Weight loss and walking also reduced intramuscular fat by ~4—18 %
in postmenopausal women [60-62, 64]. To study the effects of exercise intensity on
visceral fat loss, Nicklas et al. [65] conducted a randomized clinical trial in over-
weight and obese postmenopausal women enrolling in either 20 weeks caloric
restriction alone, calorie restriction plus moderate exercise, or calorie restriction
plus vigorous exercise. All groups lost significant amounts of weight with similar
losses in visceral fat and subcutaneous abdominal fat [65]. Changes in the metabolic
parameters (decreases in triglycerides, LDL-cholesterol, fasting glucose and insu-
lin, and areas under the curve) did not differ by group. In this same trial of caloric
restriction versus caloric restriction+moderate intensity, versus caloric restric-
tion+ vigorous intensity exercise in obese postmenopausal women, pericardial fat
decreased slightly more than 15 % among all groups without a significant difference
between groups [66]. These studies all suggest that reduction in weight by a decrease
in energy intake is critical to the loss of fat in the various depots.

We have shown that resistive training alone does not result in a loss of body
weight or total body fat but total body FFM and thigh muscle area increase after
resistive training in postmenopausal women [67]. Others have also shown gains in
muscle mass after resistive training postmenopausal women [68, 69]. After 10
weeks of unilateral strength training, muscle volume increased without changes in
intermuscular fat or mid-thigh subcutaneous fat in women aged 50-85 years of age
[70]. The women over the age of 65 then completed a 12-week program of whole-
body strength training and had significant increases in FFM [71]. Melnyk et al. [72]
reported increased proximal, middle, and distal quadriceps muscle areas of the thigh
after a 9-week one-legged strength training program in older (65—75 years) women,
suggesting that the increases in muscle area occur across the entire thigh muscle. In
contrast, one study has shown that 6 months of progressive whole-body resistive
training did not change lean mass in older aged [65—74] year women [73]. Visceral
fat has been reported to decrease after resistive training in older women [74]. On the
contrary, visceral fat and subcutaneous abdominal fat did not change but total body
FFM increased by ~1 kg in community-dwelling frail elderly (>78 years of age)
women after a 3-month progressive resistance training program that followed an
aerobic exercise training intervention [75]. In a randomized control trial, Kemmler
et al. [76] showed that appendicular skeletal muscle mass and total lean body mass
increased and abdominal and total body fat by DXA decreased after an 18-month
high-intensity exercise (aerobic, balance, strength components) in 250 elderly
community-dwelling women. Thus, in contrast to aerobic exercise that results in
minimal changes in FFM, resistive training alone may increase total body and
regional muscle mass but the population studied may be important with respect to
body composition results.
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Endogenous sex hormones were studied in overweight postmenopausal women
with impaired glucose tolerance who underwent an intensive lifestyle modification
program or metformin of the Diabetes Prevention Program [77]. SHBG levels
increased and dehydro-epiandosterone (DHEA) decreased without changes in estra-
diol or testosterone in the lifestyle group. Furthermore, changes in SHBG and
DHEA were associated with reductions in both fasting and 2-h glucose levels inde-
pendent of changes in waist circumference and fasting insulin [77]. An 8-week
cycle exercise program decreased fasting insulin and insulin-like growth factor
(IGF)-1 levels and did not change IGF binding protein-3 in a small sample of over-
weight and obese postmenopausal women [78]. In sedentary postmenopausal
women from Brazil, a 16-week resistive training program increased IGF-1 levels
but total testosterone, estradiol, and cortisol remained unchanged [69].

Exercise and Energy Expenditure

Postmenopausal women had a reduction in daily physical activity energy expendi-
ture on the days they participated in center-based moderate or vigorous exercise
[79]. The authors suggest that postmenopausal women may compensate for the
increased energy expended during exercise sessions by reducing their activity/
energy levels outside the structured program [79]. This could have important impli-
cations for weight control and obesity in postmenopausal women, especially for
women who are trying to maintain their current weight or prevent weight regain
after weight loss.

Sedentary overweight and obese postmenopausal women who have higher levels
of physical activity energy expenditure have better lipoprotein and lipid profiles and
lower circulating inflammation than those women with lower activity levels [80]. In
a post hoc analysis combining two cross-sectional studies in inactive postmeno-
pausal women, Lavoie et al. [80] reported that the interaction of physical activity
energy expenditure by doubly labeled water and diet quality by the Canadian
Healthy Eating Index were associated with higher HDL-cholesterol, apoB, LDL-
cholesterol/apoB ratio, and lower hs-CRP levels, suggesting that physical activity
and dietary habits work synergistically to create a favorable cardiometabolic risk
factor profile.

Exercise and Glucose Metabolism

Cross-sectional and longitudinal studies consistently demonstrate the benefits of
exercise on glucose homeostasis. In a large population of elderly men and women,
physical activity, by self-administered questionnaire decreased with increasing glu-
cose intolerance and persisted after adjustment for age, BMI, waist—hip ratio, family
history of diabetes, and smoking [81]. This was confirmed in a similar recent study
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where insulin sensitivity by a euglycemic clamp was not different in younger
women athletes versus older endurance-trained athletes [82]. Since the normal-
weight younger subjects have similar insulin sensitivity to the older subjects, it
could suggest that the obesity and physical inactivity are more important in insulin
resistance than aging per se [82]. Insulin sensitivity as estimated by the homeostatic
metabolic assessment for insulin resistance (HOMA-IR) was determined in over
750 athletes representing 33 different sports [83]. Those athletes with the lowest
HOMA-IR values were rowers and short-distance track athletes, whereas archery
and field-throwing athletes had higher HOMA-IR values than the control group.
Weight-lifting athletes may not confer the same metabolic benefits in terms of glu-
cose metabolism as aerobically trained athletes.

Aerobic exercise training can improve glucose metabolism in overweight and
obese postmenopausal women by reducing glucose and insulin levels during oral
glucose tolerance tests and increasing glucose utilization during glucose clamps
[61, 64]. The exercise effects may be long lasting in older women given that insulin
sensitivity increased approximately 20 % even when glucose clamps are performed
72 h after the last training session [84]. When whole-body insulin resistance is esti-
mated by HOMA-IR, it decreases with diet alone and exercise +diet but not exercise
alone compared to control in overweight and obese postmenopausal women [85].
We recently conducted a large clinical trial of caloric restriction alone and com-
bined with 6 months of aerobic training. Postmenopausal women underwent skele-
tal muscle biopsies prior to and during a hyperinsulinemic-euglycemic clamp both
before and after the interventions to examine the mechanisms responsible for
improved insulin sensitivity with these lifestyle interventions [62]. The effect of in
vivo insulin to increase glycogen synthase (GS) fractional activity is strongly cor-
related to whole-body glucose utilization (Fig. 7.2). In addition, GS fractional activ-
ity was significantly lower in women with impaired glucose tolerance than women
with normal glucose tolerance which likely contributes to the insulin resistance in
women with impaired glucose tolerance. As a result of the interventions, the change
in glucose utilization was associated with the change in insulin-stimulated GS frac-
tional activity. In examining this further, we found that in women with impaired
glucose tolerance, there is an enhanced insulin-stimulated GS activity following
aerobic exercise +caloric restriction and the effect of insulin to increase GS total
activity is greater after the combined intervention than caloric restriction alone [62].
Our results would suggest that adding aerobic exercise to caloric restriction improves
insulin sensitivity in overweight and obese postmenopausal women at risk for dia-
betes and that changes in GS activity may be one contributing mechanism.

Resistive training has also been studied as a mode of exercise to improve glucose
homeostasis in postmenopausal women. Resistive training does not change fasting
plasma glucose [86] regardless of age or sex [87]. Yet, resistive training does
improve glucose metabolism in women [86—88]. A 4-month resistive training pro-
gram alone and resistive training plus weight loss increased insulin action and
reduced hyperinsulinemia as assessed by hyperglycemic clamps in middle-aged
postmenopausal women [88]. Furthermore, a 6-month resistive training program
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tended to improve insulin action in older postmenopausal insulin-resistant women,
and the change in glucose utilization was a function of initial glucose utilization
[86]. Even though there are a limited number of metabolic studies after resistive
training in postmenopausal women, the current evidence would imply that this type
of exercise is advantageous in the aging female.

Additional Benefits of Exercise Training

Physical activity is also important to women during and after menopause for physi-
cal and psychological reasons. The benefits of exercise training on increasing bone
mineral density or reducing the loss of bone density with aging in older women are
beyond the scope of this chapter. Readers are encouraged to peruse other chapters
or reviews on this topic [89-91]. There are a few studies which report the impor-
tance of physical activity in enhancing quality of life among menopausal women
[92], reducing frequency of hot flashes [93, 94], and controlling body weight or
reducing a gain in body fat [95]. Since weight gain during menopause is associated
with increases in total cholesterol, LDL-cholesterol, triglyceride levels, and blood
pressure [24], weight reduction programs during and after menopause may be par-
ticularly important to reduce cardiovascular risk. Women (premenopausal, peri-
menopausal, postmenopausal) who have an increase in physical activity over an
8-year period have improved quality of life compared to women whose physical
activity declined [96]. Quality of life deteriorated in more women who were in the
menopausal transition than postmenopausal women [96]. This indicates that
increased physical activity levels in this period may be critically important.
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Summary and Future Directions in the Aging Female

It is clear that obesity remains a significant concern for the aging female.
The cardiovascular risk factors that accompany obesity such as dyslipidemia, hyper-
tension, and glucose abnormalities, warrant the continued emphasis on initiating
and maintaining exercise programs in the aging female. New nontraditional types of
exercise should be explored in healthy women and older women with disabilities.
As well, more studies should focus on elderly postmenopausal women as less scien-
tific evidence and information is available for this group. The cellular mechanisms
that underlie metabolic improvements after exercise training in postmenopausal
women and the interaction with sex steroids remain fruitful areas of investigation.
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Chapter 8

Transitions Across a Lifetime:

Unique Cardiovascular Physiology of Women
and Relationship to Cardiovascular Disease Risk

Juliana M. Kling, Virginia M. Miller, and Sharon L. Mulvagh

Abstract Mortality from cardiovascular disease for women exceeds that of men.
This health disparity reflects differences in economic, environmental and psychoso-
cial factors but more importantly the lack of basic knowledge in differences of
cardiovascular physiology between men and women that drives surveillance and
treatment guidelines for women. Sex differences in disease frequency and presenta-
tion are due to sex chromosomes, as well as activational and organizational effects
of the sex steroid hormones. This chapter addresses how two conditions unique to
women, pregnancy and menopause, affect cardiovascular function and therefore,
types, frequency, and expression of cardiovascular pathologies in women.

Keywords Cardiovascular disease * Estrogen ® Hormone * Menopause * Pregnancy

Introduction

Mortality from cardiovascular disease for women exceeds that of men [1]. Factors
contributing to this difference in mortality include exposures to psychosocial stressors,
environmental toxins, access and utilization of heath care, lack of appropriate sur-
veillance and treatment guidelines for women, and lack of utilization of validated
guidelines where appropriate. These latter two factors may reflect the absence of basic
knowledge of the differences in cardiovascular physiology between men and women.
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Sex differences in disease frequency and presentation are due to sex chromo-
somes, as well as activational and organizational effects of the sex steroid hormones.
In women, biological sex is defined by two X chromosomes, one of which under-
goes partial inactivation. Activational hormonal effects are reversible phenotypes
which disappear with the loss of gonadal hormones such as estrogen, but reappear
with reinstitution of the gonadal hormones such as with menopausal hormone
treatments. Organizational hormonal effects, on the other hand, are those character-
istics that are determined by sex steroid hormones but remain after the loss of
gonadal function. Changes in the cardiovascular system associated with two condi-
tions unique to women, pregnancy and menopause, demonstrate the activational and
organizational effects of sex steroid hormones [2]. Thus, understanding the mecha-
nisms contributing to disease variations based on sex chromosomal compliment and
hormonal status may lead to more informed surveillance and treatment options for
women including higher risk stratification and earlier monitoring of women with a
history of hypertensive (and perhaps other) pregnancy disorders and use of meno-
pausal hormone therapy (MHT) in perimenopause or early in the postmenopausal
state for alleviation of menopausal symptoms. The following chapter will describe
the established sex and gender differences in cardiovascular physiology while explor-
ing the possible etiologies for these differences through recent scientific findings.

Regulatory Mechanisms Contributing to Sex Differences
in Cardiovascular Physiology

Genetic Mechanisms

When considering genetic compared to environmental factors influencing cardio-
vascular disease, genetic factors influence cardiovascular risk profiles for coronary
heart disease and stroke more in women than men, whereas environmental and life-
style factors contribute more to risk for men than women [3, 4].

In men, the Sry locus of the Y chromosome contributes to development of hyper-
tension through regulation of tyrosine hydroxylase, a critical enzyme in the synthesis
of norepinephrine [5, 6]. In experimental animals, transfection of the Sry locus from
hypertensive male animals to normotensive animals led to increased systolic blood
pressure, plasma catecholamines, and tyrosine hydroxylase activity [7, 8]. Therefore,
greater activity of tyrosine hydroxylase in men secondary to Sry expression predis-
poses men to hypertension differently than women. However, estrogen also modu-
lates activity of tyrosine hydroxylase as well as other aspects of sympathetic nerve
activity subsequently affecting vascular smooth muscle tone and peripheral resis-
tance including: (a) the synthesis and release of the neurotransmitter, norepinephrine,
(b) reuptake and degradation of norepinephrine, and (c) post-junctional activation
of adrenergic receptors on the vascular smooth muscle and cardiac muscle [9].
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These complex processes demonstrate the multiple genetic influences to blood
pressure regulation and cardiovascular function. Although specific studies have iden-
tified ways in which estrogen affects peripheral sympathetic adrenergic neurotrans-
mission in the peripheral circulation, similar data does not exist regarding cholinergic
transmission. Estrogen, however, affects both sympathetic and parasympathetic
function through central regulation. This is evidenced by the expression of estrogen
receptors on central neurons. For example, injection of 17p-estradiol into the central
nucleus of the amygdala decreased sympathetic nerve activity [10-12]. Vasomotor
symptoms of menopause are most likely mediated centrally in the hypothalamic
region of the brain. Similarly, parasympathetic and sympathetic tone can be altered
by decreasing levels of estrogen during menopause. This has been demonstrated in
oophorectomized women whose heart rate variability was lower when compared to
women of the same age with ovaries [13]. Estrogenic effects on cholinergic neuro-
transmission in the brain are also implicated in hippocampal function associated with
memory [14, 15].

Early in the female developmental process, part of one of the two X chromo-
somes is inactivated in order to provide X equivalence between males and females.
This process is dependent on the X-inactive-specific transcript (Xist) gene being
transcribed from the X chromosome that is being inactivated, as well as a protein
that assists in X chromosome silencing. These regulatory processes are complex. It
is unclear whether inactivation of one particular X is permanent throughout life and
exactly what X inactivation means for the physiology of women [16]. Moreover, it
is unknown exactly how women compensate for the loss of the Y-linked genes,
although it is believed that it is through up-regulation of their X-linked homologs
[17]. Evidence demonstrates that the genes that miss X inactivation, which is about
15 % in humans, may contribute to phenotypic sex differences [18]. In fact, many
of these genes are expressed more strongly in females. Sexual dimorphism is
impacted by the sex chromosome complement independent of hormone influence
[19]. The importance of escape genes after X inactivation is demonstrated in
Turner’s syndrome, which is a disorder of a single X chromosome, characterized by
congenital cardiovascular malformations of the heart valves and large arteries as
well as short stature, webbed neck, and ovarian dysgenesis [20]. Furthermore, genes
on the X chromosome that escape inactivation are important in brain function [21]
and possibly in aging [22]. It may be through these pathways, as well as their overall
impact on gene regulation contributing to sexual dimorphisms, that produce sex dif-
ferences in cardiovascular diseases. Although no specific escape genes linked to
cardiovascular disease have been described, there are genes that exist on the inacti-
vated X that affect metabolism and lead to oxidative stress because of the genetic
material in the mitochondria. Oxidative stress can lead to chronic inflammation and
subsequently progression of cardiovascular disease [23, 24].

The importance of genetic components of immunity pathways in development of
cardiovascular disease in women is supported by SNP analysis of pathways associ-
ated with anticoagulant, procoagulant, fibrinolytic, and innate immunity in meno-
pausal women who were within 3 years of menopause. In these estrogen-depleted
women, carotid intima medial thickening (CIMT) was positively associated with
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Table 8.1 Sex differences in cardiovascular diseases

Female Male

Hypertensive disorders of pregnancy Erectile dysfunction
Coronary artery dissection of pregnancy Systemic hypertension
“hot flashes” of menopause Myocarditis

Pulmonary hypertension

Raynaud’s disease

Microvascular angina

Migraine

Postural orthostatic tachycardia syndrome (POTS)
Heart failure with preserved ejection fraction (HFpEF)
Apical Ballooning (Tako-Tsubo)

Examples of cardiovascular diseases that are sex-specific or have differential prevalence in one sex
compared to another

SNPS of the MAP4K4 gene and the ILS gene. These genes mediate gene TNFo
signaling and the differentiation of B cells and eosinophils, respectively. However,
CIMT was negatively associated with CCL5 gene that modulates RANTES, a
chemo-attractant for monocytes, eosinophils, and memory T-helper cells [25].

Hormonal Mechanisms

Activational and organizational effects of the sex steroids contribute to sex
differences in cardiovascular function through specific receptors located in all
tissues of the cardiovascular system. Activational effects of the sex steroids alter
production of endothelium-derived factors, regulation of intracellular calcium
and calcium-sensitivity of the smooth muscle, synthesis, and degradation of
norepinephrine as well as the expression of adrenergic receptors of the vascular
smooth muscle [2, 26, 27].

Organizational effects include regulation of cell proliferation and migration that
may contribute to development of vascular lesions and cardiac remodeling [27, 28].
Thus, the predominance of testosterone in men and cyclic variation of ovarian hor-
mones, estrogen and progesterone in women, will affect different structural and
regulatory aspects of the heart and blood vessels. In women the increase in estrogen
and progesterone with pregnancy allows the cardiovascular system to accommodate
increased blood volume and cardiac output to sustain blood flow and nutrient
requirements of the developing fetus. Therefore, sex differences in prevalence and
expression of cardiovascular disease between men and women (Table 8.1) result
from the combined effect of sex chromosomes, activation and organizational effects
of the sex steroids. At menopause, activational effects will be lost with decline in
ovarian hormones; thus, it would be expected that in women, a less adaptive cardio-
vascular system would become more “male-like” with age.
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Phenotypic Expression of Sex Differences in Cardiovascular
Disease

Hypertension

Although men may present with systemic hypertension at an earlier age than
women, the incidence of pulmonary hypertension is greater in women than men
[29-31]. Alterations in sympathetic activity affects vascular tone and subse-
quently arterial pressure and blood flow to end-organs such as the heart, brain,
liver, and skeletal muscle [9]. As discussed above, regulation of adrenergic neuro-
transmission is affected by the presence of both the sex chromosomes and sex
steroid hormones. In men, increases in resting sympathetic vasoconstrictor activ-
ity increases total peripheral vascular resistance [32] which may contribute to the
manifestation of hypertension in men at younger ages than in women [33].
However, in young women, increases in sympathetic nerve activity do not cause a
linear increase in total peripheral resistance or cardiac output [34]. Additional
evidence demonstrating effects of hormones on sympathetic-mediated changes in
blood flow are observed in changes in skin blood flow during a woman’s men-
strual cycle [35, 36]. These changes suggest that female sex steroids may modu-
late the response of the cutaneous circulation of the head, limb, and trunks that are
controlled by adrenergic and cholinergic neurons that lead to vasoconstriction and
vasodilatation, retrospectively [37]. Relationships between sympathetic nerve
activation and total peripheral resistance are just beginning to be explored in
menopausal women [38], but the peripheral and central factors controlling mecha-
nisms of vasomotor disturbances (hot flashes/flushes) of menopause remain
unknown.

Other examples of cardiovascular disease having a female predominance most
likely reflecting differences in autonomic function are vasomotor disorders such as
Raynaud’s and postural orthostatic tachycardia syndrome (POTS) [9].

Stroke incidence, on the other hand, demonstrates a male predominance. For
men, stroke incidence rates have been reported at 20.7 per 10,000, whereas for
women rates are 9.6 per 10,000 [39]. Systemic hypertension is a major risk factor
for stroke. Therefore, as the rates of hypertension in women go up after menopause,
so too does this chance of stroke. Treating systolic hypertension can significantly
lower the incidence of stroke [40], including hemorrhagic, ischemic, and lacunar
stroke.

Sex differences in underlying physiological mechanisms will affect not only
manifestations of disease (symptoms) but also response to treatment. For example,
presentation of symptoms for myocardial infarction may differ in men and women
with more nonspecific or abdominal-related symptoms seen in women and treat-
ments for hypertension while effective in women may not always result in reduction
of blood pressure in women to treatment targets [41].
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Heart Failure with Preserved Ejection Fraction

Heart failure can manifest with depressed or preserved ejection fraction. In women,
it is more common to find heart failure with preserved ejection fraction (HFpEF).
The major risk factors for development of heart failure in women include hyperten-
sion and diabetes. Moreover, women have a higher risk for mortality than men if
they suffer from left ventricular hypertrophy [42]. Evidence indicates that estrogen
receptors in the heart modulate hypertrophy and subsequently, progression of heart
failure. The composition of the vascular and cardiac extracellular matrix also con-
tributes to the greater incidence of HFpEF in women, as well as Tako-Tsubo cardio-
myopathy, a transient apical ballooning syndrome [43, 44]. Activational and
organizational effects of hormones on cardiac remodeling that are adaptive to
increases in cardiac output during pregnancy may be maladaptive in other circum-
stances, and the usual treatments directed towards increasing ejection fraction may
not be appropriate for conditions when ejection fraction is preserved. Furthermore,
it is unclear whether treatment guidelines for heart failure are applied to HFpEF,
meaning women are not being started on renin—angiotensin inhibitors as often as
those with depressed ejection fraction heart failure.

Ischemic Heart Disease and Microvascular Disease

Differences in response to myocardial injury between males and females are multi-
faceted and involve differences in contractile function, function of mitochondria,
calcium metabolism, and cardiac growth [45]. Similar to hypertension, epidemio-
logic studies demonstrate that compared to men, premenopausal women have a
reduced risk for ischemic heart disease. After menopause, this risk increases [46].
Ischemic heart disease in women is becoming recognized as having different etiol-
ogy compared to obstructive disease characterized by occlusion of a large coronary
artery at a single site [47]. Obstruction in women tends to be diffuse extending along
the length of the artery [48, 49]. The risk factor profile for predicting development
of ischemic disease may include factors other than those defined in the Framingham
Risk Score (body mass index, total cholesterol, high density lipoprotein, systolic
blood pressure, and smoking) [50] and include factors affecting ovarian function
and pregnancy history [51-53]. Experimentally it has been shown that female sex
favorably affects cardiac remodeling after reperfusion for ischemic injury. Sex ste-
roid hormones are implicated in these differences. Interestingly though, cardiogenic
shock is more common in women and women are less likely to present to
revascularization-capable sites [54]. Moreover, women receive evidence-based
therapy and coronary intervention less frequently than men demonstrating discrep-
ancies in access or availability of care [46]. More research is needed to identify
specific therapeutic strategies for women given identified underlying sex and gender
differences.
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Atherosclerosis and Other Inflammatory Associated
Cardiovascular Condition

Propensity for inflammation may explain some of the sex differences in cardiovas-
cular disease presentation. Atherosclerosis is an inflammatory disease provoked by
biochemical sources such as lipid peroxidation and oxidative stress associated with
metabolic syndrome [55], infection [56-58], or immunity-associated cellular acti-
vation [59, 60]. In general, inflammatory conditions in the general population dem-
onstrate an increased propensity in women. For example, rheumatoid arthritis
carries a 3.6 % prevalence in women and 1.7 % in men and Lupus has a 10:1 pre-
dominance in women. Most autoimmune disorders including Lupus are associated
with increased risk of CV disease. However, some conditions, such as myocarditis,
specifically fatal myocarditis, and myocardial fibrosis, have a male prevalence [61].
Additional research is needed to understand the mechanisms linking inflammatory
conditions, immunity and cardiovascular disease, and preventive strategies in both
men and women.

