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This dissertation research is comprised of three studies which investigated the
effects of reduced ovarian hormones induced by surgical ovariectomy (OVX) on
metabolic parameters in adipose tissue and skeletal muscle. Reduced ovarian function is
associated with changes in body composition that result in increased risk for development
of the metabolic syndrome and cardiovascular disease. It is hypothesized that ovarian
hormones protect women from the development of metabolic disease by significantly
influencing the metabolic phenotype of adipose tissue and skeletal muscle. Study #1
examined the efficacy of voluntary wheel running or 17B-estradiol supplementation as
interventions to ameliorate the detrimental effects of OVX on adipose tissue. OVX
resulted in significant increases in visceral fat mass and basal lipolysis that 173-estradiol
delivery completely attenuated compared to the control (SHAM) mice. Wheel running in
the OVX mice completely attenuated increased circulating glucose levels and partially

attenuated increased visceral fat mass, but failed to prevent changes in lipolytic function.



Study #2 determined that cellular regulation of lipolysis in visceral adipose tissue during
an acute exercise bout was impaired in the OVX compared to the SHAM group. In the
final study, it was determined that adipose tissue expansion following OVX was
mediated by adipocyte hypertrophy as measured by significant increases in adipocyte
size. Using a novel co-culture approach containing isolated single skeletal muscle fibers
and adult adipocytes the interactive effects of OVX and adipocyte exposure on skeletal
muscle metabolic function were investigated. Both control and co-cultured skeletal
muscle fibers from OVX animals displayed impaired insulin-stimulated glucose uptake
coupled with impaired insulin signaling compared to SHAM fibers. Co-culture with
adipocytes attenuated insulin-stimulated glucose uptake in SHAM fibers when adipocytes
were of visceral, but not subcutaneous origin and this effect was independent of
intramuscular lipid content. Collectively, these studies provide unique insight into
cellular alterations in metabolic regulation that may contribute to metabolic diseases such

as insulin resistance in women when ovarian hormone levels are reduced.
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Chapter 1: Introduction and Specific Aims
Introduction

Insulin resistance, type 2 diabetes, and cardiovascular disease are directly related
to an increase in fat mass (i.e. adiposity) (69, 78, 80). Both the type of adipose tissue
expansion and the location of excess fat storage (visceral versus subcutaneous) play roles
in determining the health consequences of increased adiposity. In females where ovarian
function is disrupted, such as age-induced menopause or when oophorectomy is done for
clinical reasons, changes in fat storage occur that are associated with increased risk for
the development of obesity-related conditions (125, 237). Specifically, there is increased
fat storage in the visceral region, which is of particular concern due to the contribution of
visceral fat to the onset of metabolic disease. In addition, changes in adipocyte function
(i.e. increased basal lipolysis) occur that facilitate storage of ectopic fat in other tissues,
such as skeletal muscle and liver (296, 297).

In skeletal muscle, the presence of ectopic fat (i.e. excess lipid in the storage form
of triacylglycerol) is associated with cellular dysfunction, impairing processes such as
insulin-stimulated glucose uptake. Based on the association between increased adiposity
and the risk for diseases such as type 2 diabetes, it would be logical to hypothesize that
there may be interaction between fat and skeletal muscle which mediates this
relationship. Indeed, ectopic fat deposition in skeletal muscle results in “lipotoxicity”
which is likely the result of increased lipid intermediates and is associated with skeletal
muscle insulin resistance (160, 162). While an association between ectopic fat deposition
and insulin resistance has been demonstrated in humans and animal models, the