Thrombosis

Factors contributing to thrombosis are multifactorial and reflect not only genetic
components but also the presence of infection, cancers, and mechanical injury
[62, 63]. Biologically, these interactions were explained by Virchow as a triad of
interaction of coagulability of the blood, blood flow, and anatomy of the vascular
wall [63]. Coagulability of the blood reflects the type and amount of soluble pro-
teins of the coagulation cascade and formed elements, that is, platelets, leuko-
cytes, red blood cells, and cell-derived microvesicles [53]. Sex steroid hormones
will affect production of proteins of the coagulation cascade and also the content
of vasoactive and mitogenic factors in platelets by way of genomic actions in the
liver and bone marrow megakaryocytes, respectively. Thus, it might be expected
that hormonal shifts associated with pregnancy and menopause would affect risk
for thrombosis. Indeed, incidence of thrombosis in the general population is age
related and may be slightly greater in women of reproductive age compared to
age-matched men and greater in older men than age-matched menopausal women
[64]. Pregnancy may increase the risk for venous thrombosis but the factors con-
tributing to risk may vary with each trimester reflecting hormonal changes on the
blood components [65] and mechanical issues related to fetal and positional
obstruction of venous flow.

Estrogenic menopausal treatments carry a black box warning for thrombotic
risk. However, oral products may increase risk more than transdermal products
due to the first pass effect on the liver and potential effects on the production of
coagulation and inflammatory proteins in the liver apart from direct effects on
platelets [66]. In ovariectomized experimental animals, estrogen treatments
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decrease platelet aggregation and secretion of mitogenic, vasoactive factors [67].
Similar observations need to be confirmed in postmenopausal women as data are
emerging to support relationships between activated platelets and pro-thrombotic
microvesicles in development of carotid intima medial thickening (associated
with stroke risk) and development of white matter hyperintensities in the brain of
postmenopausal women [68, 69].

Sex-Specific Conditions for Women

Pregnancy

Cardiovascular diseases associated with reproductive function are sex-specific.
In men, erectile dysfunction is a sex-specific condition which is not life
threatening but may be indicative of systemic atherosclerosis which could lead
to myocardial infarction [70]. On the other hand, some cardiovascular-related
diseases of pregnancy such as hypertensive disorders and spontaneous coronary
artery dissection can predispose the affected woman to increased life-long risk
for major adverse cardiovascular events (i.e., myocardial infarction, stroke,
death) [71-75].

Given the major physiological adaptations of the cardiovascular systems needed
to support fetal health, pregnancy has been described as a stress test on the cardio-
vascular system of women [76]. While most women “‘pass the test” without diffi-
culty, others develop hypertensive disorders during the gestational period that are
classified by time of gestation, magnitude of systolic blood pressure and the pres-
ence of protein in the urine such as gestational hypertension, preeclampsia, and
eclampsia (Table 8.2) [53].

It remains to be clarified as to whether pregnancy “unmasks” preexisting cardio-
vascular pathologies leading to hypertensive disorders that may increase a women’s
life-long risk for cardiovascular disease or whether particular circumstances of the
pregnancy such as ischemic-induced injury to the placenta, angiogenic growth fac-
tors, maternal endothelial dysfunction, and/or immunologically related cytokines
cause the hypertensive disorder [71] (Fig. 8.1). In a retrospective cohort study, a
modest association was found between a history of hypertensive pregnancy and
increased frequency (odds ration [OR], 1.62; 95 % CI, 1.00-2.63), severity and
duration of vasomotor symptoms in women suggesting perhaps an underlying phys-
iological condition that may predispose a women to both conditions. However, after
correction for potential confounders such as age, socioeconomic status, sedentary
lifestyle, smoking, hormone use, body mass index, and hypertension, the significant
association was lost indicating the need to further investigate the causal relation-
ships between pregnancy-associated hypertension, hypertension development in
women as they age and menopausal symptoms that have an autonomic regulatory
component [77].
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Table 8.2 Definitions of hypertensive pregnancy disorders

>12 weeks
<20 GW >20 GW Delivery post-partum Diagnosis
Normotensive Hypertension without Resolution of Transient
Proteinuria hypertension hypertension
Hypertension without Persistent Chronic (incident)
Proteinuria hypertension hypertension
Hypertension with Resolution of Preeclampsia®
Proteinuria proteinuria and
hypertension

aEclampsia is a convulsive form of preeclampsia and is based on new onset seizures, in the absence
of a previous history of a seizure disorder. GW gestational weeks; Table is redrawn from fig. 3 of
reference [53]

a

Preeclampsia at
younger age

Genetic and Cardiometabolic
risk factors

Cardiovascular disease

At older age
b Fut isk of
Placental u ‘Tlre fion.0
[ p I—)[ Preeclampsia Cardiometabolic risk factors cardiovascular
hypoxia disease

c Hormonal
Menopause
treatments ¢ Risk of
cardiovascular
i i Hormonal i
Menopause with genetic and - 3 T disease
cardiometabolic risk factors treatments
Fig. 8.1 Schematic of interaction of sex-specific conditions in women with cardiometabolic risk
factors in establishing risk for development of cardiovascular disease. Cardiometabolic parameters
include obesity, hypertension, diabetes, hyperlipidemia, inflammation, and infection. (a) The car-
diometabolic factors predispose to development of preeclampsia, while in (b) preeclampsia initi-
ates changes in the cardiometabolic profile that persists to increase life-long risk of cardiovascular

disease. (¢) Depicts two possibilities for disparate findings of effects of menopausal hormone treat-
ments and risk for cardiovascular disease

Menopause

Menopause is the manifestation of decreased production of ovarian hormones and,
thus, the loss of activational hormonal effects on the cardiovascular system. It would
be reasonable, then, to propose that replacement or treatment of women with
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ovarian hormones would restore these activational effects and reduce risk of
cardiovascular disease in menopausal women. Indeed, estrogenic treatments reduce
vasomotor symptoms of menopause and multiple observational studies demonstrate
reduced incidence and all-cause cardiovascular disease mortality in menopausal
women using such treatments for symptom relief [78-85]. However, observational
studies are criticized for demonstrating healthy user bias.

The Women’s Health Initiative (WHI) was designed as a prospective random-
ized, placebo controlled trial to evaluate risk of cardiovascular events in postmeno-
pausal women. Treatments were conjugated equine estrogen alone or in combination
with medroxyprogesterone acetate. The results of this trial were surprising in that
the number of cardiovascular events was greater rather than fewer in the treated
groups compared to placebo [86]. Important to note is that women in the WHI were
greater than a decade past menopause (mean age about 63 years) and not representa-
tive of women using hormone treatments for menopausal symptoms as was the case
in many of the observational studies [83, 85].

Results from basic science studies support the hypothesis that timing of initiation
of hormonal treatments affects the outcomes. In studies of nonhuman primates, hor-
mone treatments started at the time of ovariectomy reduced coronary artery athero-
sclerosis, whereas initiation of treatment 2 years later did not [87]. Thus, timing
of initiation of hormonal treatments may contribute to their biological effects [88].
In terms of the classification of hormonal effects, there may be a limited period in
which activational hormonal effects can be reversed. This period of opportunity
may vary by cell type and the temporal manifestation of the physiological effects
may exceed the duration of the treatment itself.

There are several studies which support these hypotheses. The Danish
Osteoporosis Prevention Study randomized recently postmenopausal women to
hormone treatment or placebo and found that after 10 years women receiving hor-
monal treatments had a significantly reduced risk (hazard ratio 0.48, 95 % confi-
dence interval 0.26-0.87; P=0.015) of cardiovascular events such as myocardial
infarction and heart failure with no increased risk of venous thromboembolism,
cancer, or stroke [89]. However, in a subgroup analysis of women closer to meno-
pause (50-59 years of age), cardiovascular events were fewer in the treated groups
compared to placebo. In addition, in long-term follow-up of women in the WHI,
decreases in coronary heart disease and stroke in women randomized to conjugated
equine estrogen were not observed until about 7 years after cessation of treatment
[90, 91].

Meta-analysis of epidemiological studies of women who had early menopause
by oophorectomy and used hormonal treatments suggest that reversible activational
effects of hormonal treatments might be tissue specific. Treatments initiated and
used until the age of natural menopause seem to be protective against stroke but use
of the treatments for years beyond the time of natural menopause increased the risk
of stroke [92].

Hormonal treatments may interact with other metabolic parameters that contrib-
ute overall cellular viability and thus influence disease risk (Fig. 8.1c) [93].
For example, in the WHI, women meeting criteria for metabolic syndrome had an
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increased risk for adverse cardiovascular events with estrogenic treatments [94].
Furthermore, as estrogens affect gene methylation, genetic variants that may associ-
ate with disease parameters in hormone replete or deplete conditions may not do so
in the reverse situation.

Conclusion

Cardiovascular disease mortality for women exceeds that of men for many reasons
including, but not limited to, biological differences due to sex chromosomes and
both activational and organization effects of the sex steroid hormones. Underlying
physiological regulatory mechanisms of the cardiovascular system differ in women
compared to men resulting in sex differences in prevalence and presentation of car-
diovascular conditions including those associated with autonomic regulation, devel-
opment of hypertension, and conditions associated with vascular and cardiac
remodeling. Hormonal mechanisms drive cardiovascular changes in two conditions
unique to women, pregnancy and menopause. However, much remains to be learned
regarding potential causal relationships among cardiovascular challenges associ-
ated with pregnancy and menopause and progression of cardiovascular disease in
women across their life span in order to better define risk stratification, monitoring
and treatments to reduce the disparity in cardiovascular mortality between women
and men.
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Chapter 9
Estrogen, Cardiac Protection and Aging

Anne A. Knowlton

Abstract Estrogen loss and aging are inexorably linked. 17p-Estradiol (E2) can
protect the heart from injury, but its effects are reduced in aging. Aging and estrogen
loss contribute to a pro-inflammatory state and a decreased ability to handle ROS.
This is further complicated by loss of the protective heat shock response with aging.
E2 has many protective properties, including reducing cardiac injury and protecting
the mitochondria, but the confounding effects of aging have not been well studied.
E2 has a positive impact on pathologic cardiac hypertrophy and there are distinct
differences in the roles of ERa and ERf in hypertrophy, but whether this persists
with aging is unknown. Clinically, postmenopausal women have an acceleration of
atherosclerosis. Unexpectedly, double-blind randomized clinical trials of hormone
replacement therapy (HRT) showed increased cardiovascular events and cancer
with HRT. However HRT was initiated on average 10 years postmenopause and this
likely contributed to the increase in cardiovascular events. Although our under-
standing of estrogen has come far over the last 20 years, much more basic research
is needed to understand the consequences of aging and estrogen loss.
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Overview

The dual processes of aging and estrogen loss impact the heart in ways we are just
beginning to understand. Aging is recognized as being accompanied by the devel-
opment of a pro-inflammatory state (Fig. 9.1) [1, 2]. This is compounded in females
by the concomitant loss of estrogens, which are anti-inflammatory, cardioprotective
steroid hormones. Hormone replacement therapy (HRT) was common until the first
double-blinded randomized clinical trials of HRT were done in the 1990s [3, 4].
These studies demonstrated not only no cardiac benefit for HRT, but in some studies
an increase in cardiac events. Not surprisingly these reports led to a dramatic drop
in the use of HRT and to the rise of the idea that estrogens were toxic and must be
avoided. However, given that women prior to menopause have a much lower inci-
dence of cardiovascular disease than age-matched men, the story is of course much
more complicated. As ideally with all new observations, the Women’s Health
Initiative and other clinical trials led to new thinking about estrogens and to new
ideas. These are discussed as part of this chapter on estrogen, cardiac protection,
and aging.

Although estrogen loss predominantly occurs later in life, basic studies on estro-
gen overwhelmingly have focused on young models such as 6—8-week-old mice.
Because of this dearth of studies in aged models, studies on younger models will be
discussed as well as those on aged models. This does not imply that there are no
differences with aging, rather that much more investigation in aged models is
needed.

Oxidative Stress
Lipid Peroxidation

Nitrotyrosine

-

HSPs P
Heat Shock Response 1 Repair

Cytokines— TNF, IL-6, IL-1p
\ Inflammation

Fibrosis

Fig. 9.1 Diagram summarizes known effects of aging and estrogen on HSPs and inflammatory
stimuli in the heart. Dashed line—E2 effects; solid line—aging effects; arrow—stimulated;
blunted line—inhibition
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Aging, Estrogen, and Cardiac Function—]It has been unclear if aging and loss of
estrogen results in a decline in cardiac function. Subtle changes in cardiac function
were reported in postmenopausal women compared to age-matched controls [5].
However, the mean age of these women was only 47. A careful study of cardiac
function in intact Fischer 344 rats measured cardiac functional parameters at 4, 13,
22, and 30 months of age [6]. Fractional shortening decreased significantly at 22
and 30 months from 54.8 + 8 % to 47 V 7 at 22 months and 43 V 9 at 30 months.
Estrogen levels were not measured in this study, but levels are known to decline
with age in the rat. Investigation of diastolic function demonstrated that isovolumic
relaxation time increased by 30 % at 30 months [6]. At the same time there was
evidence of LV hypertrophy and increased LV volume with advancing age. Others
have reported a drop in fractional shortening in aged ovariectomized Norway Brown
(NB) rats at 22 months compared to ovariectomized rats treated with 17p-estradiol
(E2, the most potent human estrogen) replacement [7]. Studies of isolated cardiac
myocytes from 10-week-old SD rats 10 weeks post ovariectomy (ovx), with half
receiving E2 replacement, found that the ovx myocytes had decreased +dL/dt com-
pared to sham surgery and ovx+E2 replacement [8]. Multiple other parameters
were abnormal in the ovx group including peak shortening and —dL/dt. Calcium
handling was also impaired with increased resting calcium in the ovx group. This
was accompanied by a reduced SERCA2a/phospholamban ratio in the ovx group
[8]. Thus, several studies support loss of cardiac function with aging and estrogen
loss and this has implications for the aging population.

Cardiac Myocyte Changes with Aging

Clinical trials, although very important, are limited in their ability to provide insights
into underlying mechanisms. Thus, basic studies on appropriate models, such as the
aging vs. adult rodent with and without estrogen, are important for understanding
differences related to aging vs. estrogen loss, in order that we can better elucidate
the mechanisms of cardiovascular changes in aging females. Unfortunately, work in
this area is very limited. Basic studies on cardiac myocytes from aged and adult (22
vs. 6 months) ovx NB rats with and without immediate E2 replacement demon-
strated disparate responses with aging and estrogen loss [7]. In the intact rats, serum
inflammatory cytokines, interleukin (IL)-6, and tumor necrosis factor alpha (TNF)
did not differ among the adult and aged rats with and without E2 [7]. Cultured car-
diac myocytes derived from the aged ovx rats had much higher expression of IL-6
and TNF at the mRNA level. This increase in IL-6 and TNF could be attenuated by
treatment with E2 for 6 h. Furthermore, the aged ovx cardiac myocytes had a greatly
impaired ability to handle reactive oxygen species (ROS), the production of which
is known to increase with age [9, 10]. E2 treatment in culture had no effect on the
inability of the aged ovx cardiac myocytes to handle ROS. Expression of antioxi-
dant genes did not differ between young and aged groups. Thus for the aged cardiac
myocytes there was an increase in inflammatory cytokine expression and a
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markedly reduced ability to handle ROS with aging and loss of estrogen (Fig. 9.1).
The results suggest that tissue levels of cytokines may be more revealing than plasma
levels. In vivo E2 replacement improved many of these changes, and cytokine
expression in culture was blunted by the addition of E2 to the media.

The Heat Shock Response, Aging, Estrogen,
and Cardiac Protection

The heat shock response is a protective response that occurs with a diverse set of
cell and tissue injuries and stresses including ischemia, hypoxia/reoxygenation,
stretch (including angioplasty), and heat [11-13]. The heat shock response was
originally described in heat-shocked drosophila in the 1960s. Heat and other stresses
led to activation of heat shock factors (HSF), the predominant one for the heat shock
response being HSF1. HSF1 is phosphorylated, trimerizes, and moves to the nucleus
where it binds to heat shock elements in the promoters of the heat shock protein
(HSP) genes, stimulating their transcription and translation. HSP72, the inducible
HSP70, increases several fold with ischemia/reperfusion as well as with simulated
ischemia in isolated adult cardiac myocytes, and inhibition of the increase in HSP72
with antisense, increases cell injury [14-16]. Thus, the endogenous heat shock
response is protective. Further studies have shown convincingly that over expres-
sion of HSP72 in the heart protects against ischemic injury [17-19]. Thus, the heat
shock response is vital to protection of the heart from injury.

E2 indirectly regulates cardiac HSP 72 expression in both male and female adult
rat cardiac myocytes [20-22]. Cardiac HSP72 levels in female Sprague Dawley
(SD) rats are twice the levels of males [22]. Ovariectomy leads to a drop in cardiac
levels of female SD rats, but this change takes 9 weeks, suggesting that estrogen
indirectly regulates the expression of HSP72 and that loss of estrogen leads to a
cascade of changes. This finding has implications for the timing of studies looking
at changes post ovariectomy. E2 replacement at the time of ovariectomy prevented
the drop in HSP72 [22]. In addition to its role in protein folding, HSP72 has cardio-
protective effects in transgenic models, reduces apoptosis by stabilizing the mito-
chondrial membrane, and prevents apoptosome formation [18, 23-25]. In isolated
adult SD female cardiomyocytes, E2 treatment increased HSP 72 expression
through the consecutive activation of the transcription factors, NFkB and HSF1
[26]. E2 pretreatment also protected against hypoxia/reoxygenation in cell culture
[20, 27]. Recently we have shown that E2 activates NFkB via simultaneous activa-
tion of Akt, P38, and JNK followed by activation of ERK 1/2 and that inhibition of
Akt. P38 or INK prevents activation of NF«kB [28]. Two synthetic estrogen receptor
modulators, tamoxifen and raloxifene, also rapidly activated NFkB, but neither of
these SERMs activated JNK [28]. Both tamoxifen and raloxifene mediated activa-
tion of NFkB via Akt and P38 leading to ERK 1/2 activation and cardiac myocyte
protection. However, NFxB activation by each of these SERMs was less than that
seen with E2. Although E2 can induce cardiac HSP 72 expression in adults, little is
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known how the loss of estrogen that occurs naturally during menopause in aging
female rats affects the cardiac HSP response and the adaptive response to stress.
HSPs, the Heat Shock Response and the Aging Heart—The response of the aged
heart to estrogen differs from the younger heart. Cardiac myocytes derived from
aged (22 months) and adult (6 months) NB rats 9 weeks post ovx with and without
immediate E2 replacement were studied to determine the role of E2 in ameliorating
the inflammatory changes of aging. The adult cardiac myocytes, regardless of E2
replacement status, showed activation of NFkB and increased HSP72 expression
with estrogen treatment in culture [7]. However, neither aged group had NF«B nor
increased HSP72 in response to E2, and in fact NFkB was activated at baseline in
the aged ovx cardiac myocytes. Hypoxia and reoxygenation induce the heat shock
response with activation of HSF1 and increased HSP expression, a protective
response. As expected, both groups of adult cardiac myocytes had activation of the
heat shock response, but the aged cardiac myocytes regardless of estrogen replace-
ment had no activation of HSF1 and no increase in HSP72 [7]. HSF1 expression
levels did not differ among the groups, but in the aged ovx phosphorylation at ser-
ines 303/307, which inhibits activation of transcription, but not binding to the pro-
moter by HSF1, was present [7]. Thus with aging, in the female heart there was
inhibition of the protective heat shock response secondary to posttranslational mod-
ification of HSF1. Estrogen replacement had no effect on this response. Similar loss
of the heat shock response and loss of activation of HSF1 have also been found in
male models of aging with different mechanisms proposed [29-31]. One mecha-
nism of inhibition of HSF1 is acetylation of the transcription factor at lysine 80,
which prevents activation of HSF1 by preventing binding of HSF1 to the heat shock
element [32]. In the aged female rat cardiac myocytes, there was no evidence of
acetylation of HSF1 [7]. These differences in mechanisms of inactivation of HSF1
in aging female cardiac myocytes and other tissue types and cell lines may reflect
that there are multiple mechanisms regulating HSF1 activation or true gender/aging/
tissue differences. Given the recent interesting link of DNA-damage-associated cell
senescence with a drop in HSF1 as well as the importance of loss of the heat shock
response in aging, clearly more investigation is warranted in this area [33, 34].
Ischemia and other injuries induce activation of the heat shock response with
activation of HSF1 and increased expression of HSPs, particularly HSP72. Simulated
ischemia failed to induce activation of HSF1 and increased expression of the cardio-
protective heat shock protein (HSP)72 in aged female cardiac myocytes from aged
ovariectomized NB rats, regardless of the presence or absence of estrogen replace-
ment. In contrast, cardiac myocytes from ovariectomized adult NB rats had HSF1
activation and increased HSP72 with simulated ischemia regardless of estrogen sta-
tus. In the aged cardiac myocytes only, regardless of E2 replacement, HSF1 was
inactivated by phosphorylation at serines 303/307, and there was no increase in the
cardioprotective HSPs after simulated ischemia [7]. As discussed above, E2 replace-
ment in vivo prevented many of the increase in cytokines and ROS with aging and
OVX, and in vitro addition of E2 to aged ovx-cultured cardiac myocytes reduced
cytokine expression; however, neither in vivo nor in vitro E2 replacement prevented
the inactivation of HSF1 associated with aging. This has important implications for
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patients, as ROS and inflammatory cytokines, such as TNF, are an important causes
of cardiac injury. The heat shock response mediated by activation of HSF1 is impor-
tant for cardiac protection, and loss of the heat shock response makes the aging
heart more vulnerable to injury.

E2 and Mitochondrial Protection

The mitochondrion, despite its importance for the generation of high energy phos-
phates to provide energy to fuel contraction, is also an important contributor to
cardiac injury. Mitochondria produce a large amount of ROS as a by-product of
energy production. In normal tissue, there is an extensive system of antioxidants and
scavengers to prevent damage from these ROS. However, ischemic injury alters the
balance of antioxidants and ROS. E2 is cardioprotective in the setting of ischemic
injury, and amelioration of mitochondrial damage is likely a key component of this
protective response. E2 treatment inhibited cytochrome c release from isolated car-
diac mitochondria exposed to high calcium levels [35]. Likewise, E2 prevented
cytochrome c release in global ischemia in the isolated perfused heart; furthermore
E2 protected mitochondrial respiration and inhibited DNA fragmentation [36]. In
isolated neonatal myocytes subjected to hypoxia and reoxygenation E2 reduced
apoptosis and ameliorated ROS production mediated by prevention of p53 phos-
phorylation and translocation to the mitochondria [37]. In the isolated perfused
heart the protective effects of E2(100 nM) during global ischemia/reperfusion were
markedly decreased by inhibition of protein kinase G [38]. Similarly, inhibition of
either Akt or eNOS reduced E2’s protective effects [39]. E2 was also protective in
trauma-hemorrhage (T-H), and this protection was mediated by ER, which less-
ened the reduction in cardiac mitochondrial ATP, inhibited lipid accumulation, and
protected protein expression [40]. Inhibition of PGC-1la blocked E2’s protective
effects in a Tfam-dependent manner [40]. Thus protection of the mitochondria and
reduction of ROS production are critical protective effects of E2 (Fig. 9.1).

Mitochondrial Proteomic Changes—E?2 influenced the mitochondrial phospho-
protein profile in young rat hearts [41]. Aldehyde dehydrogenase 2 (ALDH2),
which detoxifies ROS, has increased phosphorylation and increased activity in the
female heart [41]. This increase in ALDH2 phosphorylation and activity is blocked
by Wortmannin treatment. a-Ketoglutarate dehydrogenase («(KDGH), which is a
major source of ROS with high NADH/NAD-+ ratios, as found with ischemia/reper-
fusion, also had increased phosphorylation, but evidence suggests the increased
phosphorylation may decrease activity and thus decrease ROS [41]. Whether these
effects would occur in aged mitochondria is unknown.

Aging, Estrogen, and Mitochondrial Protection— Studies in aged hearts on estro-
gen and mitochondrial function have been quite limited. Aging, regardless of estro-
gen status, was associated with a small decrease in the respiratory control index
(RCI, state 3/state 2) for complexes I and II [42]. Pretreatment with the selective
estrogen agonist, propyl pyrazole triol (PPT), increased RCI for complexes I and I,
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but also increased Ca®* sensitivity in aged female mitochondria, regardless of
estrogen status, suggesting ER signaling could be a double-edged sword in the aged
mitochondria. [42]

Estrogen, Ischemia, and Cardiac Protection

There is a substantial literature demonstrating that estrogen can protect the heart
from ischemic injury and several first-rate reviews have recently addressed this
topic [43—45]. Activation of either ERa or ERp has been shown to protect the heart
from ischemia/reperfusion injury using knockout models as well as selective ago-
nists [43, 46-49]. More recently a third, membrane associated ER, G-protein-
coupled estrogen receptor (GPER) has been identified [50]. Pretreatment with G-1,
a selective GPER agonist, decreased infarct size and enhanced functional recovery
in a Langendorff perfused-heart model. Like ERa, GPER activated both Akt and
ERK 1/2 [51]. Although some disagreement persists, the literature supports that
ERa and ERf each can activate PI3K, Akt, and a anti-apoptotic, protective signaling
cascade [47].

Estrogen and Protection in Trauma Hemorrhage— A number of studies have
investigated the benefit of E2 treatment in models of trauma hemorrhage (T-H) and
neural injury. In T-H models reduction in organ neutrophil infiltration and improved
cardiac function with a single treatment of E2 have been found [52, 53]. A one time
treatment with high dose of E2 reduced mortality and improved recovery in a rat
model of trauma [54]. A wide array of endpoints are improved with E2 treatment in
basic studies of trauma hemorrhage and changes associated with E2 treatment
included reduction in inflammatory cytokine levels and enhanced expression of heat
shock proteins [55]. AKT activation by E2 led to increased heme oxygenase (HO)-1
expression in trauma hemorrhage [56]. Likewise, others have reported that female
rats at peak estrus were had improved morbidity and mortality after trauma [57].
Similarly, female rats in proestrus/estrus, when estrogen levels would be high, had
less red blood cell damage and less lipid peroxidation compared to males and low
estrogen females after T-H-hemorrhage [58]. E2 just prior to cerebral ischemia
increased heat shock protein expression in brain arteries, as well as glia and neurons
[58]. Others found no difference in a spinal cord contusion model between females
at low and high estrogen levels [59]; however, these studies were based on vaginal
smears as an indicator of estrogen levels and compared proestrus and estrus female
rats. Depending on the exact hour given the 4-day rat cycle, there may not have been
striking differences in the estrogen levels, which were not measured, between
groups. In a prospective clinical study of polytrauma, female patients less than 50,
suggesting the presence of estrogen, have been shown to have better outcomes and
less complications, including less days with multiorgan dysfunction syndrome
(MODS), lower cytokine levels and less sepsis than age-matched males [60].
A weakness of the study was the assumption that women 50 or younger were pre-
menopausal and estrogen levels were not measured. However, overall the studies on
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trauma-hemorrhage are intriguing and raise the possibility that the benefit of a
single high dose of E2 in the laboratory can be applied to trauma victims in the
emergency room.

Heart Failure

Systolic Heart Failure—The prevalence of systolic heart failure (sHF) has increased
over the last 10—15 years as a result of improvements in the treatment of acute heart
disease. SHF, with dilation of the ventricle and loss of systolic function, occurs as a
result of coronary disease and myocardial infarction (ischemic heart failure) as well
as secondary to a diverse set of causes such as toxins and viruses, which are referred
to as dilated cardiomyopathy or more recently as nonischemic cardiomyopathy.
Gender differences have been reported in systolic heart failure characterized by an
improved course and better survival in females [61, 62]. A retrospective analysis
conducted using the Vesnarinone database found better survival in women taking
estrogen. In contrast, analysis of the CHARM database demonstrated improved sur-
vival for women, but the presence or absence of HRT had no effect on survival [61,
63]. Given that there can be significant variation in the drugs used in HRT, it is not
surprising that no difference was observed. Other studies have reported no gender
difference in heart failure survival [64]. The pooled analysis of five heart failure tri-
als again suggested longer survival for female patients [65]. Overall, the trial data
suggests a possible gender variation, but underlying weaknesses preclude the draw-
ing of strong conclusions. For some of the studies follow-up was only a year, too
short to discern survival differences. All of these papers are retrospective analyses
of databases collected with other aims, the number of female patients is limited and
only two databases had data on the use of estrogen. Another issue is that gender and
estrogen are used interchangeably for many of these studies, but women with heart
failure may be premenopausal, postmenopausal, or postmenopausal on HRT. Thus
these patients may have widely varying estrogen levels. Ergo, comparing the out-
comes for all female patients vs. all males will be misleading unless the estrogen
status of the female population is established. The type of estrogen replacement is
also important, and benefit might not be seen with conjugated equine estrogen
(CEE), which has been the most commonly used source of estrogen for HRT. CEE
is derived from the urine of pregnant mares and contains no 17p-estradiol, which is
the most potent form of estrogen found in women [44]. The type of estrogen(s) pres-
ent matters as different estrogens will have different binding affinities and different
selectivity for the estrogen receptors. CEE does contain estrones, and estrone levels
have been linked to the generation of thrombin, which is a key step in the activation
of coagulation [66]. Furthermore, most HRT has been via oral replacement and this
leads to high hepatic concentrations of estrogens, secondary to first pass metabo-
lism. High hepatic estrogen levels will alter gene expression, as a major function of
ERa and ERf is as transcription factors, and may increase the expression of proteins
involved in the clotting cascade. Transdermal HRT is thought to be safer as it avoids
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the high hepatic levels of estrogen seen with oral replacement. The heart failure
databases contain little or no data on actual estrogen therapy, as the original intent
of these studies was not focused on the effects of estrogen.

Overall the data on gender, estrogen, and morbidity and mortality is insufficient
to draw any definitive conclusions with regards to a gender benefit or estrogen ben-
efit in heart failure. Certainly there are many basic studies suggesting that estrogen
has protective effects in the heart. Clinical studies directly investigating the effects
of gender and/or HRT are needed to determine whether estrogen or gender improve
survival in heart failure. The development of synthetic estrogen receptor modula-
tors (SERMs, discussed in more detail below) raises the possibility of having a
gender neutral estrogen analogue that can activate protective responses in the heart
as E2 does.

A number of more focused studies have reported gender benefits in sHF. For
example, female patients with sHF show greater benefit with cardiac resynchroniza-
tion therapy (CRT) than male patients, but whether this is a gender-based difference
or hormonal, remains unknown [67]. Explanted failing hearts removed during heart
transplants have been extensively studied. It is known that the rate of apoptosis is
increased in the failing heart, but in addition it has been found the end-stage failing
female hearts have half the rate of cell death as male hearts [68]. Others have identi-
fied some differences in cardiac gene expression between females and males with
new onset heart failure [69]. Females had higher expression PDE6b, which is car-
dioprotective, GLUT12, involved in glucose transport, and GATADI1, which is
involved in the regulation of adrenergic and angiotensin receptor trafficking. Males
had higher expression of CD24, which is involved in regulation of immunity.

Basic investigations on gender and heart failure have been quite limited. ERa is
nearly double in nonischemic cardiomyopathy independent of gender [70]. In the
normal heart ERa is found in the cytosol, sarcolemma, intercalated discs, and
nuclei. In contrast, in end-stage failing hearts, neither ERa or connexin 43 was pres-
ent in the intercalated discs. The Knaub group has made the interesting observation
that in heart failure cyclic nucleotide regulatory binding protein (CREB) was dis-
proportionately downregulated in female hearts. Female hearts were very suscepti-
ble to downregulation of CREB with a dominant negative transgene construct, while
male littermates showed little response to this reduction in CREB [71]. As early as
4-week female hearts had increased ROS, decreased MnSOD, and decreased gluta-
thione peroxidase. These changes were accompanied by loss of mitochondrial cris-
tae, decreased cardiac function, and markedly increased mortality by 21 weeks. In
contrast, males had far less evidence of cellular injury and much greater survival.
CREB has been found to decrease in heart failure, it is possible that this decrease in
CREB makes the course of heart failure more severe in females, though there is
uncertainty as to whether females have better or worse survival in heart failure, as
discussed above, and many questions remain to be answered [71].

Diastolic Heart Failure— Approximately half of heart failure is diastolic heart
failure (dHF), which in contrast to sHF, is characterized by preservation of ejection
fraction but impaired relaxation. Diastolic heart failure occurs secondary to patho-
logic hypertrophy, most commonly occurring as a result of hypertension [72, 73].
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In pathologic hypertrophy there is inadequate capillary proliferation, leading to
decreased capillary density and fibrosis. On the other hand, normal/physiologic
hypertrophy occurs in response to exercise, pregnancy, and normal growth.
Physiologic hypertrophy has normal capillary density without fibrosis. DHF is
thought more prevalent in women and the incidence increases with aging. Therefore,
women with dHF will tend to be postmenopausal and likely not on HRT, as HRT use
has dropped dramatically in the last 10 years [74, 75]. Abnormal diastolic relaxation
results in an increased left ventricular end-diastolic pressure, and this leads to ele-
vated pressure in the pulmonary vasculature, which can lead to pulmonary conges-
tion. Hence, despite good cardiac contractility, patients with dHF become dyspneic.
Notwithstanding the preservation of ejection fraction, diastolic heart failure has a
prognosis that is as grim as that for systolic heart failure. Investigators at the Mayo
Clinic reported a 50 % 5-year survival in patients with dHF [76]. DHF can be more
difficult to manage than sHF, where multiple medications are available to reduce
symptoms and prolong survival. Treatment for dHF relies on beta blockers and cal-
cium channel blockers to reduce the heart rate and possibly improve diastolic relax-
ation. In addition diuretics are used to reduce breathlessness. There have been no
advances in treatment of diastolic heart failure in many years, and the effectiveness
of current treatment is quite unsatisfactory.

Estrogen and Pathologic Cardiac Hypertrophy

Cardiac hypertrophy is more common in males. Transverse aortic constriction
(TAC) has frequently been used as a model to investigate the effects of gender, E2
and ERa and ERp on cardiac hypertrophy. WT, ERa, and ERf knockout mice were
ovariectomized and half were begun on standard sustained-release E2 replacement.
E2 replacement reduced TAC-induced cardiac hypertrophy in ERa knockout but not
in ERP knockout mice [77]. E2-mediated reduction in TAC-associated hypertrophy
was not associated with a change in cardiac function. In contrast, uterine hypertro-
phy was inhibited by ERa knockout but not by ERf3 knockout. In ERY knockout and
WT mice, but not ERp knockout mice, E2 replacement prevented increased phos-
phorylation of p38, increased ANP, and decreased hypertrophy. In studies of intact
female mice compared to males, males had more hypertrophy and heart failure post
TAC. TAC led to increased matrix and mitochondrial gene expression, and again the
changes were more pronounced in males than females. After ER3 knockout, greater
hypertrophy, including increased cardiac myocyte diameter ensued in both males
and females [78]. ERP knockout mice had increased expression of pro-apoptotic
genes, and this was more marked in males than females. These studies are consis-
tent with ERP mediating the protective effects of E2 in pathologic hypertrophy.
Some very intriguing work has been done linking estrogen to increased calcineu-
rin degradation, and this is mediated by ER receptor pathway, and is possibly spe-
cific to ERB [79, 80]. E2 signaling promotes increased degradation of calcineurin via
ubiquitination and the 26 s proteasomal system. In calcineurin knockout mice, E2
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treatment did not inhibit LV hypertrophy [80]. Calcineurin knockout prevents down-
stream signaling by the NFAT family of transcription factors, which are key targets
of calcineurin. These findings suggest that calcineurin degradation may be a major
pathway for E2-mediated inhibition of hypertrophy. This work again implicates ER3
as critical in mediating the protective responses to E2 in cardiac hypertrophy.

Quite interesting basic investigation has shown that E2 can modulate the patho-
logic hypertrophic response through several other mechanisms. There are three
known estrogen receptors: ERa, ERB, and GPER (also known as GPR30). In mod-
els of pathologic hypertrophy, E2 suppressed MMP2 expression, fibrosis, and
hypertrophy through activation of ER [77-79, 81-83]. Nevertheless, the typical
model for much of this work is 6—8-week-old mice, and these findings may not
translate to older models or to aging humans. Others have demonstrated that GPER
activation attenuates diastolic dysfunction as well as ventricular remodeling post
ovariectomy in an aging hypertensive rat model [84]. These findings are very prom-
ising as GPER activation is not known to be associated with the adverse effects of
estrogen, and dHF remains a difficult problem. New insights into the underlying
mechanisms leading to dHF are needed to help develop better therapies. The use of
aged models, to determine if E2 has similar effects in aging, is essential to develop
new therapies for dHF.

Gene Expression

The unexpected finding that HRT postmenopause resulted in an increase in cardio-
vascular events as well as the expected increase in cancer led to a dramatic drop in
the use of HRT. This decrease in HRT use has been followed by a drop in the inci-
dence of breast cancer, which was not unexpected; however, the risk of cancer with
HRT remains controversial [3, 74, 75, 85-87]. Nonetheless, the increase in cardio-
vascular events with HRT was surprising since there were so many reports of ben-
efits. Careful analysis of the trials data led to the development of the timing
hypothesis [88, 89]. In an effort to make sure patients were postmenopausal, the
average patient enrolled in the trials was 10 years postmenopause. The timing
hypothesis proposed that the long delay between menopause and reinitiation of
estrogen lead to changes that were not corrected by late estrogen replacement. The
timing hypothesis promotes the idea that the ideal time for initiation of HRT would
be during perimenopause rather than postmenopause.

The mechanism of the increase in cardiovascular events with essentially late HRT
initiation in the clinical trials was not evident, although as estrogen is known to
increase thrombosis, this was considered a possible contributor to the greater num-
ber of coronary events in women on HRT. We hypothesized that late replacement of
estrogen would have unexpected, pro-inflammatory effects on gene expression.

We investigated late replacement of E2 in an aging NB rat model, and found that
late E2 replacement, with a sustained-release subcutaneous capsule, led to increased
expression of genes associated with inflammation and/or monocyte adhesion to the
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endothelium [90]. STAT3, fibronectin, iNOS, and MADD expression all increased
with late E2 replacement. Interestingly, although TNF mRNA was not increased
with late E2 replacement, the TNF protein levels were increased. The genes induced
by late E2 replacement are pro-inflammatory and would have a negative affect on
the vasculature promoting atherosclerosis and the development of ischemic heart
disease. Furthermore, CD11b, which is a membrane receptor on the endothelial cell
for monocyte binding, also had significantly elevated expression with late E2.
Hence, delayed estrogen replacement resulted in increased expression of pro-
inflammatory genes and genes promoting monocyte adhesion to the vessel wall in
the aging cardiovascular system.

Certainly, ovx without E2 replacement was associated with an increase in pro-
inflammatory and pro-apoptotic gene expression. Ovx without E2 replacement
increased caspase 3, caspase 9, calpain 2, matrix metalloproteinase (MMP)9, and
TNF-a expression [90]. Most of these changes were prevented by immediate E2
replacement. Changes in gene expression with late E2 replacement were even more
compelling, as discussed above. Thus, ovx in the aged heart was associated with
increased expression of many potentially deleterious genes, but delay in E2 replace-
ment led to a marked increase in pro-inflammatory gene expression. This could be
avoided by immediate E2 replacement.

SERMs

Estrogen is a steroid with a wide-ranging effects on the cardiovascular system.
Estrogen protects cardiac myocytes and other cells through PI3K, Akt, and the
MAP kinase pathways activation [43]. In addition estrogen modifies the plasma
lipid profile, reducing LDL and raising the cardioprotective HDL, and this accounts
in part for the lower levels of cardiovascular disease in premenopausal women vs.
age-matched men [91, 92]. Certainly HRT has complex consequences, which are
both beneficial and deleterious as evidenced by the increase in cancer and thrombo-
sis risk in those on estrogen replacement. Moreover late estrogen replacement had
unanticipated negative effects. However over the last 20 years a number of SERMs
have been synthesized. The SERMs have the potential to provide selective activa-
tion of estrogen receptors. SERMs have been shown to have beneficial effects such
as lowering cholesterol levels, improving endothelial function and decreasing
smooth muscle tone through increased NO production [93, 94]. SERMs also have
direct cardioprotective properties, and treatment with either tamoxifen or raloxifene
decreased cardiac myocyte injury in a hypoxia/reoxygenation model [28]. SERMs
were also found to increase expression of eNOS and MnSOD [28]. However,
SERMs both differ from estrogens and from each other. Careful study will be
needed to elucidate the spectrum of cardioprotective properties for different SERMs.

At this time, there are two SERMs in clinical use: raloxifene, which has mixed
agonist/antagonist properties, and tamoxifen, which is mainly an estrogen receptor
antagonist. Raloxifene is used to treat osteoporosis (estrogen is important in bone
formation) and tamoxifen is used in the treatment of hormone-dependent cancers.
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Many other SERMs are in development with different properties and these raise the
prospect of selectively exploiting estrogen’s protective effects to the benefit of
patients [74].

Conclusions—There are well-established gender differences in the heart, such as
the much lower incidence of myocardial infarction in premenopausal women com-
pared to age-matched men. With loss of estrogen women undergo an acceleration of
atherosclerosis, but this is only one aspect of cardiac disease. Clearly there are car-
diac differences secondary to estrogen loss and aging. Aging and estrogen loss con-
tribute to a pro-inflammatory state and increased basal production of ROS in the
heart. E2 can protect the heart and cardiac myocytes from injury, but its effects are
reduced to abolished in aging, depending on the end-point. The protective heat
shock response is lost with aging, regardless of estrogen status, even though in
younger models HSP72 levels in female hearts are twice the levels in males.
Mitochondrial injury is reduced by E2 treatment, but studies in aging models are
limited. E2 treatment has a positive impact on pathologic cardiac hypertrophy and
there appear to be distinct differences in ERa and ERf’s roles in hypertrophy.
Whether there are gender differences or benefits from E2 treatment in heart failure
is not clear at this time. Studies directly addressing this issue are needed. GPER, the
third estrogen receptor, so far appears to primarily activate the PI3K/Akt protective
pathway, and not other effects of estrogen, such as cell proliferation and changes in
gene expression, a primary function of ERa and ERp. There are selective GPER
agonists, and these have possible benefits, but more work is needed on GPER sig-
naling. Double-blind randomized clinical trials of HRT showed increased cardio-
vascular events and cancer with HRT. However it is now clear that HRT was initiated
very late and this may have contributed to the increase in cardiovascular events.
Insights into the types of estrogen used for HRT as well as the gene changes evoked
by late estrogen replacement (pro-inflammatory, pro-atherosclerotic) has helped
explain the unexpected results of these clinical trials. In the last 20 years SERMs
have been developed, which raise the possibility of selective activation of the estro-
gen receptors to activate protective responses to estrogens in a controlled manner.
We know far more than we did 20 years ago, but clearly there are many more impor-
tant questions to answer, especially with regards to the consequences of aging and
concomitant estrogen loss.
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Chapter 10
Diet and Exercise Are Potent Modulators
of Cardiovascular Disease in Women

Kristen K.B. Barthel, Pamela A. Harvey, and Leslie A. Leinwand

Abstract Cardiovascular disease (CVD) is the number one killer of women in
developed countries and its incidence is increasing in women in developing nations
(Gholizadeh and Davidson, Health Care Women Int 29:3-22, 2008; Mosca et al.,
Circulation 123:1243-1262, 2011). Many factors influence a woman’s likelihood
of developing CVD throughout her lifetime. These include intrinsic variables such
as genetic background, hormonal status, and age as well as extrinsic variables
such as smoking, diet, and level of physical activity. While the potential for inter-
vention regarding the intrinsic factors can be limited and challenging, women can
have a lot of control over the extrinsic factors, which may ultimately influence
cardiovascular health more powerfully than pharmacologic interventions and can
potentially counteract genetic predisposition (Stampfer et al., N Engl J Med
343:16-22, 2000).

Keywords Cardiovascular disease * Diet * Exercise ¢ Estrogen * Menopause

Introduction

Cardiovascular disease (CVD) is the number one killer of women in developed
countries and its incidence is increasing in women in developing nations [1, 2].
Many factors influence a woman’s likelihood of developing CVD throughout her
lifetime. These include intrinsic variables such as genetic background, hormonal

K.K.B. Barthel, Ph.D. ¢ P.A. Harvey, Ph.D. ¢ L.A. Leinwand, Ph.D. (I)

Department of Molecular, Cellular, and Developmental Biology, BioFrontiers Institute,
University of Colorado, Campus Box 347, Boulder, CO 80309, USA

e-mail: Leslie.Leinwand @ Colorado.Edu

E.E. Spangenburg (ed.), Integrative Biology of Women’s Health, 175
DOI 10.1007/978-1-4614-8630-5_10, © Springer Science+Business Media New York 2013



176 K.K.B. Barthel et al.

status, and age as well as extrinsic variables such as smoking, diet, and level of
physical activity. While the potential for intervention regarding the intrinsic fac-
tors can be limited and challenging, women can have a lot of control over the
extrinsic factors, which may ultimately influence cardiovascular health more pow-
erfully than pharmacologic interventions and can potentially counteract genetic
predisposition [3].

Although overall age-adjusted mortality rates associated with CVD have been
decreasing in the USA since the 1980s, analysis of age-specific groups has revealed
a disturbing trend towards an increase in mortality among women aged 35-44 since
2000, potentially foreshadowing an even greater healthcare crisis as these women
continue to age [4]. This has occurred despite great strides in treatments since the
1980s. Since this is a relatively short time period, genetic changes cannot explain
this increase. Rather, it is presumed that this change is most likely due to an increase
in risk factors attributable to deterioration in lifestyle, including dietary patterns and
levels of physical activity. It has been suggested that 64 % of coronary heart disease
(CHD) deaths in women could have been prevented through lifestyle modification
[5]. Moreover, results from the Nurses’ Health Study (NHS) indicate that 82 % of
coronary events in women may have been caused by a high-risk lifestyle [3]. Given
these striking observations, this chapter dissects how diet and exercise influence
cardiovascular health and disease in women.