mechanisms which link changes in adipocyte characteristics to decreased insulin



signaling in skeletal muscle remain unknown. This gap in our understanding of the
relationship between adiposity and the skeletal muscle response to insulin are of
particular importance based on the absence of a widely accepted treatment for women
experiencing reduced ovarian function. We have previously shown that ovariectomy
(OVX) results in elevated basal lipolysis (297), impaired stimulated lipolytic function
(296), and increased adipocyte size; however, the relationship between these adipocyte
alterations and skeletal muscle insulin resistance has not yet been determined in the OVX
model. By elucidating the mechanisms which link adipocyte function to metabolic
function in skeletal muscle when ovarian hormones are reduced, it may be possible to
develop a new intervention for the large subset of at-risk females. Therefore, the overall
aim of this dissertation research was to determine the impact of ovariectomy on adipocyte
function and metabolic properties of skeletal muscle fibers. To this end, four studies
were conducted utilizing the ovariectomized (OVX) mouse model of ovarian hormone
reduction. The OVX model was selected since it is possible to perform the surgery at a
young age, thereby removing the confounding effects of aging on tissue metabolism. The
first two published studies examined lipolytic alteration in adipose tissue under basal and
stimulated conditions. The third unpublished study examined the time course of
alterations in adipocyte size, number, and storage depot under conditions of reduced
ovarian function. The adipocyte data from the third study will be combined with the data
from the final study for a third publication. Based on the findings of the first three
studies, the final study was conducted in which a novel co-culture system was developed
that allowed for mature adipocytes and isolated adult skeletal muscle fibers to be placed

in the same culture media. This co-culture approach allow for both cell types to be



exposed to circulating factors without any physical interaction. Insulin signaling and
glucose uptake were measured to determine the effect of adipocyte co-culture on the
skeletal muscle response to insulin. Collectively, the results of all of these four studies
have shed light on the impact of ovarian hormone reduction on the metabolic interaction
between skeletal muscle and adipocyte function, as well as how cross-talk between the
two cell types may contribute to changes in skeletal muscle insulin responsiveness. This
research is of particular importance given the increased risk, and absence of a treatment,
for obesity-related conditions such as insulin resistance and type 2 diabetes, in females

where ovarian function is compromised.

Specific Aims

Specific Aim 1: To determine the effect of ovarian hormone status on basal adipose
tissue lipolytic activity in female mice.

The purpose of Study #1 was to characterize the effects of ovariectomy, 17f3-
estradiol supplementation, and voluntary wheel running intervention on visceral adipose
tissue lipolysis in female mice. Under basal conditions in a healthy individual, lipolytic
breakdown of fat stores is relatively low; however, in pathological states such as obesity,
elevation of basal lipolysis often occurs (89, 223). We found greater visceral adipose
tissue mass, as well as elevated basal levels of serum non-esterified fatty acids (NEFA’s),
glycerol, and blood glucose in OVX animals compared to SHAM. In addition, adipose
tissue content of the key lipolytic proteins adipose triglyceride lipase (ATGL) and
perilipin (PLIN1) were observed to increase and decrease, respectively. The loss of

PLIN1 and enhanced activation of ATGL would contribute to increased basal lipolysis in



OVX mice in that under basal conditions PLINI1 protects the lipid droplet from
unstimulated lipolytic attack by ATGL and hormone sensitive lipase (HSL). At the
whole body level, the increased basal lipolysis would have detrimental consequences for
peripheral insulin sensitivity as a result of elevated circulating NEFA contributing to
increased ectopic fat deposition in liver and skeletal muscle. Thus, a reduction in ovarian
hormone levels appeared to result in altered protein content of lipolytic regulators, in
particular higher ATGL and lower PLINI, contributing to increased adipose tissue
lipolysis under basal conditions that would be predicted to contribute to peripheral insulin

resistance. However, this hypothesis remains untested at this time.

Specific Aim 2: To determine the effect of ovarian hormone status on stimulated
adipose tissue lipolytic activity in female mice.

The findings of Study #1 demonstrated that basal lipolysis was significantly
higher in OVX mice compared to SHAM due to loss of cellular control of key regulators
of lipolytic function. Further, the data from Study #1 suggested that OVX mice would
also exhibit impaired stimulated lipolytic function compared to SHAM mice. Thus,
Study #2 was conducted to determine whether OVX also impacted lipolysis in female
mice under physiologically stimulated conditions (i.e. acute exercise). As in Study #I,
OVX animals were found to have greater omental/mesenteric (i.e. visceral) fat mass, as
well as higher ATGL protein content and lower PLIN1 protein content in fat compared to
SHAM animals. Further, in a sedentary state, OVX animals exhibited higher serum
glycerol and blood glucose levels than their SHAM counterparts. In response to an acute