Diet

General Dietary Guidelines for Good Cardiovascular
Health in Women

Although the American Heart Association (AHA) has been publishing dietary
guidelines since 1957 [6], the first specific to women did not appear until 1999 [7].
The necessity for specifically addressing women in the prevention of CVD was
apparent from studies revealing decreased awareness of the threat of CVD in women
compared to men and thus less focus on the improvement of risk factor profiles in
women. In 1997, only 8 % of women surveyed perceived heart disease as the big-
gest threat to their health [8]; in 2003, this number had only increased to 13 % [9].
In addition, there are unique aspects of female physiology that may directly relate
to CVD risk, including pregnancy, menopause, and postmenopausal hormone
replacement therapy (HRT). Current (2011) dietary recommendations encompass
both macro- and micronutrients [2]. Fruits and vegetables, oily fish, fiber, and whole
grains are emphasized, while excessive sugar, saturated fat, trans-fats, cholesterol,
and sodium intakes are cautioned against. These dietary suggestions have arisen
from numerous large clinical studies, some considering both sexes and some exclu-
sive to women.
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Major Women’s Health Studies Focused on Diet

Women’s Health Initiative Dietary Modification Trial

The Women’s Health Initiative Dietary Modification (WHI DM) Trial was a large-
scale study designed to explore the effects of a low-fat, high fiber, fruit, and vegeta-
ble diet on cancer and, secondarily, CVD [10]. 48,835 postmenopausal women not
currently consuming a low-fat diet were assigned to either a control or intervention
group, where specific dietary guidelines regarding total fat, fiber, and fruits and
vegetables were given along with intensive behavioral modification sessions.
Healthy women were initially enrolled in 1993-1998 and followed for 8 years.
Surprisingly, the intervention group showed no significant reduction in CVD risk
factors or development of CVD. However, several criticisms suggest that these find-
ings may be inconclusive. First, the trial was designed primarily to focus on cancer
prevention; CVD was a secondary outcome. Thus, it focused on reducing overall fat
intake but did not make specific recommendations regarding reduction of saturated
fatty acids (SFAs) and trans-fats and incorporation of mono- and polyunsaturated
fatty acids (MUFAs and PUFAs), which are more specific to cardiovascular health.
When the study was designed, the nuances in type of fat in relation to cardiovascular
health were poorly understood: that SFAs and frans-fats may be particularly harm-
ful, while MUFAs and PUFAs may be particularly beneficial was not yet appreci-
ated. In addition, the intervention group did not achieve as great a reduction in fat
intake and increase in fruit and vegetable consumption as the study had intended
while the control group had a lower than expected total fat intake, further contribut-
ing to the smaller than expected difference in total fat between groups. There was
also no specific recommendation for fish intake. Moreover, CVD can take a long
time to develop, and the mean follow-up time of 8.1 years has been criticized as
being too short to observe a statistically significant change in an endpoint such as
CVD or cardiac death (although follow-up continued for 5 years after the official
trial end date [11]). However, there was a trend towards risk reduction in those
women who achieved the highest levels of fruit and vegetable consumption and the
lowest levels of saturated and frans-fat in their diets, which has spurred further
research.

Nurses’ Health Study

The NHS is one of the largest, longest running studies devoted to the investigation
of women’s health issues. Since 1976, over 80,000 female nurses have been regu-
larly assessed by questionnaires that probe various lifestyle factors, including smok-
ing, menopausal status, and HRT. In 1980, assessments of physical activity and
dietary patterns (food frequency questionnaires: FFQs) were added to the study.
Unlike the WHI DM Trial, the NHS is not an interventional trial but rather a
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prospective study designed to understand how changes in lifestyle trends affect
trends in disease, including CVD. Many dietary factors have been considered over
the years, including (but not limited to) fruits, vegetables, and carbohydrates [12]
along with glycemic load [13], whole grains [14], alcohol [15], dietary fat [16], and
trans-fatty acids in particular [17], fish and »-3 fatty acids [18] as well as a-linolenic
acid (ALA) [19], vitamins B [20], E [21], and C [22]. Some of these studies will be
addressed in more detail below.

In 2000, the NHS defined a low-risk lifestyle for the primary prevention of CHD
in women [3]. This report focused on five risk factors, which at ideal levels are
healthy diet (low for frans-fat intake and glycemic load; high for cereal fiber con-
sumption, marine n-3 fatty acids, folate, and PUFA to SFA ratio), moderate daily
physical activity, body mass index <25, smoking abstention, and moderate alcohol
consumption (compared to none). Women in the highest quintile for healthy risk
factor profile had a relative risk (RR) of 0.17 compared to all other women.
Unfortunately, even in 1994 when the final data were collected for this NHS report,
only 3 % of these women fit these criteria. Risk factor profiles, particularly BMI,
have continued to deteriorate since that time [23]. Various organizations, including
the AHA, have relied heavily on the results of the NHS to make recommendations
regarding heart-healthy lifestyles for women. To quote a 2002 Scientific Statement
released by the AHA and commenting upon the results of the NHS, “Clearly, the
majority of the causes of CVD are known and modifiable” [24].

Bioactive Dietary Compounds

The interplay between diet and cardiovascular health and disease is complex.
In attempts to deconstruct the contributions of various dietary factors, individual
bioactive dietary compounds have been the subject of numerous trials that assess
their effectiveness in the prevention of primary or secondary cardiovascular events.
Dietary interventions in the form of supplements or foods that have consistently
shown strong inverse correlations with CVD and are recommended as part of a
heart-healthy diet include marine sources of very long-chain n-3 fatty acids (eicosa-
pentaenoic acid (EPA) and docosahexaenoic acid (DHA)) and plant-derived stanols
and sterols. Conversely, certain compounds that have previously been proposed for
primary or secondary prevention of CVD are now recommended against, either
because they have been shown to be ineffective in CVD prevention or because they
may actually be harmful. These include soy isoflavones, antioxidant supplements
(such as vitamins E, C, and beta-carotene), and folic acid (in post-childbearing
years), with or without vitamins B¢ and B,,. These recommendations are specific to
CVD prevention as some of them may be beneficial in other settings. In addition,
there are a number of dietary components that are actively being pursued in numer-
ous clinical studies but whose effectiveness in the prevention of CVD remains
uncertain. These include vitamin D, a-linolenic acid, and resveratrol. Table 10.1
summarizes the recommendations regarding these compounds [2, 25, 26]. We dis-
cuss the scientific basis for these recommendations below.
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Table 10.1 AHA recommendations regarding selected dietary components on CVD prevention

Recommended Ineffective or harmful Uncertain effect
EPA and DHA from oily fish Hormone therapy and selective estrogen Vitamin D
or fish-oil supplements receptor modulators (including soy
isoflavones)
Plant stanols and sterols Antioxidant supplements (including a-Linolenic acid
vitamins E, C, and beta-carotene)
Folic acid in post-childbearing years Resveratrol

(with or without vitamins B6 and B12)

Dietary Factors with Demonstrated Benefit

Eicosapentaenoic Acid and Docosahexaenoic Acid

Epidemiological studies have revealed that cultures that traditionally consume a lot
of fish, including Inuits in Greenland and Alaska and Japanese living in fishing vil-
lages, have dramatically lower rates of heart disease than cultures that do not
(reviewed in [27]). Very long-chain n-3 PUFAs (also known as omega-3 PUFAs) are
posited to be responsible for this dietary pattern effect. They are primarily found in
oily fish, and EPA and DHA are the two most abundant forms. These n-3 PUFAs
have been shown in diverse studies to have many cardioprotective effects, including
decreases in plasma triglycerides [28], resting heart rate [29], and blood pressure
[30]. They appear to be antiarrhythmic and thus may be particularly beneficial for
preventing sudden cardiac death (SCD) (reviewed in [31]).

In 1989, the Diet and Reinfarction Trial (DART) examining myocardial reinfarc-
tion in men revealed that of three major dietary recommendations (reduction in fat,
increase in fatty fish, and increase in cereal fiber), only fatty fish reduced mortality
[32]. Ten years later, results of the large Gruppo Italiano per lo Studio della
Sopravvivenza nell’Infarto Miocardio (GISSI)-Prevenzione study demonstrated
that dietary supplementation with n-3 PUFAs in capsule form (but not vitamin E) in
recent myocardial infarction (MI) survivors reduced fatal cardiac events, nonfatal
MI, and stroke by 10-15 % after 3.5 years [33]. There was up to a 45 % reduction
in SCD. A subsequent publication stratifying the results by follow-up time showed
that protection against SCD was evident as early as 4 months [34]. However, only
15 % of the GISSI participants were female and it was not placebo-controlled. The
Japan EPA Lipid Intervention Study (JELIS), involving over 18,000 hypercholester-
olemic Japanese patients with or without previously diagnosed coronary artery dis-
ease (CAD), explored the effect of administration of highly purified EPA in
combination with statin therapy compared to statins alone in a 5-year follow-up
[35]. Major coronary events were reduced by 19 % in the EPA group, but there was
no difference in SCD, unlike the GISSI trial. However, there are several caveats.
There was also no true placebo group in this trial, 70 % of the participants were
women even though Japanese women have a much lower incidence of CAD than
Japanese men, and the Japanese population consumes on average five times more



180 K.K.B. Barthel et al.

fish than other countries (suggesting that perhaps the effects on SCD are saturable).
This was also a study of just EPA rather than EPA and DHA.

There are relatively few studies focused on women and the effects of EPA and
DHA. The handful of randomized controlled trials that are devoted to women typi-
cally have few participants and are of short duration [36-39]. One small-scale study
found that a fish-oil concentrate lowered serum triacylglycerides by 26 % in post-
menopausal women after 28 days of treatment [39]. The NHS found protective
effects of high fish consumption (>5 times per week), particularly for CHD deaths,
after 16 years of tracking women who were healthy at baseline [18]. The protective
effects in preventing CHD were particularly strong for diabetic women (RR=0.36
for women who consumed fish >5 times per week compared to women who seldom
did [40]). While striking, large randomized placebo-controlled trials in women with
long-term follow-up are needed to support the observations of the prospective trials.

There are several issues awaiting resolution. First, the optimal dosage is still
somewhat unclear. Prospective studies mentioned above have noted a dose-response
for fish intake in CVD protection. The AHA currently recommends 2 servings of
oily fish per week or, secondarily, ~0.5—1 g of EPA and DHA per day from supple-
ments [2, 25]. Some studies have shown triacylglyceride-lowering effects with
larger doses, but it is recommended that a physician be consulted for advice on
high-dose treatment [41, 42]. The efficacy of whole fish versus supplements is also
debated [42]. While both fish consumption and supplementation with fish oil or
EPA and DHA have been effective, it remains to be determined whether supple-
ments can fully recapitulate the benefits of whole fish. This may be particularly
relevant when whole fish is incorporated into the diet as a substitute for other animal
protein sources that may be high in saturated fat. Finally, there is controversy over
whether naturally derived or highly purified supplements are preferable [35, 41].
There are concerns about environmental toxins, such as methylmercury, dioxins,
and PCBs, in natural sources (both whole fish and perhaps in even higher concentra-
tions in fish-oil capsules). Other concerns include overfishing and access to/afford-
ability of fresh fish. Considering the strong evidence for the benefits of EPA and
DHA, answering these questions is important.

Plant Stanols and Sterols

High levels of serum cholesterol, particularly low density lipoprotein (LDL) choles-
terol, are correlated with increased risk of CVD. It has been estimated that a 10 %
reduction in total serum cholesterol would decrease the incidence of heart disease by
>30 % for both men and women [43]. Serum cholesterol levels can be lowered by
blocking cholesterol synthesis but also by interfering with cholesterol absorption.
Phytosterols are plant-derived sterols structurally related to cholesterol. They can
decrease both total and LDL cholesterol by reducing absorption and increasing elim-
ination of cholesterol [44]. Although phytosterols have been added to hypercholes-
terolemic patients’ diets since the 1950s [45], and consumption typically lowers total
cholesterol by ~10 %, focus has now shifted to the synthetic derivative sitostanol.
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Sitostanol is a more potent cholesterol-lowering compound than sitosterol [46]
and can easily be incorporated into foods, mainly in the form of spreads. In a 1-year
randomized, double-blind study of 153 mildly hypercholesterolemic men and
women, sitostanol reduced total serum cholesterol 10.2 % and LDL cholesterol by
14.1 %. Triglyceride and high density lipoprotein (HDL) cholesterol levels were
unaffected [47]. In a small study of postmenopausal MI survivors, 2—-3 months treat-
ment with sitostanol ester margarine lowered total cholesterol 13 % and LDL cho-
lesterol 20 % [48]. Sitostanol was also effective at lowering cholesterol even when
women were taking statins to inhibit cholesterol synthesis. Although there are many
trials incorporating sterols and stanols as part of the intervention protocol, they are
mostly small-scale and relatively short-term and focus primarily on blood lipid pro-
files as endpoints [49]. It would be interesting to see the results of a long-term,
adequately powered study on CVD incidence and mortality in women.

Dietary Factors with Possible Adverse Effects

Isoflavones

CVD risk in women increases after menopause, but estrogen can improve choles-
terol levels and vascular tone, leading to the hypothesis that HRT could counteract
the increased postmenopausal CVD risk. Alarmingly, HRT actually further increases
risk [50], although the study design of waiting a number of years postmenopause to
initiate HRT has been raised as a confounding factor [51]. Nonetheless, alternative
therapies with estrogenic molecules have been pursued to lower the postmenopausal
risk of CVD in the hopes of avoiding the negative consequences associated with
HRT. Phytoestrogens are nonsteroidal plant-derived compounds with both estro-
genic and antiestrogenic properties as well as receptor tyrosine kinase inhibitory
effects and antioxidant properties. The phytoestrogens genistein and daidzein
belong to the isoflavone family and are very abundant in soy. A low incidence of
CVD has been noted in populations that consume a lot of soy-based foods, such as
countries in the Pacific Rim. Certain studies have suggested that replacing animal
protein with soy protein in the diet can lower blood lipid levels [52]. In 1999, a
randomized trial of 156 mildly hypercholesterolemic men and women compared the
effect of 9-week consumption of different isoflavone doses (prepared by adding
back isoflavones to isoflavone-stripped soy protein) to casein, which is isoflavone-
free [53]. At the highest isoflavone levels (62 mg/day), total cholesterol and LDL
cholesterol were reduced by 4 % and 6 %, respectively. The effect was ascribed to
isoflavones, although they did not compare to isoflavone-stripped soy protein with-
out any added isoflavones or consider isoflavones either in the absence of protein or
added instead to casein. Other studies have noted that, while soy protein can be
effective in lipid lowering, isolated isoflavones typically are not, nor is isoflavone-
stripped soy protein [54, 55]. This is also true in studies focused on postmenopausal
women [56-60]. This discrepancy is still not completely understood, although the
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possibility remains that the soy protein effect is simply a misinterpretation of the
effect of animal protein reduction. It has also been suggested that soy protein and
isoflavones may somehow synergize, rendering either impotent without the other.
To date, most isoflavone intervention studies have lacked the required power to
detect benefits or risks of supplemental isoflavone intake. In addition, effects of
estrogenic compounds in postmenopausal women may be sensitive to timing of
intervention. In light of this accumulation of research, the AHA currently recom-
mends against isoflavone dietary supplementation due to the unproven effects in
CVD prevention and potential adverse effects in other disease settings [26]. They
are also somewhat less enthusiastic about the impact of the potential cardiovascular
benefits of soy protein than they were in 2000 [61]. The United States Food and
Drug Administration currently allows labels of soy-containing foods to state that
they may reduce the risk of heart disease, although they were cautious in their 1999
ruling to not specifically include isoflavones in the statement (Federal Register 64
FR 57699).

Antioxidant Supplements

It has been hypothesized that oxidative stress leads to CVD, among other chronic
diseases [62]. The rationale is that free radicals can lead to LDL oxidation, lipid
peroxidation, and DNA damage, culminating in CVD. However, whether free radi-
cals are a consequence or a cause of CVD remains a subject of debate [63, 64].
Numerous observational and epidemiological studies have noted that diets high in
fruits and vegetables are associated with decreased rates of CVD [65]. As fruits and
vegetables are rich sources of antioxidants, which can scavenge free radicals, many
trials have studied whether increased consumption of antioxidant vitamins (from
the diet or in the form of dietary supplements) can prevent primary or secondary
CVD. These include, but are not limited to, vitamins C and E and beta-carotene.
Vitamin C is the predominant circulating water-soluble antioxidant in humans.
Although it has strong antioxidant properties, it can also act as a pro-oxidant under
certain conditions [66]. Two prospective studies in women have reported effects of
supplemental vitamin C, although not dietary vitamin C. The NHS found a modest
protective effect of supplemental vitamin C in women in the highest quintile for
intake as determined by FFQs [22]. However, these women also had healthier life-
styles overall, leading to moderate confounding. The Iowa Women’s Health Study
tracked women at higher CVD risk due to diabetes for 15 years [67]. A FFQ similar
to the NHS was used here, although only one FFQ was administered at baseline.
They also found a supplemental vitamin C effect, but, contrary to the NHS, women
in the highest quintile compared to the lowest were at increased risk of CVD mortal-
ity (RR=1.84), CAD (RR=1.91), and stroke (RR=2.57). Rates of cardiovascular
death in nondiabetic subjects were unaffected by vitamin C supplementation. Only
one randomized trial, the Women’s Antioxidant Cardiovascular Study (WACS),
looked at controlled administration of vitamin C supplements (as well as vitamin E
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and P-carotene, each individually assigned) for 9.4 years in at-risk populations of
women [68]. They found no beneficial or harmful effect of any of these antioxidant
supplements on CVD prevention.

Vitamin E is a class of lipid-soluble antioxidants comprised of eight different
isomers: four tocotrienols and four tocopherols, including o (the major isoform in
human plasma and tissue) and y (the major isoform in food). It is a major constituent
of LDL particles, where it presumably protects lipid and protein components from
oxidative damage. Consequently, vitamin E supplementation has been studied in
numerous CVD prevention trials. The Women’s Health Study was a randomized
controlled trial that studied vitamin E supplementation for over 10 years in healthy
women >45 years old [69]. Overall, there was no significant effect on the combined
primary endpoint of major cardiovascular events. However, there was a significant
24 % reduction in the secondary endpoint of cardiovascular death. Moreover, sub-
group analysis revealed a 26 % decrease in the primary endpoint among women
older than 65. The prospective NHS also suggested a 41 % decrease among long-
term vitamin E supplement users [21], although this was self-reported usage.
Interestingly, a meta-analysis that pooled prospective studies found that high dietary
intake of vitamin E, though not supplemental, was protective for women (24 %
reduction) but not for men [70]. The Iowa Women’s Health Study also found a pro-
tective effect associated with high dietary vitamin E (RR =0.38) but not supplemen-
tal in postmenopausal women [71]. The WACS, as mentioned above, found no
protective effect for at-risk women [68]. Many other trials with both sexes partici-
pating have found no protective effect of vitamin E, including the GISSI-Prevenzione
[33], the Primary Prevention Project [72], and the Heart Outcomes Prevention
Evaluation (HOPE) trial [73]. Disturbingly, in some long-term, high-dose (=400 U/
day) trials, harmful effects have been observed, such as a 40 % increase in hospital-
ization for heart failure [73] and an increase in all-cause mortality (meta-analysis
described in [74]).

It has been suggested that there could be heterogeneity in results due to the
source of vitamin E; natural sources include multiple isoforms while synthetic
sources are typically just a-tocopherol. As stated above, food sources contain
mostly y-tocopherol. This is important given the emerging evidence that y-tocopherol
may actually be a more powerful antioxidant than a-tocopherol (reviewed in [75]),
and a-tocopherol may displace y-tocopherol in vivo, suggesting that too much
a-tocopherol inhibits the actions of y-tocopherol [76]. In addition, a-tocopherol has
even been observed under some circumstances to act as a prooxidant towards human
LDL [77]. Overall, vitamin E supplementation may be beneficial in certain popula-
tions, but the potential for harm from chronic high exposure warrants caution.

-Carotene (part of the vitamin A family) has also been proposed as an important
plant-derived antioxidant and studied for a potential protective effect in CVD.
Unfortunately, randomized controlled trials have found no benefit in either healthy
[78] or at-risk women [68]. The B-carotene arm of the Women’s Health Study [78]
was prematurely terminated due to both the lack of effect in a companion long-term
study (12 years) of men [79] and the observed increase in risk among patients
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at high risk for lung cancer [80, 81]. High vitamin A levels from dietary intake did
not correlate with any change in death from CHD in the lowa Women’s Health
Study [71]. Combined use of these and other antioxidants has also not proven ben-
eficial [82, 83] and has even been observed to counteract the blood lipid-lowering
effects of statin therapy [82].

Folic Acid and Other B Vitamins

Homocysteine is a cysteine homologue that serves as an intermediate in the biosyn-
thesis of cysteine from methionine. Numerous observational studies have correlated
high plasma homocysteine levels with CVD risk, including postmenopausal women
with no previous history of CVD [84]. Of note, a 2002 meta-analysis suggested that
a lower homocysteine level was more strongly associated with decreased CHD risk
in women compared to men [85]. Plasma homocysteine levels have been shown to
increase after menopause [86] and can be lowered by HRT [87, 88]. Supplementation
with certain B vitamins, including folic acid (By), Bs, and By,, can significantly
lower homocysteine levels by catalyzing the synthesis of cysteine from homocyste-
ine. Therefore, numerous studies have tested whether B vitamin supplements can
effectively decrease CVD.

In 2006, two randomized, placebo-controlled, double-blind studies were pub-
lished. The HOPE-2 study [89] treated patients with existing vascular disease or
diabetes with a combination of folic acid, Bs, and B, for 5 years, while the
Norwegian Vitamin (NORVIT) trial [90] treated recent acute MI survivors with the
same combination, just folic acid plus B, or B¢ alone for an average of 40 months.
While both studies successfully lowered homocysteine levels in the folate groups,
neither showed any benefit to recurrent CVD. In fact, the NORVIT results suggested
a22 % increase in cumulative CVD risk and a 30 % increase in nonfatal myocardial
infarctions (MIs) with the triple combination therapy. In 2008, the Women’s
Antioxidant and Folic Acid Cardiovascular Study (WAFACS), an expansion of the
WACS trial, published the results of an ongoing trial in diagnosed or high CVD risk
American women health professionals [91]. The women in this randomized con-
trolled study also received a similar triple combination therapy and were monitored
for CVD morbidity and mortality for over 7 years. The results confirmed previous
studies: there was no difference in the combined endpoint from treatment with B
vitamins, although homocysteine levels were significantly lowered. No harmful
effects were noted in this study. Compared to secondary prevention studies, there is
a relative lack of randomized controlled trials that consider B vitamins in the pri-
mary prevention of CVD in healthy women. In 1998, the prospective NHS did sug-
gest that high folate and By intake led to an RR of 0.55 compared to women with the
lowest intake levels of these vitamins [20]. However, the primary source of folate
and By was from multi-vitamins, complicating analysis of this study. It is possible
that elevated homocysteine levels are simply an indication of CVD but are not a
direct cause, thereby explaining why interventions with B vitamins are not effective
in preventing CVD.
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Dietary Factors with Inconclusive Effects

Vitamin D

Vitamin D insufficiency has been hypothesized to contribute to the development of
CVD [92]. Indeed, epidemiological evidence suggests that low levels of circulating
vitamin D are associated with an up to 80 % increase in incident CVD [93]. Over
1/3 of otherwise healthy American young adults and even higher numbers of
Europeans may have insufficient levels of vitamin D [94]. More than 60 % of post-
menopausal women with osteoporosis may be vitamin D deficient [95]. Vitamin D
has widespread effects throughout the body but is generally tied to calcium absorp-
tion. Vitamin D receptors are expressed both in cardiomyocytes and in blood ves-
sels. In the context of CVD, vitamin D is speculated to protect from valvular and
arterial calcification.

Several women-specific trials have studied the relation of vitamin D to CVD. In
the Towa Women’s Health Study, dietary questionnaires that included questions
about calcium and vitamin D food sources and supplements were administered to
34,486 postmenopausal women at baseline; cardiovascular death was assessed within
the 8-year study period [96]. While high calcium intake was associated with a
30-35 % reduction in CVD death, vitamin D proved ineffective in this large-scale,
long-term study. However, the analysis was based on one questionnaire given at the
onset, it only looked at death rather than overall CVD incidence, and it did not con-
sider combined effects of calcium and vitamin D. The calcium/vitamin D supple-
mentation arm of the WHI was a randomized, controlled trial that looked at CVD as
a secondary outcome in 7 years of follow-up after daily dosing with 400 IU of vita-
min D along with calcium [97]. Unfortunately, treatment had no effect on CVD. This
study was complicated by background use among some patients of calcium supple-
ments, poor adherence, and HRT, which has been documented to increase CHD inci-
dence [50]. It is also possible that the dose used was inadequate, as optimal vitamin
D intakes are still a contested issue. Of course, it is also conceivable that calcium/
vitamin D is unrelated to the development of CVD. One other small, short-term trial
involving women found no effect of high doses (2,500 IU/day) of vitamin D on endo-
thelial function or arterial stiffness. The ongoing VITAL trial will test high doses of
vitamin D (2,000 IU/day) in the primary prevention of cancer and CVD in healthy
populations over the course of 5 years [98]. 20,000 middle-aged men and women are
currently being recruited. This extensive trial will hopefully yield more insight as to
the benefits, if any, of vitamin D supplementation towards CVD prevention.

Resveratrol
In 1992, Renaud described “The French Paradox,” which observes that, despite a diet

relatively high in saturated fat, the French experience a very low mortality rate from
CHD [99]. Alcohol consumption was the only dietary factor that could counteract
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the otherwise positive association of saturated fat with CHD mortality. An in vitro
study, which demonstrated that the phenolic component of red wine in the absence of
ethanol protected against LDL oxidation at 10 pM concentrations, quickly followed
in 1993 and demonstrated that this fraction performed significantly better than
a-tocopherol [100]. Resveratrol may also inhibit platelet aggregation and eicosanoid
synthesis [101]. In vivo, resveratrol has been shown to prevent reperfusion-induced
arrhythmias and mortality from ischemia—reperfusion injury in rats [ 102]. Micromolar
plasma concentrations of polyphenols can be achieved in humans by ~2 glasses of
red wine per day, suggesting that the in vitro effects may be clinically relevant [103].
In further support of the contribution of resveratrol to the French Paradox, resveratrol
administration to mice on a high fat diet extended lifespan [104].

Clinical trials testing purified resveratrol in the prevention of CVD are scarce,
but one ongoing trial (NCT01449110) is considering the effect of resveratrol on
vascular health in postmenopausal women. Prospective studies in healthy women,
including the NHS, have shown that moderate consumption of alcohol in the form
of beer, wine, and liquor confers a 60 % protective advantage against coronary dis-
ease and also protects against stroke [15]. Very few of the women in the NHS quali-
fied as heavy drinkers, therefore potential harmful effects at excessive levels could
not be assessed. Moderate alcohol consumption also reduced risk in diabetic women,
who are at high risk for CHD, by up to 52 % [105]. The role of resveratrol in these
intriguing results would be significantly strengthened by randomized controlled tri-
als in order to justify the growing popularity of resveratrol supplements.

o-Linolenic Acid

ALA is an intermediate chain n-3 fatty acid found in flaxseed, soybean, rapeseed,
and canola oils as well as walnuts. It is an essential dietary fatty acid for humans.
It is speculated that it has antiarrhythmic properties and thus can protect against
SCD. After 18 years of follow-up, the Nurses’ Health Study reported a 38—40 %
reduction in SCD when comparing the highest levels of ALA intake to the lowest
[19]. They did not see such an association for nonfatal CHD. This is consistent with
their earlier 10-year follow-up report [106]. As a prospective study, it is impossible
to say whether ALA is directly responsible for the observed effect, but the results
are intriguing. A companion study of men did not find a significant correlation of
ALA with SCD, although there was association with other CHD indicators [107].

Small proportions of ALA (~8 %) can be converted to the marine long-chain n-3
fatty acids (primarily EPA but also DHA) in the liver, potentially linking these
dietary factors (reviewed in [108]). Although this conversion rate is low, it has been
reported to be 15 % higher in women than in men on controlled diets containing
equivalent amounts of ALA and no EPA or DHA [109]. Estrogen signaling may
account for this difference as oral estrogen administration to transsexual men
increased DHA levels 42 % over control [109]. Given the potential sex difference in
ALA effectiveness and metabolism but the dearth of randomized controlled trials,
particularly for women, more investigation is certainly warranted.
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Exercise

The Cardiovascular Effects of Chronic Endurance Exercise

Decades of research on the cardioprotective effects of exercise have led to consensus
statements from both the AHA and the Council on Clinical Cardiology recommend-
ing regular physical activity for the prevention and modulation of CVD in men and
women [24, 110]. Unfortunately, the current knowledge regarding these basic effects
and how they modulate CVD risk and progression is mainly based on studies involv-
ing men only, despite data suggesting an important sexual dimorphism in this
response. We therefore review the systemic and molecular mechanisms that are mod-
ulated by exercise with special consideration for those that are specific to women.

Adaptive Responses of the Cardiovascular System to Exercise
in Males and Females

The cardiovascular system exhibits remarkable adaptive responses in response to
exercise. Importantly, to efficiently circulate oxygenated blood to peripheral tissues,
the strength and speed of cardiac contraction must be enhanced through the thicken-
ing of cardiac tissue (cardiac hypertrophy). In addition to cardiac morphologic
adaptation, a complex feedback system involving the vasculature, nervous system,
and metabolic processes in peripheral tissues modifies hemodynamics. Over time,
the cardiovascular system becomes “toned” such that decreased sympathetic and
increased parasympathetic activity reduces resting heart rate and blood pressure.

Although basic cardiovascular adaptations to exercise have been studied since
the 1940s, the sexually dimorphic nature of cardiovascular responses to exercise has
only recently been appreciated. Cardiac hypertrophy, for example, is observed in
female rats that are swim-trained, whereas the hearts of male rats do not increase in
size. As a result, females experience a greater contractile advantage with this form
of exercise [111, 112]. Unlike with swimming, however, male rats that are treadmill-
trained exhibit a morphological and functional cardiac advantage over females
[113]. These data support the conclusion that the hearts of females and males
respond differently to various forms of exercise.

Both sexes also exhibit distinct vascular adaptation in response to exercise, stem-
ming from differential endothelial and autonomic activity. Interestingly, women
exhibit enhanced basal parasympathetic tone compared to age-matched men, which
is thought to account for much of the cardioprotection experienced by younger
women, even in the absence of exercise [114, 115]. Recent data on sexually dimor-
phic responses to exercise emphasize a need for creating unique recommendations
for men and women. Because these outcomes are best described for endurance
training compared to resistance or strength training, we will focus on the protective
and modulatory effects of aerobic exercise.
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Exercise Reduces Risk and Progression
of Cardiovascular Disease

It is well-established that engaging in regular aerobic exercise lowers the risk of
developing CVD; the rate of many forms of CVD in physically active people is
significantly lower than in those who are sedentary [110, 116, 117]. Correspondingly,
women report exercise as the number one strategy for reducing the risk of develop-
ing CVD [9]. However, medical professionals are less likely to advise women than
men to engage in exercise [118]. This dichotomy may be due to the relative lack of
evidence-based studies in women: the most comprehensive report in recent years,
the United States Surgeon General’s Report on Physical Activity and Health, con-
sidered women in only 2 % of the studies [119]. Additionally, from 1950 to 1995,
of 43 clinical studies examining the relationship between exercise and CVD risk,
only seven included women [120]. Interestingly, each of the small number of early
studies involving women defined exercise as housework, employment-related tasks,
or leisure time activities [121-124], a definition thought to be sufficient because
about 82 % of physical activity could be attributed to housework [125]. Despite the
conservative description of exercise, the notion that physical activity is cardiopro-
tective in women is supported in current research.

The type, intensity, and duration of exercise can have a significant and unique
impact on the degree of cardioprotection experienced by men and women [126].
Early studies hypothesized that intense exercise exerts a more dramatic benefit than
moderate activity, albeit in men [127]. Because walking is a popular form of exer-
cise among women [128], defining the unique cardiovascular effects of low or high
intensity activity was necessary. A prospective study of middle-aged women dem-
onstrated that low intensity exercise is at least as beneficial as vigorous exercise,
suggesting that walking is a sufficient method for reducing risk; indeed, walking led
to about a 40 % reduction in CVD over the 10-year study [129]. Other recent large
studies demonstrated that as little as 2 h of activity per week can promote this ben-
efit [125, 130, 131]. Interestingly, the pace or intensity of exercise in women did not
affect risk of developing CVD, an effect that also held true for women who had
other risk factors including diabetes and cigarette smoking [130]. The data strongly
suggest that reasonable recommendations could be made for sedentary women, a
population previously thought to be resistant to engaging in strenuous exercise pro-
grams like running [128]. Basic recommendations for women have therefore been
updated to include mild to moderate exercise, such as walking 30 min a day, at least
5 days a week for the prevention of CVD [132].

In addition to modulating risk, exercise has been convincingly shown to slow the
progression of existing CVD in both men and women [133-136]. Despite these
data, less than 20 % of patients with cardiac events participate in cardiac rehabilita-
tion programs, including those that involve exercise regimens [137]. Women are
even less likely to participate in exercise rehabilitation after MI [138], likely a result
of a lack of evidence-based studies; prior to 1990, meta-analyses on the modulation
of CVD by exercise excluded women [139]. In light of dramatic differences in the
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manner in which men and women respond to CVD, these studies are required.
Women with hypertension or aortic stenosis, for example, exhibit greater contractil-
ity, enhanced hypertrophy, and better prognoses compared to men [140, 141].
However, with ischemic attack, men fare better than women [142]. Interestingly, the
few recent studies that included women did not include men, so identification of
possible sex differences in response to specific forms of exercise has not been
achieved. One small study demonstrated women participating in exercise rehabilita-
tion programs experienced greater functional cardiac benefits to exercise than men
with existing CVD [143]. However, the women considered had poor risk profiles
(higher rates of diabetes and hypertension) compared to men and no distinction was
made among the various forms of CVD. Thus, the type of pathologic insult appears
to be important in terms of baseline sexual dimorphism and may dramatically affect
how the patient responds to an exercise rehabilitation program. Because of a lack of
detailed information on the effects of exercise on existing CVD, we focus on cardio-
protective effects of exercise in individuals without CVD.

Protective Effects Induced by the Cardiovascular
Responses to Exercise

Recent conflicting studies demonstrate effects of exercise ranging from significant
positive modulation to no change on many systemic and molecular processes.
Discrepancies are likely due to the diversity of types, durations, and intensities of
exercise utilized, each of which has unique effects on the cardiovascular system
[144]. However, a number of mechanisms have been proposed with convincing sup-
porting data, many of which exhibit sexually dimorphic effects. Here, we review
current clinical and basic science research supporting the notion that the cardiovas-
cular systems of women and men respond differently to exercise and explore the
mechanisms that are thought to modulate effects of exercise on the cardiovascular
systems of women.

Although much of the cardiovascular benefit of exercise is attributable to
responses of the autonomic nervous system and vasculature, it should be noted that
many processes contribute to the cardiovascular benefit of exercise in both men and
women. Sensitivity of various tissues to insulin, levels of serum lipids, and coagula-
tive properties of blood can directly and indirectly influence cardiac health. In the
broadest sense, physical activity also alters metabolism and, not surprisingly,
decreases body weight and adiposity [145]. Decreased blood pressure [146, 147],
reduced serum triglycerides, and increased HDL [148—150] are also consistently
observed among individuals who engage in regular exercise programs. As a result,
exercise essentially reduces all symptoms of metabolic syndrome [151], thereby
indirectly improving cardiac processes associated with this syndrome. Many of
these responses have been studied in men and women; results reveal a significant
sexual dimorphism in basal function and alterations due to physical activity.
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The longer-term systemic effects of exercise include a toned cardiovascular
system with a slower heart rate and lower blood pressure, largely mediated by
increased parasympathetic and decreased sympathetic activation in men and women
[152]. These autonomic mechanisms are dynamic and sexually dimorphic through
life; for example, although autonomic function generally declines with age, com-
pared to age-matched men, females exhibit increased baseline parasympathetic acti-
vation and decreased sympathetic involvement in heart rate regulation, effects that
are correlated with protection against some forms of CVD [153]. Exercise further
reduces sympathetic activity in women, which could confer cardioprotection and
reduce overall rates of CVD [153, 154]. A small study also indicated that exercise
rescues autonomic function in postmenopausal women; 6 months of an exercise
program specifically designed for women about 65 years of age significantly
improved several measures of autonomic function [155]. Although few studies have
examined the autonomic responses to exercise in women, it generally appears that
women have stronger involvement of the parasympathetic nervous system, while in
men the sympathetic nervous system dominates [154]. The predominance of para-
sympathetic function in women likely contributes to cardioprotection with patho-
logic cardiovascular challenge [153].

Molecular Mechanisms of Cardioprotection Induced
by Exercise in the Heart

In addition to systemic differences between men and women that may confer car-
dioprotective effects even without exercise, many studies have demonstrated that
females’ hearts have a greater resistance to ischemic injury than males, and this may
be enhanced by exercise [156, 157]). This effect is mediated by a complex mecha-
nism aimed at reducing oxidative stress and apoptosis.

Ocxidative Stress

In cardiac muscle, high rates of ATP use require mitochondrial oxidative phosphor-
ylation and increased production of reactive oxygen species (ROS) including nitric
oxide (NO), superoxide, and hydrogen peroxide. This persistent low level of oxida-
tive stress is neutralized by various enzymes in the myocytes and contributes to
cardioprotection through the sustained upregulation of genes involved in this pro-
cess [158, 159]. Levels of urinary excretion of products of lipid peroxidation, a
measure of oxidative stress, are higher in men compared to premenopausal women
[160] and suggest a larger degree of cardiac oxidative stress in men in the absence
of a physical stressor. In fact, females exhibit higher expression of many genes
[161]) that combat the detrimental effects of oxidative phosphorylation in the car-
diomyocytes [162, 163] and that are associated with cardioprotection against isch-
emic injury [164, 165]. For example, basal levels of heat shock protein 72 (HSP72)
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expression, which is cardioprotective in ischemia and is associated with anti-
apoptotic pathways (see below), is twice as high in females compared to males, a
difference that is abrogated by ovariectomy [161, 163]. Indeed, mild oxidative stress
induced by exercise further increases HSP72 expression in females, an effect that is
also dependent upon the presence of estrogen [166].

Apoptosis

In light of basal differences in gene expression in males and females, the differential
effects of exercise in males and females is of interest. Activity and expression of the
cardiac ATP-sensitive potassium (K,rp) channel, for example, are higher in females,
and importantly, this channel is critically responsible for enhanced protection in an
ischemic setting compared to males [157] through reduced apoptotic pathway acti-
vation [167, 168]. The channels are activated during periods of decreased ATP [169]
and are upregulated with exercise. Activity changes the membrane potential of car-
diomyocytes, thus reducing the duration of the action potential and contributing to
the increased speed of contraction required during exercise [170]. Activity of this
channel is required for the cardioprotection induced by exercise through its anti-
apoptotic effects [159, 171]. This mechanism significantly contributes to persistent
protection against apoptosis in the context of a regular exercise program in females.

The mild ischemia and oxidative stress generated in the myocardium by exercise
is thought to stimulate several cardioprotective pathways within cardiomyocytes via
induction of anti-apoptotic pathways. Protein kinase C (PKC) [172, 173] and cyclic
AMP responsive element binding protein (CREB) are both implicated in this pro-
cess. Phosphorylation of CREB, for example, leads to positive mitochondrial respi-
ration and increased expression of anti-apoptotic pathways (increased Bcl-2,
decreased Bax) in the myocardium of females [163, 174]. Increases in heat shock
proteins in response to chronic exercise are also correlated with increases in expres-
sion of the anti-apoptotic factor, Bcl-2 [163].

Female Sex Hormones May Be Important Modulators
of Cardiovascular Function with Exercise

The beneficial effect of exercise on women’s cardiovascular health is more evident in
younger women compared to women older than 60 years, whereas in men there is no
such age effect [175]. As such, it is logical to consider the effect of female sex hor-
mones on cardiovascular function during exercise. Despite strong evidence that younger
women experience a greater benefit than older women, incidence of CVD in postmeno-
pausal women (aged 50-70) is also reduced with exercise [176]; women between 65
and 75 years old who begin an exercise program exhibit rates of CVD mortality that are
similar to age-matched women who were active at baseline [177]. Therefore, exercise
should not be ignored in recommendations for postmenopausal women.
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To explore the mechanisms responsible for this age effect, we review the
cardiovascular interactions between estrogen and exercise in women. However,
it is important to note that endogenous estrogen production also plays an impor-
tant role in cardiovascular function of men. For example, a case study involving
a man with a mutation in the estrogen receptor-o gene exhibited abnormal endo-
thelial function [178]. The individual lacked the flow-mediated vasodilation
consistent with reduced NO release in estrogen receptor knockout mice [179].
Additionally, in men without the enzyme required for estrogen production (aro-
matase), low serum levels of HDL and increased total cholesterol are observed
[180]. It is therefore important to recognize that estrogen is a significant modi-
fier of cardiovascular function in both men and women.

Even in the absence of exercise, female sex hormones may confer protection to
premenopausal women through direct and indirect regulation of ROS. Steroid hor-
mones like estrogen can scavenge free radicals through a phenolic hydroxylic ring
and can regulate expression of enzymes that mitigate oxidative compounds [181].
As a result, females experience smaller infarct size compared to males, an advan-
tage further increased by exercise. This modulation is thought to be achieved by
increased expression of sarcolemmal K yrp channels, whose activity has been shown
to mediate protective effects in ischemic models of heart disease [182] and expres-
sion is upregulated in the presence of estrogen [183]. Additionally, estrogen has
been shown to inhibit lipid peroxidation, a process primarily responsible for ROS
production [184], which may account for the lower oxidative stress observed in
women. As such, premenopausal and postmenopausal women receiving estrogen
supplementation have lower serum lipid peroxidation products [185, 186]). No
effect on superoxide dismutase expression, the other major ROS mitigating mecha-
nism, has been observed in women in response to estrogen [187].

Convincing data from both clinical and animal studies demonstrate that estro-
gen modulates many processes related to cardiovascular adaptation to exercise in
women. Estrogen directly regulates exercise-induced normalization of serum lipid
and cholesterol profiles [188], reduced calcium handling in cardiomyocytes [189],
and reduced response to factors that induce cardiomyocyte contractility [190].
Estrogen upregulates nitric oxide synthase (NOS) activity in the endothelium of
the vasculature [191]; aortic NO production is reduced in ovariectomized mice but
is restored by estrogen supplementation [192]. Acute administration of estrogen
also induces coronary and brachial artery vasodilation in postmenopausal women
[193, 194], an effect that abrogates reduced autonomic tone at the level of the
vasculature.

Exercise induces similar improvements in endothelial function [195] and
enhances synthesis, release and duration of action of NO through arterial wall stress
[196-198]. Therefore, both exercise and estrogen exert similar effects on NO release
[199]. However, when exercise and chronic estrogen replacement were combined in
postmenopausal women (who exhibit impaired vascular flow-mediated vasodila-
tion), no further benefit was observed compared to exercise or estrogen alone [199].
Exercise and estrogen also had similar cardioprotective effects on calcium handling
in cardiomyocytes [200]. In fact, exercise has a greater cardiovascular benefit in
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postmenopausal compared to premenopausal women, likely due to this redundancy
[200]. These data suggest that exercise may be a reasonable alternative to hormone
replacement therapies that have recently been shown to have detrimental effects on
cardiovascular health in some women [50, 200-202].

Conclusions

For much of the twentieth century, research into the underlying causes of CVD in
women has lagged behind studies in men despite the fact that it is not only the lead-
ing cause of death in both sexes but also kills a higher percentage of women than
men. However, there was a tenfold increase in the number of publications examin-
ing the effect of biological sex on CVD (ischemic injury) between 1999 and 2009
[203]. The convincing conclusion is that healthy dietary patterns and exercise are
beneficial to cardiovascular health, particularly in postmenopausal women where
lifestyle can reverse many of the effects of aging and loss of sex hormones. From
this accumulation of data, it is obvious that CVD is a lifestyle disease in the major-
ity of cases. Seen optimistically, women have the potential to prevent the develop-
ment of CVD, but this will require a concerted individual and societal effort to stop
the deterioration of risk factor profiles and to continue raising awareness about the
impact of CVD on women’s health. Clearly, more research is needed in those areas
where women have been underrepresented.

Acknowledgments This work was supported by an NIH grant to L.A.L. (NIH HL50560) and to
K.K.B.B. (T32 HL-007822). Support was also received from an American Heart Association
Postdoctoral Fellowship to P.A.H. (11POST7780011).

References

1. Gholizadeh L, Davidson P (2008) More similarities than differences: an international com-
parison of CVD mortality and risk factors in women. Health Care Women Int 29:3-22

2. Mosca L, Benjamin EJ, Berra K, Bezanson JL, Dolor RJ, Lloyd-Jones DM, Newby LK, Pina
IL, Roger VL, Shaw LJ et al (2011) Effectiveness-based guidelines for the prevention of
cardiovascular disease in women—2011 update: a guideline from the American heart associa-
tion. Circulation 123:1243-1262

3. Stampfer MJ, Hu FB, Manson JE, Rimm EB, Willett WC (2000) Primary prevention of coro-
nary heart disease in women through diet and lifestyle. N Engl J Med 343:16-22

4. Ford ES, Capewell S (2007) Coronary heart disease mortality among young adults in the U.S.
from 1980 through 2002: concealed leveling of mortality rates. J Am Coll Cardiol
50:2128-2132

5. Mensah GA, Brown DW, Croft JB, Greenlund KJ (2005) Major coronary risk factors and
death from coronary heart disease: baseline and follow-up mortality data from the Second
National Health and Nutrition Examination Survey (NHANES II). Am J Prev Med
29:68-74

6. Page IH, Stare FJ, Corcoran AC, Pollack H, Wilkinson CF Jr (1957) Atherosclerosis and the
fat content of the diet. Circulation 16:163—-178



194

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

K.K.B. Barthel et al.

. Mosca L, Grundy SM, Judelson D, King K, Limacher M, Oparil S, Pasternak R, Pearson TA,
Redberg RF, Smith SC Jr et al (1999) Guide to preventive cardiology for women.AHA/ACC
scientific statement consensus panel statement. Circulation 99:2480-2484

. Mosca L, Jones WK, King KB, Ouyang P, Redberg RF, Hill MN (2000) Awareness, percep-
tion, and knowledge of heart disease risk and prevention among women in the United States.
American heart association women’s heart disease and stroke campaign task force. Arch Fam
Med 9:506-515

. Mosca L, Ferris A, Fabunmi R, Robertson RM (2004) Tracking women’s awareness of heart

disease: an American Heart Association National Study. Circulation 109:573-579

Howard BV, Van Horn L, Hsia J, Manson JE, Stefanick ML, Wassertheil-Smoller S, Kuller

LH, LaCroix AZ, Langer RD, Lasser NL et al (2006) Low-fat dietary pattern and risk of

cardiovascular disease: the women’s health initiative randomized controlled dietary modifi-

cation trial. JAMA 295:655-666

Prentice RL, Anderson GL (2008) The women’s health initiative: lessons learned. Annu Rev

Public Health 29:131-150

Joshipura KJ, Hung HC, Li TY, Hu FB, Rimm EB, Stampfer MJ, Colditz G, Willett WC

(2009) Intakes of fruits, vegetables and carbohydrate and the risk of CVD. Public Health Nutr

12:115-121

Liu S, Willett WC, Stampfer MJ, Hu FB, Franz M, Sampson L, Hennekens CH, Manson JE

(2000) A prospective study of dietary glycemic load, carbohydrate intake, and risk of coro-

nary heart disease in US women. Am J Clin Nutr 71:1455-1461

Liu S, Stampfer MJ, Hu FB, Giovannucci E, Rimm E, Manson JE, Hennekens CH, Willett

WC (1999) Whole-grain consumption and risk of coronary heart disease: results from the

Nurses’ Health Study. Am J Clin Nutr 70:412-419

Stampfer MJ, Colditz GA, Willett WC, Speizer FE, Hennekens CH (1988) A prospective

study of moderate alcohol consumption and the risk of coronary disease and stroke in women.