bout of treadmill running, a physiological activator of lipolysis, OVX animals exhibited



impaired lipolytic activation compared to control animals, as an exercise-induced
increase in glycerol levels was detected in the SHAM animals only. In addition, acute
exercise resulted in increased HSL Ser660 phosphorylation in only the SHAM group,
demonstrating impairment of a critical step in the regulation of lipolytic breakdown of fat
stores in OVX animals. Studies #1 and #2 clearly demonstrated that OVX results in
increased basal adipose tissue lipolytic activity which would result in chronic exposure of
peripheral tissue to NEFA. This repetitive exposure of skeletal muscle to NEFA would
be expected to result in the deposition of ectopic fat and thus increase the risk for

developing peripheral lipotoxicity and subsequently insulin resistance.

Specific Aim 3: To determine the mechanism and time course of visceral (i.e.
omental) and inguinal (i.e. subcutaneous) adipose tissue expansion following
ovariectomy.

Changes in lipolytic function are often tightly correlated with changes in
adipocyte size (84, 207). For instance, in conditions where adipocyte size is increased to
a significant extent, such as in the obese state, basal lipolytic activity concurrently
increases because the fat cells have reached the upper limit of storage capacity (147).
This increase in adipocyte lipolytic activity results in elevated circulating NEFA and
glycerol levels, increasing the likelihood of peripheral ectopic fat deposition which could
contribute to the development of insulin resistance (84, 124, 182, 207). On the other
hand, when increases in fat storage are mediated by an increase in adipocyte number,
lipolytic activity is not altered and the metabolic consequences (i.e. development of

insulin resistance) of increased adiposity are attenuated or eliminated completely (147).



In addition to the mechanism which drives an increase in fat mass (i.e. increased
adipocyte size or increased adipocyte number), the location of excess fat storage plays a
role in the physiological consequences of increased adiposity. When fat is stored in
inguinal (i.e. subcutaneous) depots, health consequences are minimal compared to
storage in omental (i.e. visceral) depots, in part due to the greater adipocyte lipolytic
activity of omental adipocytes (123, 302). Therefore, we sought to determine the manner
by which adipose tissue expansion occurs in female mice following OVX in both omental
and inguinal adipose tissue. A limited number of studies have found increased adipocyte
size in the OVX model, however they have only measured changes at a single time-point
where adipose tissue mass is already significantly elevated (i.e. 12 weeks after OVX) in
one anatomical fat pad (68, 228, 263). We sought to determine the time-course of
changes in adipocyte size/number at 2, 4, and 8 weeks after the surgical ovariectomy
procedure. We found progressive increases in adipocyte size in both the omental and
inguinal depots from the OVX animals compared to SHAM animals. Adipocyte size
peaked at the 8 week time-point where omental and inguinal adipose tissue masses in
OVX animals were significantly greater than SHAM animals. Interestingly, our data
indicated that OVX adipose tissue expansion was the result of increased adipocyte size
without a change in cell number. These data provided crucial information for designing

the experiments necessary to address Specific Aim 4.



Specific Aim 4: To determine the effect of ovarian hormone-induced changes in
adipocyte lipolytic status and secretory profile on the skeletal muscle response to
insulin stimulation.

The results of the studies comprising Specific Aims 1-3 culminated in a fourth
study which was designed to determine whether OVX-induced alterations in adipocyte
function contribute to skeletal muscle insulin resistance. In conditions such as obesity
and type 2 diabetes, impaired insulin signaling in skeletal muscle is frequently observed
(16, 32, 100). Since skeletal muscle is the primary tissue responsible for 75-80% of total
glucose disposal, impairment in the insulin signaling pathway in this tissue significantly
contributes to insulin resistance at the whole body level (64, 246). In addition to skeletal
muscle, there are depot-specific effects of adipose tissue expansion on whole body
insulin sensitivity, with inguinal fat storage promoting increased insulin sensitivity and
omental fat storage contributing to impaired insulin sensitivity (88, 123, 147, 155). The
underlying contributions of obesity are complex and the effects on skeletal muscle are
poorly understood because it is often impossible to determine the direct effects of the
adipocyte on skeletal muscle due to the numerous other physiological disarrangements
that result from obesity. It is well documented that following ovarian hormone reduction,
females undergo alterations in fat storage and are at a substantially increased risk for
developing insulin resistance and type 2 diabetes (102, 121, 155). Therefore, Study #4
sought to determine if there was a direct relationship between adiposity and the
development of insulin resistance in skeletal muscle.