N Engl J Med 319:267-273

Oh K, Hu FB, Manson JE, Stampfer MJ, Willett WC (2005) Dietary fat intake and risk of

coronary heart disease in women: 20 years of follow-up of the Nurses’ Health study. Am J

Epidemiol 161:672-679

Willett WC, Stampfer MJ, Manson JE, Colditz GA, Speizer FE, Rosner BA, Sampson LA,

Hennekens CH (1993) Intake of trans fatty acids and risk of coronary heart disease among

women. Lancet 341:581-585

Hu FB, Bronner L, Willett WC, Stampfer MJ, Rexrode KM, Albert CM, Hunter D, Manson

JE (2002) Fish and omega-3 fatty acid intake and risk of coronary heart disease in women.

JAMA 287:1815-1821

Albert CM, Oh K, Whang W, Manson JE, Chae CU, Stampfer MJ, Willett WC, Hu FB (2005)

Dietary alpha-linolenic acid intake and risk of sudden cardiac death and coronary heart dis-

ease. Circulation 112:3232-3238

Rimm EB, Willett WC, Hu FB, Sampson L, Colditz GA, Manson JE, Hennekens C, Stampfer

MIJ (1998) Folate and vitamin B6 from diet and supplements in relation to risk of coronary

heart disease among women. JAMA 279:359-364

Stampfer MJ, Hennekens CH, Manson JE, Colditz GA, Rosner B, Willett WC (1993) Vitamin

E consumption and the risk of coronary disease in women. N Engl J Med 328:1444-1449

Osganian SK, Stampfer MJ, Rimm E, Spiegelman D, Hu FB, Manson JE, Willett WC (2003)

Vitamin C and risk of coronary heart disease in women. J] Am Coll Cardiol 42:246-252

Roger VL, Go AS, Lloyd-Jones DM, Benjamin EJ, Berry JD, Borden WB, Bravata DM, Dai

S, Ford ES, Fox CS et al (2012) Heart disease and stroke statistics—2012 update: a report from

the American heart association. Circulation 125:e2-e220

Pearson TA, Blair SN, Daniels SR, Eckel RH, Fair JM, Fortmann SP, Franklin BA, Goldstein

LB, Greenland P, Grundy SM et al (2002) AHA guidelines for primary prevention of cardio-

vascular disease and stroke: 2002 update: consensus panel guide to comprehensive risk reduc-

tion for adult patients without coronary or other atherosclerotic vascular diseases. American

Heart Association Science Advisory and Coordinating Committee. Circulation 106:388-391



10

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women 195

Lichtenstein AH, Appel LJ, Brands M, Carnethon M, Daniels S, Franch HA, Franklin B,
Kris-Etherton P, Harris WS, Howard B et al (2006) Diet and lifestyle recommendations revi-
sion 2006: a scientific statement from the American Heart Association Nutrition Committee.
Circulation 114:82-96

Sacks FM, Lichtenstein A, Van Horn L, Harris W, Kris-Etherton P, Winston M (2006) Soy
protein, isoflavones, and cardiovascular health: an American Heart Association Science
Advisory for professionals from the Nutrition Committee. Circulation 113:1034—-1044

He K, Song Y, Daviglus ML, Liu K, Van Horn L, Dyer AR, Greenland P (2004) Accumulated
evidence on fish consumption and coronary heart disease mortality: a meta-analysis of cohort
studies. Circulation 109:2705-2711

Harris WS (1997) n-3 fatty acids and serum lipoproteins: human studies. Am J Clin Nutr
65:16455-1654S

Mozaffarian D, Geelen A, Brouwer 1A, Geleijnse JM, Zock PL, Katan MB (2005) Effect of
fish oil on heart rate in humans: a meta-analysis of randomized controlled trials. Circulation
112:1945-1952

Geleijnse JM, Giltay EJ, Grobbee DE, Donders AR, Kok FJ (2002) Blood pressure response
to fish oil supplementation: metaregression analysis of randomized trials. J Hypertens
20:1493-1499

Mozaffarian D, Wu JH (2011) Omega-3 fatty acids and cardiovascular disease: effects on risk
factors, molecular pathways, and clinical events. J] Am Coll Cardiol 58:2047-2067

Burr ML, Fehily AM, Gilbert JF, Rogers S, Holliday RM, Sweetnam PM, Elwood PC,
Deadman NM (1989) Effects of changes in fat, fish, and fibre intakes on death and myocar-
dial reinfarction: diet and reinfarction trial (DART). Lancet 2:757-761

Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto miocardico (1999) Dietary
supplementation with n-3 polyunsaturated fatty acids and vitamin E after myocardial infarc-
tion: results of the GISSI-Prevenzione trial. Gruppo Italiano per lo Studio della Sopravvivenza
nell’ Infarto miocardico. Lancet 354:447-455

Marchioli R, Barzi F, Bomba E, Chieffo C, Di Gregorio D, Di Mascio R, Franzosi MG,
Geraci E, Levantesi G, Maggioni AP et al (2002) Early protection against sudden death by
n-3 polyunsaturated fatty acids after myocardial infarction: time-course analysis of the results
of the Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto Miocardico (GISSI)-
Prevenzione. Circulation 105:1897-1903

Yokoyama M, Origasa H, Matsuzaki M, Matsuzawa Y, Saito Y, Ishikawa Y, Oikawa S, Sasaki
J, Hishida H, Itakura H et al (2007) Effects of eicosapentaenoic acid on major coronary
events in hypercholesterolaemic patients (JELIS): a randomised open-label, blinded endpoint
analysis. Lancet 369:1090-1098

Meydani M, Natiello F, Goldin B, Free N, Woods M, Schaefer E, Blumberg JB, Gorbach SL
(1991) Effect of long-term fish oil supplementation on vitamin E status and lipid peroxidation
in women. J Nutr 121:484-491

Ciubotaru I, Lee YS, Wander RC (2003) Dietary fish oil decreases C-reactive protein, inter-
leukin-6, and triacylglycerol to HDL-cholesterol ratio in postmenopausal women on HRT.
J Nutr Biochem 14:513-521

Laidlaw M, Holub BJ (2003) Effects of supplementation with fish oil-derived n-3 fatty acids
and gamma-linolenic acid on circulating plasma lipids and fatty acid profiles in women. Am
J Clin Nutr 77:37-42

Stark KD, Park EJ, Maines VA, Holub BJ (2000) Effect of a fish-oil concentrate on serum
lipids in postmenopausal women receiving and not receiving hormone replacement therapy
in a placebo-controlled, double-blind trial. Am J Clin Nutr 72:389-394

Hu FB, Cho E, Rexrode KM, Albert CM, Manson JE (2003) Fish and long-chain omega-3
fatty acid intake and risk of coronary heart disease and total mortality in diabetic women.
Circulation 107:1852-1857

Grimsgaard S, Bonaa KH, Hansen JB, Nordoy A (1997) Highly purified eicosapentaenoic
acid and docosahexaenoic acid in humans have similar triacylglycerol-lowering effects but
divergent effects on serum fatty acids. Am J Clin Nutr 66:649-659



196

42.

43.

44,
45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

8.

59.

60.

61.

K.K.B. Barthel et al.

Kris-Etherton PM, Harris WS, Appel LJ (2002) Fish consumption, fish oil, omega-3 fatty
acids, and cardiovascular disease. Circulation 106:2747-2757

Law MR, Wald NJ, Thompson SG (1994) By how much and how quickly does reduction in
serum cholesterol concentration lower risk of ischaemic heart disease? BMJ 308:367-372
Law M (2000) Plant sterol and stanol margarines and health. BMJ 320:861-864

Dempsey ME, Farquhar JW, Smith RE (1956) The effect of beta sitosterol on the serum lipids
of young men with arteriosclerotic heart disease. Circulation 14:77-82

Heinemann T, Leiss O, von Bergmann K (1986) Effect of low-dose sitostanol on serum cho-
lesterol in patients with hypercholesterolemia. Atherosclerosis 61:219-223

Miettinen TA, Puska P, Gylling H, Vanhanen H, Vartiainen E (1995) Reduction of serum
cholesterol with sitostanol-ester margarine in a mildly hypercholesterolemic population. N
Engl J Med 333:1308-1312

Gylling H, Radhakrishnan R, Miettinen TA (1997) Reduction of serum cholesterol in post-
menopausal women with previous myocardial infarction and cholesterol malabsorption
induced by dietary sitostanol ester margarine: women and dietary sitostanol. Circulation
96:4226-4231

Van Horn L, McCoin M, Kris-Etherton PM, Burke F, Carson JA, Champagne CM, Karmally
W, Sikand G (2008) The evidence for dietary prevention and treatment of cardiovascular
disease. ] Am Diet Assoc 108:287-331

Manson JE, Hsia J, Johnson KC, Rossouw JE, Assaf AR, Lasser NL, Trevisan M, Black HR,
Heckbert SR, Detrano R et al (2003) Estrogen plus progestin and the risk of coronary heart
disease. N Engl J Med 349:523-534

Rossouw JE, Prentice RL, Manson JE, Wu L, Barad D, Barnabei VM, Ko M, LaCroix AZ,
Margolis KL, Stefanick ML (2007) Postmenopausal hormone therapy and risk of cardiovas-
cular disease by age and years since menopause. JAMA 297:1465-1477

Anderson JW, Johnstone BM, Cook-Newell ME (1995) Meta-analysis of the effects of soy
protein intake on serum lipids. N Engl J Med 333:276-282

Crouse JR 3rd, Morgan T, Terry JG, Ellis J, Vitolins M, Burke GL (1999) A randomized trial
comparing the effect of casein with that of soy protein containing varying amounts of isofla-
vones on plasma concentrations of lipids and lipoproteins. Arch Intern Med 159:2070-2076
Weggemans RM, Trautwein EA (2003) Relation between soy-associated isoflavones and
LDL and HDL cholesterol concentrations in humans: a meta-analysis. Eur J Clin Nutr
57:940-946

Yeung J, Yu TF (2003) Effects of isoflavones (soy phyto-estrogens) on serum lipids: a meta-
analysis of randomized controlled trials. Nutr J 2:15

Dewell A, Hollenbeck CB, Bruce B (2002) The effects of soy-derived phytoestrogens on
serum lipids and lipoproteins in moderately hypercholesterolemic postmenopausal women.
J Clin Endocrinol Metab 87:118-121

Kreijkamp-Kaspers S, Kok L, Grobbee DE, de Haan EH, Aleman A, Lampe JW, van der
Schouw YT (2004) Effect of soy protein containing isoflavones on cognitive function, bone
mineral density, and plasma lipids in postmenopausal women: a randomized controlled trial.
JAMA 292:65-74

Cassidy A, Albertazzi P, Lise Nielsen I, Hall W, Williamson G, Tetens I, Atkins S, Cross H,
Manios Y, Wolk A et al (2006) Critical review of health effects of soyabean phyto-oestrogens
in post-menopausal women. Proc Nutr Soc 65:76-92

Rios DR, Rodrigues ET, Cardoso AP, Montes MB, Franceschini SA, Toloi MR (2008) Lack
of effects of isoflavones on the lipid profile of Brazilian postmenopausal women. Nutrition
24:1153-1158

Aubertin-Leheudre M, Lord C, Khalil A, Dionne 1J (2008) Isoflavones and clinical cardiovas-
cular risk factors in obese postmenopausal women: a randomized double-blind placebo-
controlled trial. ] Womens Health (Larchmt) 17:1363-1369

Erdman JW Jr (2000) AHA science advisory: soy protein and cardiovascular disease: a state-
ment for healthcare professionals from the Nutrition Committee of the AHA. Circulation
102:2555-2559



10

62.
63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women 197

Witztum JL (1994) The oxidation hypothesis of atherosclerosis. Lancet 344:793-795
Halliwell B (1994) Free radicals, antioxidants, and human disease: curiosity, cause, or conse-
quence? Lancet 344:721-724

Ceconi C, Boraso A, Cargnoni A, Ferrari R (2003) Oxidative stress in cardiovascular disease:
myth or fact? Arch Biochem Biophys 420:217-221

Dauchet L, Amouyel P, Hercberg S, Dallongeville J (2006) Fruit and vegetable consumption
and risk of coronary heart disease: a meta-analysis of cohort studies. J Nutr 136:2588-2593
Podmore ID, Griffiths HR, Herbert KE, Mistry N, Mistry P, Lunec J (1998) Vitamin C exhib-
its pro-oxidant properties. Nature 392:559

Lee DH, Folsom AR, Harnack L, Halliwell B, Jacobs DR Jr (2004) Does supplemental vita-
min C increase cardiovascular disease risk in women with diabetes? Am J Clin Nutr 80:
1194-1200

Cook NR, Albert CM, Gaziano JM, Zaharris E, MacFadyen J, Danielson E, Buring JE,
Manson JE (2007) A randomized factorial trial of vitamins C and E and beta carotene in the
secondary prevention of cardiovascular events in women: results from the Women’s
Antioxidant Cardiovascular Study. Arch Intern Med 167:1610-1618

Lee IM, Cook NR, Gaziano JM, Gordon D, Ridker PM, Manson JE, Hennekens CH, Buring
JE (2005) Vitamin E in the primary prevention of cardiovascular disease and cancer: the
Women’s Health Study: a randomized controlled trial. JAMA 294:56-65

Knekt P, Ritz J, Pereira MA, O’Reilly EJ, Augustsson K, Fraser GE, Goldbourt U, Heitmann
BL, Hallmans G, Liu S et al (2004) Antioxidant vitamins and coronary heart disease risk: a
pooled analysis of 9 cohorts. Am J Clin Nutr 80:1508-1520

Kushi LH, Folsom AR, Prineas RJ, Mink PJ, Wu Y, Bostick RM (1996) Dietary antioxidant
vitamins and death from coronary heart disease in postmenopausal women. N Engl J] Med
334:1156-1162

de Gaetano G (2001) Low-dose aspirin and vitamin E in people at cardiovascular risk: a
randomised trial in general practice. Collaborative Group of the Primary Prevention Project.
Lancet 357:89-95

Lonn E, Bosch J, Yusuf S, Sheridan P, Pogue J, Arnold JM, Ross C, Arnold A, Sleight P,
Probstfield J et al (2005) Effects of long-term vitamin E supplementation on cardiovascular
events and cancer: a randomized controlled trial. JAMA 293:1338-1347

Miller ER 3rd, Pastor-Barriuso R, Dalal D, Riemersma RA, Appel LJ, Guallar E (2005)
Meta-analysis: high-dosage vitamin E supplementation may increase all-cause mortality.
Ann Intern Med 142:37-46

Dietrich M, Traber MG, Jacques PF, Cross CE, Hu Y, Block G (2006) Does gamma-
tocopherol play a role in the primary prevention of heart disease and cancer? A review. ] Am
Coll Nutr 25:292-299

Handelman GJ, Machlin LJ, Fitch K, Weiter JJ, Dratz EA (1985) Oral alpha-tocopherol sup-
plements decrease plasma gamma-tocopherol levels in humans. J Nutr 115:807-813

Bowry VW, Stocker R (1993) Tocopherol-mediated peroxidation. The prooxidant effect of
vitamin E on the radical-initiated oxidation of human low-density lipoprotein. JACS
115:6029-6044

Lee IM, Cook NR, Manson JE, Buring JE, Hennekens CH (1999) Beta-carotene supplemen-
tation and incidence of cancer and cardiovascular disease: the Women’s Health study. J Natl
Cancer Inst 91:2102-2106

Hennekens CH, Buring JE, Manson JE, Stampfer M, Rosner B, Cook NR, Belanger C,
LaMotte F, Gaziano JM, Ridker PM et al (1996) Lack of effect of long-term supplementation
with beta carotene on the incidence of malignant neoplasms and cardiovascular disease.
N Engl J Med 334:1145-1149

The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group (1994) The effect of
vitamin E and beta carotene on the incidence of lung cancer and other cancers in male smok-
ers. The Alpha-Tocopherol, Beta Carotene Cancer Prevention Study Group. N Engl J Med
330:1029-1035



198

81

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

K.K.B. Barthel et al.

. Omenn GS, Goodman GE, Thornquist MD, Balmes J, Cullen MR, Glass A, Keogh JP,
Meyskens FL, Valanis B, Williams JH et al (1996) Effects of a combination of beta carotene
and vitamin A on lung cancer and cardiovascular disease. N Engl J Med 334:1150-1155
Brown BG, Zhao XQ, Chait A, Fisher LD, Cheung MC, Morse JS, Dowdy AA, Marino EK,
Bolson EL, Alaupovic P et al (2001) Simvastatin and niacin, antioxidant vitamins, or the
combination for the prevention of coronary disease. N Engl J Med 345:1583-1592
Hercberg S, Galan P, Preziosi P, Bertrais S, Mennen L, Malvy D, Roussel AM, Favier A,
Briancon S (2004) The SU.VL.MAX Study: a randomized, placebo-controlled trial of the
health effects of antioxidant vitamins and minerals. Arch Intern Med 164:2335-2342
Ridker PM, Manson JE, Buring JE, Shih J, Matias M, Hennekens CH (1999) Homocysteine
and risk of cardiovascular disease among postmenopausal women. JAMA 281:1817-1821
Homocysteine Studies Collaboration (2002) Homocysteine and risk of ischemic heart disease
and stroke: a meta-analysis. JAMA 288(16):2015-2022

Hak AE, Polderman KH, Westendorp IC, Jakobs C, Hofman A, Witteman JC, Stehouwer CD
(2000) Increased plasma homocysteine after menopause. Atherosclerosis 149:163—-168
Mijatovic V, Kenemans P, Jakobs C, van Baal WM, Peters-Muller ER, van der Mooren MJ
(1998) A randomized controlled study of the effects of 17beta-estradiol-dydrogesterone on
plasma homocysteine in postmenopausal women. Obstet Gynecol 91:432-436

van Baal WM, Smolders RG, van der Mooren MJ, Teerlink T, Kenemans P (1999) Hormone
replacement therapy and plasma homocysteine levels. Obstet Gynecol 94:485-491

Lonn E, Yusuf S, Arnold MJ, Sheridan P, Pogue J, Micks M, McQueen MJ, Probstfield J,
Fodor G, Held C et al (2006) Homocysteine lowering with folic acid and B vitamins in vas-
cular disease. N Engl J Med 354:1567-1577

Bonaa KH, Njolstad I, Ueland PM, Schirmer H, Tverdal A, Steigen T, Wang H, Nordrehaug
JE, Arnesen E, Rasmussen K (2006) Homocysteine lowering and cardiovascular events after
acute myocardial infarction. N Engl J Med 354:1578-1588

Albert CM, Cook NR, Gaziano JM, Zaharris E, MacFadyen J, Danielson E, Buring JE,
Manson JE (2008) Effect of folic acid and B vitamins on risk of cardiovascular events and
total mortality among women at high risk for cardiovascular disease: a randomized trial.
JAMA 299:2027-2036

Zittermann A, Schleithoff SS, Koerfer R (2005) Putting cardiovascular disease and vitamin
D insufficiency into perspective. Br J Nutr 94:483-492

Wang TJ, Pencina MJ, Booth SL, Jacques PF, Ingelsson E, Lanier K, Benjamin EJ,
D’Agostino RB, Wolf M, Vasan RS (2008) Vitamin D deficiency and risk of cardiovascular
disease. Circulation 117:503-511

Holick MF (2006) High prevalence of vitamin D inadequacy and implications for health.
Mayo Clin Proc 81:353-373

Lips P, Hosking D, Lippuner K, Norquist JM, Wehren L, Maalouf G, Ragi-Eis S, Chandler J
(2006) The prevalence of vitamin D inadequacy amongst women with osteoporosis: an inter-
national epidemiological investigation. J Intern Med 260:245-254

Bostick RM, Kushi LH, Wu Y, Meyer KA, Sellers TA, Folsom AR (1999) Relation of cal-
cium, vitamin D, and dairy food intake to ischemic heart disease mortality among postmeno-
pausal women. Am J Epidemiol 149:151-161

Hsia J, Heiss G, Ren H, Allison M, Dolan NC, Greenland P, Heckbert SR, Johnson KC,
Manson JE, Sidney S et al (2007) Calcium/vitamin D supplementation and cardiovascular
events. Circulation 115:846-854

Manson JE, Bassuk SS, Lee IM, Cook NR, Albert MA, Gordon D, Zaharris E, Macfadyen
JG, Danielson E, Lin J et al (2012) The VITamin D and OmegA-3 TriaLL (VITAL): rationale
and design of a large randomized controlled trial of vitamin D and marine omega-3 fatty acid
supplements for the primary prevention of cancer and cardiovascular disease. Contemp Clin
Trials 33:159-171

Renaud S, de Lorgeril M (1992) Wine, alcohol, platelets, and the French paradox for coro-
nary heart disease. Lancet 339:1523-1526



10

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.
117.

118.

Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women 199

Frankel EN, Kanner J, German JB, Parks E, Kinsella JE (1993) Inhibition of oxidation of
human low-density lipoprotein by phenolic substances in red wine. Lancet 341:454-457
Pace-Asciak CR, Hahn S, Diamandis EP, Soleas G, Goldberg DM (1995) The red wine
phenolics trans-resveratrol and quercetin block human platelet aggregation and eicosanoid
synthesis: implications for protection against coronary heart disease. Clin Chim Acta
235:207-219

Hung LM, Chen JK, Huang SS, Lee RS, Su MJ (2000) Cardioprotective effect of resveratrol,
a natural antioxidant derived from grapes. Cardiovasc Res 47:549-555

Pignatelli P, Ghiselli A, Buchetti B, Carnevale R, Natella F, Germano G, Fimognari F, Di
Santo S, Lenti L, Violi F (2006) Polyphenols synergistically inhibit oxidative stress in sub-
jects given red and white wine. Atherosclerosis 188:77-83

Baur JA, Pearson KJ, Price NL, Jamieson HA, Lerin C, Kalra A, Prabhu VV, Allard JS,
Lopez-Lluch G, Lewis K et al (2006) Resveratrol improves health and survival of mice on a
high-calorie diet. Nature 444:337-342

Solomon CG, Hu FB, Stampfer MJ, Colditz GA, Speizer FE, Rimm EB, Willett WC, Manson
JE (2000) Moderate alcohol consumption and risk of coronary heart disease among women
with type 2 diabetes mellitus. Circulation 102:494-499

Hu FB, Stampfer MJ, Manson JE, Rimm EB, Wolk A, Colditz GA, Hennekens CH, Willett
WC (1999) Dietary intake of alpha-linolenic acid and risk of fatal ischemic heart disease
among women. Am J Clin Nutr 69:890-897

Mozaffarian D, Ascherio A, Hu FB, Stampfer MJ, Willett WC, Siscovick DS, Rimm EB
(2005) Interplay between different polyunsaturated fatty acids and risk of coronary heart
disease in men. Circulation 111:157-164

Burdge G (2004) Alpha-linolenic acid metabolism in men and women: nutritional and bio-
logical implications. Curr Opin Clin Nutr Metab Care 7:137-144

Giltay EJ, Gooren LJ, Toorians AW, Katan MB, Zock PL (2004) Docosahexaenoic acid con-
centrations are higher in women than in men because of estrogenic effects. Am J Clin Nutr
80:1167-1174

Thompson PD, Buchner D, Pina IL, Balady GJ, Williams MA, Marcus BH, Berra K, Blair
SN, Costa F, Franklin B et al (2003) Exercise and physical activity in the prevention and
treatment of atherosclerotic cardiovascular disease: a statement from the Council on Clinical
Cardiology (Subcommittee on Exercise, Rehabilitation, and Prevention) and the Council on
Nutrition, Physical Activity, and Metabolism (Subcommittee on Physical Activity).
Circulation 107:3109-3116

Mole PA (1978) Increased contractile potential of papillary muscles from exercise-trained rat
hearts. Am J Physiol 234:H421-H425

Schaible TF, Scheuer J (1981) Cardiac function in hypertrophied hearts from chronically
exercised female rats. J Appl Physiol 50:1140-1145

Schaible TF, Penpargkul S, Scheuer J (1981) Cardiac responses to exercise training in male
and female rats. J Appl Physiol 50:112-117

Goldsmith RL, Bloomfield DM, Rosenwinkel ET (2000) Exercise and autonomic function.
Coron Artery Dis 11:129-135

Ryan SM, Goldberger AL, Pincus SM, Mietus J, Lipsitz LA (1994) Gender- and age-related
differences in heart rate dynamics: are women more complex than men? J Am Coll Cardiol
24:1700-1707

Shephard RJ, Balady GJ (1999) Exercise as cardiovascular therapy. Circulation 99:963-972
Lakka TA, Venalainen JM, Rauramaa R, Salonen R, Tuomilehto J, Salonen JT (1994)
Relation of leisure-time physical activity and cardiorespiratory fitness to the risk of acute
myocardial infarction. N Engl J Med 330:1549-1554

Schrott HG, Bittner V, Vittinghoff E, Herrington DM, Hulley S (1997) Adherence to national
cholesterol education program treatment goals in postmenopausal women with heart disease.
The Heart and Estrogen/Progestin Replacement Study (HERS). The HERS Research Group.
JAMA 277:1281-1286



200

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

K.K.B. Barthel et al.

Centers for Disease Control and Prevention (1996) Surgeon general’s report on physical
activity and health. From the Centers for Disease Control and Prevention. JAMA 276:522
Meinert CL, Gilpin AK, Unalp A, Dawson C (2000) Gender representation in trials. Control
Clin Trials 21:462-475

Brunner D, Manelis G, Modan M, Levin S (1974) Physical activity at work and the incidence
of myocardial infarction, angina pectoris and death due to ischemic heart disease. An epide-
miological study in Israeli collective settlements (Kibbutzim). J Chronic Dis 27:217-233
Salonen JT, Puska P, Tuomilehto J (1982) Physical activity and risk of myocardial infarction,
cerebral stroke and death: a longitudinal study in Eastern Finland. Am J Epidemiol 115:
526-537

Lapidus L, Bengtsson C (1986) Socioeconomic factors and physical activity in relation to
cardiovascular disease and death. A 12 year follow up of participants in a population study of
women in Gothenburg, Sweden. Br Heart J 55:295-301

Kannel WB, Sorlie P (1979) Some health benefits of physical activity. The Framingham
Study. Arch Intern Med 139:857-861

Weller I, Corey P (1998) The impact of excluding non-leisure energy expenditure on the rela-
tion between physical activity and mortality in women. Epidemiology 9:632—-635

Swain DP, Franklin BA (2006) Comparison of cardioprotective benefits of vigorous versus
moderate intensity aerobic exercise. Am J Cardiol 97:141-147

Morris JN, Clayton DG, Everitt MG, Semmence AM, Burgess EH (1990) Exercise in leisure
time: coronary attack and death rates. Br Heart J 63:325-334

Department of Health and Human Services (1996) Physical activity and health: a report of the
surgeon general. Atlanta, Georgia: USDHSS, Centers for Disease Control and Prevention
Manson JE, Hu FB, Rich-Edwards JW, Colditz GA, Stampfer MJ, Willett WC, Speizer FE,
Hennekens CH (1999) A prospective study of walking as compared with vigorous exercise in
the prevention of coronary heart disease in women. N Engl J Med 341:650-658

Lee IM, Rexrode KM, Cook NR, Manson JE, Buring JE (2001) Physical activity and coro-
nary heart disease in women: is “no pain, no gain” passe? JAMA 285:1447-1454

Breslow RA, Ballard-Barbash R, Munoz K, Graubard BI (2001) Long-term recreational
physical activity and breast cancer in the National Health and Nutrition Examination Survey
I epidemiologic follow-up study. Cancer Epidemiol Biomarkers Prev 10:805-808

Mosca L, Appel L], Benjamin EJ, Berra K, Chandra-Strobos N, Fabunmi RP, Grady D, Haan
CK, Hayes SN, Judelson DR et al (2004) Evidence-based guidelines for cardiovascular dis-
ease prevention in women. Circulation 109:672-693

Mark DB, Lauer MS (2003) Exercise capacity: the prognostic variable that doesn’t get
enough respect. Circulation 108:1534-1536

Myers J, Prakash M, Froelicher V, Do D, Partington S, Atwood JE (2002) Exercise capacity
and mortality among men referred for exercise testing. N Engl J Med 346:793-801
Kavanagh T, Mertens DJ, Hamm LF, Beyene J, Kennedy J, Corey P, Shephard RJ (2002)
Prediction of long-term prognosis in 12 169 men referred for cardiac rehabilitation.
Circulation 106:666-671

Kavanagh T, Mertens DJ, Hamm LF, Beyene J, Kennedy J, Corey P, Shephard RJ (2003)
Peak oxygen intake and cardiac mortality in women referred for cardiac rehabilitation. J Am
Coll Cardiol 42:2139-2143

Ades PA, Balady GJ, Berra K (2001) Transforming exercise-based cardiac rehabilitation pro-
grams into secondary prevention centers: a national imperative. J Cardiopulm Rehabil
21:263-272

Thomas RJ, Miller NH, Lamendola C, Berra K, Hedback B, Durstine JL, Haskell W (1996)
National survey on gender differences in cardiac rehabilitation programs. Patient characteris-
tics and enrollment patterns. J Cardiopulm Rehabil 17:402-412

Wenger NK, Froelicher ES, Smith LK, Ades PA, Berra K, Blumenthal JA, Certo CM, Dattilo
AM, Davis D, DeBusk RF et al (1995) Cardiac rehabilitation as secondary prevention.
Agency for Health Care Policy and Research and National Heart, Lung, and Blood Institute.
Clin Pract Guidel Quick Ref Guide Clin:1-23



10

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women 201

Vriz O, Lu H, Visentin P, Nicolosi L, Mos L, Palatini P (1997) Gender differences in the
relationship between left ventricular size and ambulatory blood pressure in borderline hyper-
tension. The HARVEST Study. Eur Heart J 18:664-670

Carroll JD, Carroll EP, Feldman T, Ward DM, Lang RM, McGaughey D, Karp RB (1992)
Sex-associated differences in left ventricular function in aortic stenosis of the elderly.
Circulation 86:1099-1107

Dittrich H, Gilpin E, Nicod P, Cali G, Henning H, Ross J Jr (1988) Acute myocardial infarc-
tion in women: influence of gender on mortality and prognostic variables. Am J Cardiol
62:1-7

Cannistra LB, Balady GJ, O’Malley CJ, Weiner DA, Ryan TJ (1992) Comparison of the clini-
cal profile and outcome of women and men in cardiac rehabilitation. Am J Cardiol
69:1274-1279

Ascensao A, Ferreira R, Magalhaes J (2007) Exercise-induced cardioprotection—biochemi-
cal, morphological and functional evidence in whole tissue and isolated mitochondria. Int J
Cardiol 117:16-30

Ross R, Janssen I (2001) Physical activity, total and regional obesity: dose-response consid-
erations. Med Sci Sports Exerc 33:S521-S527, discussion S528-S529

Fagard RH (2001) Exercise characteristics and the blood pressure response to dynamic physi-
cal training. Med Sci Sports Exerc 33:5484-5492, discussion S493-S494

Pescatello LS, Franklin BA, Fagard R, Farquhar WB, Kelley GA, Ray CA (2004) American
college of sports medicine position stand. Exercise and hypertension. Med Sci Sports Exerc
36:533-553

Leon AS, Rice T, Mandel S, Despres JP, Bergeron J, Gagnon J, Rao DC, Skinner JS, Wilmore
JH, Bouchard C (2000) Blood lipid response to 20 weeks of supervised exercise in a large
biracial population: the HERITAGE Family Study. Metabolism 49:513-520

Durstine JL, Grandjean PW, Davis PG, Ferguson MA, Alderson NL, DuBose KD (2001)
Blood lipid and lipoprotein adaptations to exercise: a quantitative analysis. Sports Med
31:1033-1062

Kraus WE, Houmard JA, Duscha BD, Knetzger KJ, Wharton MB, McCartney JS, Bales CW,
Henes S, Samsa GP, Otvos JD et al (2002) Effects of the amount and intensity of exercise on
plasma lipoproteins. N Engl J Med 347:1483-1492

Grundy SM, Brewer HB Jr, Cleeman JI, Smith SC Jr, Lenfant C (2004) Definition of meta-
bolic syndrome: report of the national heart, lung, and blood institute/American heart asso-
ciation conference on scientific issues related to definition. Circulation 109:433-438

Cole CR, Blackstone EH, Pashkow FJ, Snader CE, Lauer MS (1999) Heart-rate recovery
immediately after exercise as a predictor of mortality. N Engl J] Med 341:1351-1357

Evans JM, Ziegler MG, Patwardhan AR, Ott JB, Kim CS, Leonelli FM, Knapp CF (2001)
Gender differences in autonomic cardiovascular regulation: spectral, hormonal, and hemody-
namic indexes. J Appl Physiol 91:2611-2618

Carter JB, Banister EW, Blaber AP (2003) Effect of endurance exercise on autonomic control
of heart rate. Sports Med 33:33-46

Gulli G, Cevese A, Cappelletto P, Gasparini G, Schena F (2003) Moderate aerobic training
improves autonomic cardiovascular control in older women. Clin Auton Res 13:196-202
Wang M, Baker L, Tsai BM, Meldrum KK, Meldrum DR (2005) Sex differences in the myo-
cardial inflammatory response to ischemia-reperfusion injury. Am J Physiol Endocrinol
Metab 288:E321-E326

Ranki HJ, Budas GR, Crawford RM, Jovanovic A (2001) Gender-specific difference in car-
diac ATP-sensitive K(+) channels. ] Am Coll Cardiol 38:906-915

Marini M, Lapalombella R, Margonato V, Ronchi R, Samaja M, Scapin C, Gorza L, Maraldi
T, Carinci P, Ventura C et al (2007) Mild exercise training, cardioprotection and stress genes
profile. Eur J Appl Physiol 99:503-510

Brown DA, Chicco AJ, Jew KN, Johnson MS, Lynch JM, Watson PA, Moore RL (2005)
Cardioprotection afforded by chronic exercise is mediated by the sarcolemmal, and not the
mitochondrial, isoform of the KATP channel in the rat. J Physiol 569:913-924



202

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.
170.
171.

172.

173.

174.

175.

176.

177.

178.

179.

K.K.B. Barthel et al.

Ide T, Tsutsui H, Ohashi N, Hayashidani S, Suematsu N, Tsuchihashi M, Tamai H, Takeshita
A (2002) Greater oxidative stress in healthy young men compared with premenopausal
women. Arterioscler Thromb Vasc Biol 22:438-442

Voss MR, Stallone JN, Li M, Cornelussen RN, Knuefermann P, Knowlton AA (2003) Gender
differences in the expression of heat shock proteins: the effect of estrogen. Am J Physiol
Heart Circ Physiol 285:H687-H692

Jackson M (2000) Exercise and oxygen radical production by muscle. In: Sen CP, Packer L,
Hanninen O (eds) Handbook of oxidants and antioxidants in exercise. Elsevier B.V,
Amsterdam, pp 57-68

Siu PM, Bryner RW, Martyn JK, Alway SE (2004) Apoptotic adaptations from exercise train-
ing in skeletal and cardiac muscles. FASEB J 18:1150-1152

Hutter JJ, Mestril R, Tam EK, Sievers RE, Dillmann WH, Wolfe CL (1996) Overexpression
of heat shock protein 72 in transgenic mice decreases infarct size in vivo. Circulation
94:1408-1411

Mestril R, Chi SH, Sayen MR, O’Reilly K, Dillmann WH (1994) Expression of inducible
stress protein 70 in rat heart myogenic cells confers protection against simulated ischemia-
induced injury. J Clin Invest 93:759-767

Paroo Z, Haist JV, Karmazyn M, Noble EG (2002) Exercise improves postischemic cardiac
function in males but not females: consequences of a novel sex-specific heat shock protein 70
response. Circ Res 90:911-917

Jew KN, Moore RL (2002) Exercise training alters an anoxia-induced, glibenclamide-
sensitive current in rat ventricular cardiocytes. J Appl Physiol 92:1473-1479

Jew KN, Olsson MC, Mokelke EA, Palmer BM, Moore RL (2001) Endurance training alters
outward K +current characteristics in rat cardiocytes. J Appl Physiol 90:1327-1333

Noma A (1983) ATP-regulated K+ channels in cardiac muscle. Nature 305:147-148
O’Rourke B (2000) Myocardial K(ATP) channels in preconditioning. Circ Res 87:845-855
Hausenloy DJ, Yellon DM, Mani-Babu S, Duchen MR (2004) Preconditioning protects by
inhibiting the mitochondrial permeability transition. Am J Physiol Heart Circ Physiol
287:H841-H849

Yamashita N, Baxter GF, Yellon DM (2001) Exercise directly enhances myocardial tolerance
to ischaemia-reperfusion injury in the rat through a protein kinase C mediated mechanism.
Heart 85:331-336

Vondriska TM, Klein JB, Ping P (2001) Use of functional proteomics to investigate PKC
epsilon-mediated cardioprotection: the signaling module hypothesis. Am J Physiol Heart
Circ Physiol 280:H1434-H1441

Watson PA, Reusch JE, McCune SA, Leinwand LA, Luckey SW, Konhilas JP, Brown DA,
Chicco AJ, Sparagna GC, Long CS et al (2007) Restoration of CREB function is linked to
completion and stabilization of adaptive cardiac hypertrophy in response to exercise. Am J
Physiol Heart Circ Physiol 293:H246-H259

Dorn JP, Cerny FJ, Epstein LH, Naughton J, Vena JE, Winkelstein W Jr, Schisterman E,
Trevisan M (1999) Work and leisure time physical activity and mortality in men and women
from a general population sample. Ann Epidemiol 9:366-373

Manson JE, Greenland P, LaCroix AZ, Stefanick ML, Mouton CP, Oberman A, Perri MG,
Sheps DS, Pettinger MB, Siscovick DS (2002) Walking compared with vigorous exercise for
the prevention of cardiovascular events in women. N Engl J Med 347:716-725

Gregg EW, Cauley JA, Stone K, Thompson TJ, Bauer DC, Cummings SR, Ensrud KE (2003)
Relationship of changes in physical activity and mortality among older women. JAMA
289:2379-2386

Sudhir K, Chou TM, Messina LM, Hutchison SJ, Korach KS, Chatterjee K, Rubanyi GM
(1997) Endothelial dysfunction in a man with disruptive mutation in oestrogen-receptor gene.
Lancet 349:1146-1147

Rubanyi GM, Freay AD, Kauser K, Sukovich D, Burton G, Lubahn DB, Couse JF, Curtis SW,
Korach KS (1997) Vascular estrogen receptors and endothelium-derived nitric oxide produc-
tion in the mouse aorta. Gender difference and effect of estrogen receptor gene disruption.
J Clin Invest 99:2429-2437



10

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

200.

Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women 203

Simpson ER, Zhao Y, Agarwal VR, Michael MD, Bulun SE, Hinshelwood MM, Graham-
Lorence S, Sun T, Fisher CR, Qin K et al (1997) Aromatase expression in health and disease.
Recent Prog Horm Res 52:185-213, discussion 213-214

Barp J, Araujo AS, Fernandes TR, Rigatto KV, Llesuy S, Bello-Klein A, Singal P (2002)
Myocardial antioxidant and oxidative stress changes due to sex hormones. Braz J] Med Biol
Res 35:1075-1081

Brown DA, Lynch JM, Armstrong CJ, Caruso NM, Ehlers LB, Johnson MS, Moore RL
(2005) Susceptibility of the heart to ischaemia-reperfusion injury and exercise-induced car-
dioprotection are sex-dependent in the rat. J Physiol 564:619-630

Ranki HJ, Budas GR, Crawford RM, Davies AM, Jovanovic A (2002) 17Beta-estradiol regulates
expression of K(ATP) channels in heart-derived H9c2 cells. J Am Coll Cardiol 40:367-374
Nakano M, Sugioka K, Naito I, Takekoshi S, Niki E (1987) Novel and potent biological anti-
oxidants on membrane phospholipid peroxidation: 2-hydroxy estrone and 2-hydroxy estra-
diol. Biochem Biophys Res Commun 142:919-924

Tranquilli AL, Mazzanti L, Cugini AM, Cester N, Garzetti GG, Romanini C (1995)
Transdermal estradiol and medroxyprogesterone acetate in hormone replacement therapy are
both antioxidants. Gynecol Endocrinol 9:137-141

Suematsu T, Kamada T, Abe H, Kikuchi S, Yagi K (1977) Serum lipoperoxide level in
patients suffering from liver diseases. Clin Chim Acta 79:267-270

Akova B, Surmen-Gur E, Gur H, Dirican M, Sarandol E, Kucukoglu S (2001) Exercise-
induced oxidative stress and muscle performance in healthy women: role of vitamin E sup-
plementation and endogenous oestradiol. Eur J Appl Physiol 84:141-147

Knopp RH (1988) The effects of postmenopausal estrogen therapy on the incidence of arte-
riosclerotic vascular disease. Obstet Gynecol 72:235-30S

Collins P, Rosano GM, Jiang C, Lindsay D, Sarrel PM, Poole-Wilson PA (1993) Cardiovascular
protection by oestrogen—a calcium antagonist effect? Lancet 341:1264—1265

Polderman KH, Stehouwer CD, van Kamp GJ, Dekker GA, Verheugt FW, Gooren LJ (1993)
Influence of sex hormones on plasma endothelin levels. Ann Intern Med 118:429-432
Hayashi T, Yamada K, Esaki T, Kuzuya M, Satake S, Ishikawa T, Hidaka H, Iguchi A (1995)
Estrogen increases endothelial nitric oxide by a receptor-mediated system. Biochem Biophys
Res Commun 214:847-855

Darblade B, Pendaries C, Krust A, Dupont S, Fouque MJ, Rami J, Chambon P, Bayard F,
Arnal JF (2002) Estradiol alters nitric oxide production in the mouse aorta through the alpha-,
but not beta-, estrogen receptor. Circ Res 90:413-419

Gilligan DM, Badar DM, Panza JA, Quyyumi AA, Cannon RO 3rd (1994) Acute vascular
effects of estrogen in postmenopausal women. Circulation 90:786-791

Gilligan DM, Quyyumi AA, Cannon RO 3rd (1994) Effects of physiological levels of estro-
gen on coronary vasomotor function in postmenopausal women. Circulation 89:2545-2551
Niebauer J, Cooke JP (1996) Cardiovascular effects of exercise: role of endothelial shear
stress. J Am Coll Cardiol 28:1652-1660

Dimmeler S, Zeiher AM (2003) Exercise and cardiovascular health: get active to “AKTivate”
your endothelial nitric oxide synthase. Circulation 107:3118-3120

Hambrecht R, Adams V, Erbs S, Linke A, Krankel N, Shu Y, Baither Y, Gielen S, Thiele H,
Gummert JF et al (2003) Regular physical activity improves endothelial function in patients
with coronary artery disease by increasing phosphorylation of endothelial nitric oxide syn-
thase. Circulation 107:3152-3158

Fukai T, Siegfried MR, Ushio-Fukai M, Cheng Y, Kojda G, Harrison DG (2000) Regulation
of the vascular extracellular superoxide dismutase by nitric oxide and exercise training. J Clin
Invest 105:1631-1639

Harvey PJ, Picton PE, Su WS, Morris BL, Notarius CF, Floras JS (2005) Exercise as an alter-
native to oral estrogen for amelioration of endothelial dysfunction in postmenopausal women.
Am Heart J 149:291-297

Bupha-Intr T, Laosiripisan J, Wattanapermpool J (2009) Moderate intensity of regular exer-
cise improves cardiac SR Ca2+ uptake activity in ovariectomized rats. J Appl Physiol
107:1105-1112



204

201.

202.

203.

K.K.B. Barthel et al.

Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, Kooperberg C, Stefanick ML, Jackson
RD, Beresford SA, Howard BV, Johnson KC et al (2002) Risks and benefits of estrogen plus
progestin in healthy postmenopausal women: principal results from the women’s health
Initiative randomized controlled trial. JAMA 288:321-333

Hulley S, Grady D, Bush T, Furberg C, Herrington D, Riggs B, Vittinghoff E (1998)
Randomized trial of estrogen plus progestin for secondary prevention of coronary heart dis-
ease in postmenopausal women. Heart and Estrogen/progestin Replacement Study (HERS)
Research Group. JAMA 280:605-613

Ostadal B, Netuka I, Maly J, Besik J, Ostadalova I (2009) Gender differences in cardiac
ischemic injury and protection—experimental aspects. Exp Biol Med (Maywood) 234:
1011-1019



Index

A

Adipose tissue

distribution and obesity, 94-95
estrogen regulation, 76

Aging

bone loss (see Oxidative stress)
cardiac protection (see Cardiac protection,
aging and estrogen)

E, and intrinsic muscle strength, 6-7

exercise
athletes, 129
beneficial effects, training, 129, 133
endogenous sex hormones, 131
energy expenditure, 131
glucose metabolism, 129, 131-133
HDL-and LDL-cholesterol, 129
metabolic parameters, 130

Bone health, women

cells, 18
description, 18
dietary energy intake (see Dietary energy,
bone integrity)
estrogen
deficiency, 18
receptor (see Estrogen receptor)
loss, 18
metabolic bone disease, 18
osteopenia, 18
skeleton functions, 17

Brain estrogen action

AgRp neurons function, 94
energy expenditure, 91
ERa expression, 92

food intake control, 91

physical fitness and body weight, leptin, 93
129-130 NPY and ARC neurons, 93-94
resistive training, 130 obesity, 91

SHBG and DHEA, 131
visceral and subcutaneous abdominal
fat, 130
female athletes, 129
maintenance, muscle strength and
contractility, 12
muscle contraction, 6
ovarian failure, 6

ovariectomy, 91

physical activity, thermogenesis and fat
distribution, VMC neurons, 93

POMC neurons, 92-93

regulation metabolism, 91

signaling mechanisms, 92

and overweight, aging women C
(see Obesity) Caloric restriction, 19, 20
rodent ovariectomy model, 6 Cardiac protection, aging and estrogen
Athletes, aging female, 129 description, 158

effects, 158
gene expression, 167-168
B heart failure, 164—166

BMI. See Body mass index (BMI)
Body mass index (BMI), 123, 125, 127, 131, 178

heat shock response, 160-162
HRT, 158

E.E. Spangenburg (ed.), Integrative Biology of Women’s Health, 205
DOI 10.1007/978-1-4614-8630-5, © Springer Science+Business Media New York 2013



206

Cardiac protection, aging and estrogen (cont.)

ischemia, 163-164
measures, 159
mitochondrial protection, 162—-163
myocyte changes, 159-160
pathologic cardiac hypertrophy, 166—-167
postmenopausal women, 159
SERMs, 168-169
Cardiometabolic profile, postmenopausal
women
body composition
abdominal adiposity, 125
description, 124—125
energy expenditure and substrate
oxidation measures, 126
and exercise, 129-131
HOMA, 125
insulin resistance, 125
LDL/HDL cholesterol, 125
metabolic risk, 125
sex hormone concentration, 126
upper and lower body fat, 125
visceral fat, 125
hormonal status (see Hormonal status,
postmenopausal women)
Cardiovascular disease (CVD)
age-adjusted mortality rates, 176
atherosclerosis, 147
description, 175
diet (see Diet)
exercise (see Exercise)
genetic mechanisms, 142—144
heart failure, 146
hormonal mechanisms, 144
hypertension, 145
MHT, 142
microvascular and ischemic heart
disease, 146
mortality, 141
pharmacologic interventions, 176
sex steroid hormones, 142
thrombosis, 147-148
women
menopause, 149-151
pregnancy, 148-149
CVD. See Cardiovascular disease (CVD)
Cytokines, 159-162

D
Dehydro-epiandosterone (DHEA), 131

DEXA. See Dual-energy X-ray absorptiometry

(DEXA)
Diastolic heart failure (dHF), 165-166

Index

Diet
adverse effects
antioxidant supplements, 182—184
folic acid and B vitamins, 184
isoflavones, 181-182
bioactive dietary compounds, 178, 179
cardiovascular health, women, 176
dietary factors and benefits
eicosapentaenoic acid and
docosahexaenoic acid, 179-180
plant stanols and sterols, 180-181
inconclusive effects
a-linolenic acid, 186
resveratrol, 185-186
vitamin D, 185
women’s health studies, 177-178
Dietary energy, bone integrity
amenorrheic women athletes, 21
athletes, 20
BMD values, 19
bone sites and quality, 20
calcium and vitamin D, 19
caloric intake and energy expenditure,
19-20
cancellous-rich bone compartments, 23
cellular mechanisms, 21
chronic negative energy balance, 21
DEXA measures, 20
eating disorders, 20
and elevated fracture, 19
estrogen deficiency, 21-22
exercise and caloric restriction, 21, 22
hypoestrogenemia, 21
intake and expenditure, 22-23
micro-computed tomography, 20-21
military recruits, 19
NHANES, 19
osteoporosis, 21
pQCT and MRI, 20
risk, 19

Dual-energy X-ray absorptiometry (DEXA), 20

E
ERa
cytoplasm, 71
ERa-KO mice, 76
estrogen response elements, 71
expression, brain estrogen action, 92
knockout mice, 71
and mechanotransduction, bone
estrogen deficiency, 24
exercise, 25-26
mechanical loading and strain, 24



Index

osteoblasts, osteoclasts
and osteocytes, 24
regulation, 26
short-term mechanical loading, 26
weight-bearing exercise and resistance
training, 23-24
wild-type mice, 24-25
skeletal muscle (see Skeletal muscle)
ERp
cardiac hypertrophy, 166, 169
cortical bone gain, 25
DNA binding, 71
ER activity, 42
expression, 92
function, 25
glucose
homeostasis, 78
metabolism, 74, 75
uptake, 72
inhibition, 74
insulin resistance, 99, 105
knockout mice, 24, 41, 71, 74, 76, 77, 95
mechanotransduction, bone, 23
molecular mechanisms, 90
muscle mass, 37
myotubes, 41
physiological effects, tissues, 71
transcription, 97
Estradiol (E,)
exercise (see Exercise)
HRT (see Hormone replacement therapy
(HRT))
and muscle contractility
protein expression, 10-12
rodent models, 10
women, 8-10
and muscle strength
intrinsic, 6-8
rodent models, 4-6
women, 2—4
ovarian hormone (see Ovarian hormone)
skeletal muscle (see Skeletal muscle)
Estrogen. See also Estrogen action
animal model, 70-71
cardiac protection and aging (see Cardiac
protection, aging and estrogen)
cardiovascular physiology
cholinergic neuro transmission, 143
heart failure, 146
menopause, 151
and progesterone, women, 144
thrombosis, 147
tyrosine hydroxylase, 142
cholesterol levels, 181

207

deficiency, 18, 68
E, (see Estradiol (E,))
effects, skeletal muscle
bed rest, 4648
data collection, 48
ER action, 41-42
and exercise (see Exercise)
food intake, 45
gene expression, 42-43
heart disease, 48
HRT, 35
lifestyle, women, 44
loss of spontaneous activity, 44
muscle mass (see Muscle mass and
estrogen effects, skeletal muscle)
muscle strength (see Muscle strength
and estrogen effects, skeletal
muscle)
OVX, 43-44
physical activity, 44
positive effects, 45-46
side effects, 48
HT,2,3,9
influences, 7, 10, 12
loss of, 2, 11, 12
manipulation, 12
NCEP, 68
ovarian hormone function (see Ovarian
hormone)
and pathologic cardiac hypertrophy,
166-167
postmenopausal women, 182
production, ovaries, 2
receptor (ER) (see Estrogen receptor (ER))
regulation (see Glucose metabolism,
estrogen regulation)
replacement, 192
transsexual men, 186
treatment, 4, 6
Estrogen action
brain (see Brain estrogen action)
ER (see Estrogen receptor (ER))
FDA, 88
hormone replacement, 88
HRT, 106
immunity and metabolic syndrome,
102-104
and insulin sensitivity (see Insulin
resistance and estrogen action)
ligand vs. nonligand-mediated
functions, 106
literature, 106
menopause women, 88
obesity and type 2 diabetes (T2D), 89



208

Estrogen action (cont.)
pancreatic p-cell function, 104—-105
regulation, fuel homeostasis and insulin
sensitivity, 89
SERMs, 106
sex hormone deficiency, 96
WHI, 88-89
Estrogen receptor (ER)
adipose tissue distribution and obesity,
94-95
ERa (see ERa)
ERp (see ERP)
genomic and non-genomic mechanisms,
71,72
glucose metabolism
activation, 71-72
description, 71
GLUT4 protein, 72-73
insulin action, 73-74
polycystic ovarian syndrome, 73
PPARy-transcriptional activity, 74
protection, 73
hepatic insulin sensitivity, 101-102
knockout mice, 192
mechanotransduction and ERa bone
(see ER)
molecular mechanisms, 90-91
skeletal muscle (see Skeletal muscle)
Exercise
aging female (see Aging)
chronic endurance, 187
and E2 effects, skeletal muscle
HRT and groups, 40—41
hypertrophy, 39
muscle mass and strength, 40
physical activity, 41
pre-and postmenopausal, 39
strength gains, traditional
training, 39, 40
young vs. older women, 39-40
female sex hormones, 191-193
males and females, 187
molecular mechanisms, cardioprotection
apoptosis, 191
oxidative stress, 190-191
protective effects induction, 189-190
risk and progression, 188-189

G
Gene expression, 167-168
Glucose homeostasis, 68
Glucose metabolism
estrogen regulation
adipose tissue, 7677

Index

body weight, 69

estrogen replacement, 69

insulin functions, 68

insulin-sensitive tissues, 74, 75

liver, 77-78

maintenance, 68

post-and pre-menopausal women, 68—69

skeletal muscle (see Skeletal muscle)

type 2 diabetes, 68

WHI and HRT, 69-70

and exercise, aging female

aerobic exercise training, 132

benefits, 131-132

description, 129

glycogen synthase (GS) fractional
activity, 132, 133

HOMA-IR, 132

resistive training, 132-133

H
Heart failure
diastolic (dHF), 165-166
systolic (sHF), 164-165
Heat shock proteins (HSP), 160-161
Heat shock response
and aging heart, 161-162
description, 160
E2 treatment, 160
HSP72 expression and estrogen loss, 160
SERMs, 160
HOMA-IR. See Homeostasis model
assessment-insulin resistance
(HOMA-IR)
Homeostasis model assessment-insulin
resistance (HOMA-IR), 132
Hormonal status, postmenopausal women
adiponectin, 127-128
insulin, 126-127
investigation, 126
leptin, 127
SHBG, 127
Hormone
cardiovascular disease, 144
HRT (see Hormone replacement therapy
(HRT))
menopause
effects, 149-150
treatments, 150-151
status (see Hormonal status,
postmenopausal women)
Hormone replacement therapy (HRT)
contractile protein expression, 10
E,
and muscle contractility, 9



Index

and muscle strength, 2—4, 7, 8
estrogen effects and skeletal muscle
exercise, 40—41
mass, muscle, 36, 37
muscle strength, 39
HSP. See Heat shock proteins (HSP)

1
Insulin resistance and estrogen action
Akt and AMP-activated protein kinase
(AMPK), 96
ERa expression, 96
glucose disposal, male mice, 96
GLUT4 mRNA and protein, 97
hepatic, 101-102
MEEF?2 expression, 97-98
metabolic syndrome, 96
obesity, 97
ovarian failure, women and rodents, 96
OVX, 96
pathogenesis, type 2 diabetes, 96
skeletal muscle, 98-99
Insulin-sensitive tissues, glucose
regulation, 74

L
LDL cholesterol. See Low-density lipoprotein
(LDL) cholesterol
Lipid metabolism
definition, 53
differences, men and women, 54
disease, human, 53
estrogens, 61-62
metabolic function, 53
ovary (see Ovary)
skeletal muscle (see Skeletal muscle)
Lipolytic dysfunction
limitation, lipid storage, 58
lipotoxicity, 58
OVX animals, 57
PLIN1 and PLIN2, 57
regulation, 57-58
TAG, 57
Liver, estrogen regulation, 77, 78
Low-density lipoprotein (LDL)
cholesterol, 125

M
Menopause
cardiovascular disease
control, WHI, 150
hormonal effects, 149—-150

209

hypotheses, 150
treatments, 150-151
female physiology, 176
plasma homocysteine levels, 184
postmenopause, 181
Metabolic syndrome, immunity and estrogen
action
autoimmune diseases, 102
bacterial function, 102
bone marrow-derived macrophages,
103-104
obesity, insulin resistance, atherosclerosis
and mice, 103, 104
Metabolism
aging women
cardiovascular risk, 134
cellular mechanisms, 134
exercise (see Exercise)
overweight and obesity, 123-124
postmenopausal women (see
Postmenopausal women)
lipid (see Lipid metabolism)
MHC. See Myosin heavy chain (MHC)
isoform expression
Mitochondrial protection
aging and estrogen, 162—163
proteomic changes, 162
respiration and inhibited DNA
fragmentation, 162
ROS, 162
trauma-hemorrhage (T-H), 162
Multiorgan dysfunction
syndrome (MODS), 163
Muscle
force (see Muscle force)
mass (see Muscle mass and estrogen
effects, skeletal muscle)
skeletal (see Skeletal muscle)
strength and estrogen effects (see Muscle
strength and estrogen effects,
skeletal muscle)
Muscle force
EDL, 5
peroneus longus, 5
pre-and postmenopausal women, 4
Muscle mass and estrogen effects, skeletal
muscle
anabolic effects, 37
androgenic effects, 36
description, 36
ER, 37
GnRH, 36
HRT, 36, 37
maintenance, aging women, 48—49
male mice, 37, 38



210

Muscle mass and estrogen effects, skeletal
muscle (cont.)
perimenopausal women, 36
phytoestrogens, 37
sex hormone therapy, 37
soy-based products, 37
Muscle strength and estrogen effects,
skeletal muscle
causes, 38
deficiency, 38
HRT, 39
human and animal literature, 38
measures, 39
postmenopausal women, 38-39
Myosin
and actin, 8
dysfunction, 8
MHC isoform expression, 1011
light chain and troponin, 11
muscle fibers, 8
Myosin heavy chain (MHC) isoform
expression, 10-11

N
National Health and Nutrition Examination
Surveys (NHANES), 19
National Health Examination
Survey (NHES), 124
Neuropeptide Y (NPY) neurons, 93-94
NHANES. See National Health and
Nutrition Examination Surveys
(NHANES)
NHS. See Nurses’ Health Study (NHS)
Nurses’ Health Study (NHS), 177-178

(0}
Obesity
and adipose tissue distribution, 94-95
brain estrogen action, 91
and overweight, aging women
adverse health conditions and
diseases, 123
BMLI, 123
definition, 123
morality, 124
NHES, 124
prevalence, 124
risk, 124
and type 2 diabetes (T2D), 89
Ovarian hormone
function

Index

disruption, women, 62
metabolic and cardiovascular
diseases, 61-62
optimal, lipid-based insults, 63—-64
skeletal muscle contractility
description, 1-2
E,and E,, 2
E, and muscle strength
intrinsic, 6-8
rodent models, 4-6
women, 2—4
females, 1
menopause and hormone
therapy, 2
Ovariectomy (OVX)
female animals, 54
insulin resistance and estrogen
action, 96
oxidative stress, mice, 29
physical activity and visceral adiposity
animal models, 55
and body weight, 55, 56
food consumption, sham control
mouse, 55, 56
lipolytic dysfunction, 57-58
loss of ovarian function, 55
regulation, lipid storage, 56
voluntary running distances, sham
mouse, 55, 57
rodent models
E, and muscle strength, 4-8
muscle contractility and E,, 10-12
Ovary
function, hormone, 61-62
hormone (see Ovarian hormone)
ovariectomy (see Ovariectomy)
women (see Women)
OVX. See Ovariectomy (OVX)
Oxidative stress
age-related bone loss, 26, 29
antioxidant
effects, 29
enzymes, 28
function, 28-29
treatment, 27
formation and activation,
osteoclasts, 27
FoxOs, 28
glutathione and thioredoxin, 27
loss of estrogens, 28
OVX mice, 29
ROS, 26-27
SERMs, 29



Index

P
Peripheral quantitative computed tomography
(pQCT), 20
Physical fitness and body weight, 129-130
POMC neurons. See Proopiomelanocortin
(POMC) neurons
Postmenopausal women
aging, 6
cardiometabolic profile
body composition, 124—126
hormonal status, 126-128
HT, 3,4,7-9
loss of estrogen production, 2
measures, muscle strength, 9, 10
MHC, 10
muscle strength, 3
quadriceps femoris muscle force, 4
racial disparities, 128-129
strength, quadriceps, 9
twitch kinetics, muscles, 9
Power
EDL muscles, 10
estrogen-deprived and-replaced women, 10
HT, 9
leg extensors, 9
skeletal muscle, 8, 9
Pregnancy
cardiovascular diseases, 148, 149
hypertension, 148, 149
Proopiomelanocortin (POMC) neurons, 92-93

R

Reactive oxygen species (ROS)
mitochondrial protection, 162
oxidative stress, 26-27
skeletal muscle, 100

ROS. See Reactive oxygen species (ROS)

S
SERMs. See Synthetic estrogen receptor
modulators (SERMs)
Sex differences
cardiovascular disease
atherosclerosis, 147
heart failure, 146
hypertension, 145
microvascular and ischemic heart
disease, 146
thrombosis, 147-148
cardiovascular physiology
genetic mechanisms, 142—144

211

hormonal mechanisms, 144
Sex hormone-binding globulin (SHBG),
126, 127
SHBG. See Sex hormone-binding globulin
(SHBG)
sHF. See Systolic heart failure (sHF)
Skeletal muscle
effects, estrogen (see Estrogen)
estrogen regulation, glucose metabolism
Akt, AMPK, and TBC1D1/4, 75-76
ERa-KO mice, 76
and estrogen receptors, 74-75
insulin action, 74
mice, 74
fatty acid metabolism and inflammation,
ERa expression
exercise and E2, 100
HFD-induced insulin resistance,
100-101
inflammation and oxidative stress, 101
mitochondrial function, 101
premenopausal women, 99-100
regulation, 100
ROS, 100
lipid
IMTG accumulation, 59
insulin resistance, 59
ovarian dysfunction, 60-61
OVX animals model, 59, 60
women, 63
Skeleton
functions, bone health, 17-18
metabolic bone disease, 18
osteopenia, 18
Strength, muscle. See Muscle strength and
estrogen effects, skeletal muscle
Synthetic estrogen receptor modulators
(SERMs), 29, 168-169
Systolic heart failure (sHF), 164-165

T

Trauma hemorrhage, estrogen protection,
163-164

Triacylglycerol (TAG), 57-59

w
WHI DM. See Women'’s health initiative
dietary modification (WHI DM)
Women
cardiovascular disease
menopause, 149-151



212 Index

Women (cont.) animal, 54
pregnancy, 148-149 hormonal influence, 54
E, insulin-sensitive peripheral tissues, 54
and muscle contractility, 8—10 loss of ovarian function, 55
and strength, muscle, 2—4 WHI DM, 177
lipid exposure, skeletal muscle, 63 Women’s health initiative dietary modification

ovary, lipid exposure (WHIDM), 177



	Preface 
	Contents
	Contributors
	Chapter 1: Influence of Ovarian Hormones on Skeletal Muscle Contractility
	Introduction
	 Estradiol and Muscle Strength
	 Estradiol and Parameters of Muscle Contractility Other than Strength
	 Summary
	References

	Chapter 2: Novel Findings in Bone Biology: Impact on Bone Health for Women
	Introduction
	 Impact of Reduced Dietary Energy Intake on Bone Integrity
	 Estrogen Receptor-Alpha and Mechanotransduction in Bone
	 Oxidative Stress: New Mechanism for Aging-Related Bone Loss?
	 Conclusion
	References

	Chapter 3: Estrogen Effects on Skeletal Muscle
	Estrogen Effects on Muscle Mass
	 Estrogen Effects on Muscle Strength
	 E2 and Exercise Effects
	 E2 Effects on Muscle May Be Fast Acting or Exerted Through ER
	 E2 Effects on Gene Expression
	 Indirect Effects of E2 on Skeletal Muscle
	 Protective Effects of E2 on Skeletal Muscle Injury
	 E2 Effects on Simulated Bed Rest
	 Alternatives to E2
	References

	Chapter 4: The Contribution of Ovarian Hormones to the Cellular Regulation of Lipid Metabolism
	Our Understanding of Metabolic Function in Various Tissues Is Advancing
	 From a Metabolic Perspective the Differences Between Men and Women Are Underappreciated
	 The Ovary Is Critical for Defining the Metabolic Phenotype of Women
	 Loss of Ovarian Function Increases the Mortality of Women Independent of Age
	 Ovariectomy Results in Reduced Physical Activity and Visceral Adiposity
	 Development of Visceral Adiposity After Ovarian Ablation Leads to Lipolytic Dysfunction in Adipocytes and Fatty Acid Overflow
	 Skeletal Muscle Is a Primary Storage Depot for Excess Circulating Lipid Under Conditions of Reduced Ovarian Function
	 Uncovering the Metabolic Mechanisms That Contribute to Increased IMTG Content and Onset of Insulin Resistance in Skeletal Muscle Under Conditions of Ovarian Dysfunction Remain Elusive
	 Evidence Suggests That Estrogens Are Likely the Key Ovarian Hormone That Influences the Overall Metabolic Phenotype
	 Disruption of Ovarian Function in Women Is a Broader Health Implication and Deserves More Consideration Than Just Under Conditions of Age-Induced Menopause
	 Optimal Ovarian Function Is Necessary to Protect the Women from Lipid-Based Insults
	References

	Chapter 5: The Role of Estrogens in the Regulation of Peripheral Glucose Dynamics
	Glucose Homeostasis
	 Clinical Evidence for the Role of Estrogen in Glucose Regulation
	 Data from Animal Models Support Clinical Findings of Estrogen’s Role in Glucose Metabolism
	 Estrogen Receptors
	 Mechanisms of ER-Mediated Glucose Metabolism
	 Estrogen Regulation of Glucose in Insulin-Sensitive Tissues
	 Estrogen Regulation of Glucose Metabolism in Skeletal Muscle
	 Estrogen Regulation of Glucose Metabolism in Adipose Tissue
	 Estrogen Regulation of Glucose Metabolism in the Liver
	 Conclusion
	References

	Chapter 6: The Impact of Estrogen Receptor α Expression in the Pathogenesis of the Metabolic Syndrome
	Overview: Menopause, Sex Hormones, and Metabolic Disease
	 Molecular Mechanisms of Estrogen Receptor (ER) Action
	 The Impact of Brain Estrogen Action in the Regulation of Energy Intake and Expenditure
	 ERα Expression in the Control of Adipose Tissue Distribution and Obesity Susceptibility
	 Estrogen Action and Insulin Sensitivity
	 ERα and Skeletal Muscle Fatty Acid Metabolism and Inflammation
	 ERs and Hepatic Insulin Sensitivity
	 Estrogen Action, Immunity, and the Metabolic Syndrome
	 Estrogen Action and Pancreatic β-Cell Function
	 Conclusions and Perspectives
	References

	Chapter 7: Metabolic Health in the Aging Female: Human Perspective
	Overweight and Obesity in Aging Women
	 Cardiometabolic Profiles in Postmenopausal Women
	Body Composition
	 Hormonal Status

	 Racial Disparities in Postmenopausal Women
	 Exercise Training in the Aging Female
	Exercise, Body Composition, and Cardiometabolic Outcomes
	 Exercise and Energy Expenditure
	 Exercise and Glucose Metabolism
	 Additional Benefits of Exercise Training

	 Summary and Future Directions in the Aging Female
	References

	Chapter 8: Transitions Across a Lifetime: Unique Cardiovascular Physiology of Women and Relationship to Cardiovascular Disease Risk
	Introduction
	 Regulatory Mechanisms Contributing to Sex Differences in Cardiovascular Physiology
	Genetic Mechanisms
	 Hormonal Mechanisms

	 Phenotypic Expression of Sex Differences in Cardiovascular Disease
	Hypertension
	 Heart Failure with Preserved Ejection Fraction
	 Ischemic Heart Disease and Microvascular Disease
	 Atherosclerosis and Other Inflammatory Associated Cardiovascular Condition
	 Thrombosis

	 Sex-Specific Conditions for Women
	Pregnancy
	 Menopause

	 Conclusion
	References

	Chapter 9: Estrogen, Cardiac Protection and Aging
	Overview
	 Cardiac Myocyte Changes with Aging
	 The Heat Shock Response, Aging, Estrogen, and Cardiac Protection
	 E2 and Mitochondrial Protection
	 Estrogen, Ischemia, and Cardiac Protection
	 Heart Failure
	 Estrogen and Pathologic Cardiac Hypertrophy
	 Gene Expression
	 SERMs
	References

	Chapter 10: Diet and Exercise Are Potent Modulators of Cardiovascular Disease in Women
	Introduction
	 Diet
	General Dietary Guidelines for Good Cardiovascular Health in Women
	 Major Women’s Health Studies Focused on Diet
	Women’s Health Initiative Dietary Modification Trial
	 Nurses’ Health Study

	 Bioactive Dietary Compounds
	 Dietary Factors with Demonstrated Benefit
	Eicosapentaenoic Acid and Docosahexaenoic Acid
	 Plant Stanols and Sterols

	 Dietary Factors with Possible Adverse Effects
	Isoflavones
	 Antioxidant Supplements
	 Folic Acid and Other B Vitamins

	 Dietary Factors with Inconclusive Effects
	Vitamin D
	 Resveratrol
	 α-Linolenic Acid


	 Exercise
	The Cardiovascular Effects of Chronic Endurance Exercise
	 Adaptive Responses of the Cardiovascular System to Exercise in Males and Females
	 Exercise Reduces Risk and Progression of Cardiovascular Disease
	 Protective Effects Induced by the Cardiovascular Responses to Exercise
	 Molecular Mechanisms of Cardioprotection Induced by Exercise in the Heart
	Oxidative Stress
	 Apoptosis

	 Female Sex Hormones May Be Important Modulators of Cardiovascular Function with Exercise

	 Conclusions
	References

	Index