To this end, a novel co-culture system was utilized with isolated primary adult

skeletal muscle fibers, omental adipocytes, and inguinal adipocytes from both OVX and



SHAM animals. Specific co-culture combinations of skeletal muscle fibers and
adipocytes were employed to test the effects of both OVX and adipocyte co-culture on
skeletal muscle insulin responsiveness.

We hypothesized:

1) OVX fibers would display an inherent defect in the skeletal muscle response to
insulin that was independent of adipocyte exposure.

2) The upregulation of basal lipolytic activity in OVX adipocytes compared to
SHAM would be associated with impaired OVX skeletal muscle insulin
responsiveness following co-culture.

3) Omental adipocyte exposure would impair skeletal muscle insulin responsiveness
to a greater extent than inguinal adipocyte exposure.

In obese and insulin resistant states, an impaired skeletal muscle response to
insulin results in altered skeletal muscle substrate metabolism. For example, in obese and
type 2 diabetic individuals, lipid infiltration into skeletal muscle results in reduced
capacity for skeletal muscle glucose uptake and oxidation (34, 144). Therefore, lipid
content and skeletal muscle glucose uptake were measured in a second set of SHAM and
OVX skeletal muscle fibers following adipocyte co-culture.

We hypothesized:

1) OVX muscle fibers would exhibit higher lipid content without adipocyte co-
culture than SHAM muscle fibers.

2) Lipid content in skeletal muscle fibers would be greater following co-culture with

OVX adipocytes than following co-culture with SHAM adipocytes.



3) Co-culture with omental adipocytes would result in greater skeletal muscle lipid

content than co-culture with inguinal adipocytes.

Exploratory Aim: To identify factors secreted from omental and inguinal adipose
tissue of SHAM and OVX animals that may contribute to alterations in insulin
signaling.

Altered adipocyte secretory profiles have been documented under various
conditions, such as obesity, and may have a significant impact on skeletal muscle insulin
resistance and the onset of diabetes (34, 144). Further, the secretory profile of adipocytes
appears to be depot-specific, with the factors released from inguinal adipocytes
facilitating insulin sensitivity to a greater degree than factors released from omental
adipocytes (81, 216, 226). Therefore, the analysis of factors secreted from inguinal and
omental adipose tissue provides useful insight into potential differences in insulin
responsiveness observed in the co-culture model. For example, numerous adipokines
have been indentified which are thought to impact insulin signaling in peripheral tissue
(81, 216, 226). Thus, we measured levels of specific cytokines which are known to be
released from adipocytes and may potentially impact insulin signaling in skeletal muscle.
We hypothesized that altered adipokine secretion may provide a mechanism by
which ovarian hormone reduction contributes to increased prevalence of insulin

resistance in females.



Chapter 2: Review of Literature

The purpose of this review of literature is to examine the role of ovarian hormone

status in the development of visceral adiposity, peripheral insulin resistance and the

metabolic syndrome.

Obesity and Insulin Resistance:

The prevalence of obesity in America has reached new heights in recent years.
Not one state has achieved the Healthy People 2010 goals of a 15% obesity rate for adults
and a 5% obesity rate for children, instead obesity rates have continued to rise (4).
Corresponding to this obesity epidemic is a parallel increase in the prevalence of obesity-
related conditions, which has proven costly, with $147 billion spent annually on the
treatment of obesity-related diseases (187). Further, each obese individual costs health
insurance companies an additional $1,429 per year for medical treatment compared to an
individual of normal weight (187). One of the most common complications associated
with the onset of obesity is peripheral insulin resistance (1). Peripheral insulin resistance
is preventable, but often leads to type 2 diabetes when the appropriate dietary and
lifestyle modifications are not taken, contributing to higher mortality in obese individuals
(50, 176). Therefore, it is not surprising that the national pattern of obesity prevalence

looks remarkably similar to the pattern for diabetes prevalence (See Figure 1 below).
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Figure 1. Obesity and diagnosed diabetes prevalence in the United States. CDC,
2010 (2, 3).

Although, excess caloric consumption and a sedentary lifestyle are thought to
be the major contributors to obesity, certain hormonal imbalances can also result in
increased adiposity. For example, women who are experiencing a reduction in
ovarian hormone levels or estrogen signaling function are at increased risk for
developing visceral adiposity.

In females, ovarian hormone reduction occurs in response to naturally occurring
menopause, as well as in response to surgical hysterectomy which can be accompanied
by elective removal of the ovaries, however, generally results in premature ‘aging’ of the
ovary. In addition, females undergoing treatment for estrogen-positive cancers
experience similar side effects that are visible with reduced ovarian function (66, 67).
The resulting visceral adipose tissue expansion that occurs in women with any of these
conditions results in increased risk for development of the metabolic syndrome and
cardiovascular disease.

In normal cycling females, multiple hormones are released from the ovaries
which exert their effects on peripheral tissue. The ovarian hormones released in the

largest quantity are progesterone and estrogens, with 173-estradiol the most abundant and
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biologically active isoform of estrogen released from the ovaries. Estrogens play an
important role in regulation of numerous physiological processes, including the menstrual
cycle, the development of female secondary sex characteristics, and bone growth to name
a few (186). In addition, follicle stimulating hormone (FSH) released from the anterior
pituitary is critical to hormone release from the ovary. During the menstrual cycle, FSH
both facilitates the release of an ovum from the ovary, as well as stimulates the ovarian
follicles to release estrogens. Thus, in women there is a dynamic hormonal regulatory
process that controls the menstrual cycle, which is regulated by a number of circulating
hormones that can originate from different endocrine tissues.

The menstrual cycle in females is regulated by hormones released from the
ovaries, as well as hormones which are released from other tissues which act upon
the ovaries. The menstrual cycle, which is necessary for reproduction, is regulated by
multiple hormones, with estrogens playing a particularly important role. The menstrual
cycle consists of three phases: the follicular phase, ovulation, and the luteal phase. The
typical human menstrual cycle is 28 days long, with day one defined as the onset of
menses. During the menstrual cycle, levels of estradiol, progesterone, FSH, and
luteinizing hormone (LH) fluctuate in order for ovulation and menstruation to occur (124)
(See Figure 2 below). The follicular phase is characterized by a small rise in FSH and a
low concentration of estrogens and progesterone. The follicular phase allows for the
development of a primary follicle that is necessary for ovulation. As the follicular phase
progresses, FSH stimulates release of estrogens from the ovarian follicle. A large
increase in estrogens, as well as a spike in FSH and LH levels, marks ovulation, the phase

where the fully-developed dominant follicle is released from the ovary. Although FSH
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stimulates the development of multiple primary follicles, only one follicle, termed the
dominant follicle, is released with each menstrual cycle. The surge in LH at the time of
ovulation stimulates formation of the corpus luteum from the granulosa and theca cells of
the ovary and marks the transition to the luteal phase. During the luteal phase,
progesterone levels rise, as increased expression of LH receptors on the corpus luteum
stimulates LH-induced progesterone secretion. In the absence of fertilization, the corpus
luteum undergoes atresia as a result of reduced FSH and LH levels in the luteal phase.
Further, at the end of the luteal phase estrogens and progesterone levels drop. The
decline in estrogens and progesterone results in a rise in FSH secretion, and the next

menstrual cycle begins.

Gonadotrophins

Ovarian
hormones

Ovarian cycle | primary follicle ovulation  degenerating corpus luteum
Follicular phase Luteal phase
erdomatu | Mensual | Profrave St
Days 0 7 14 21 28

Figure 2. Regulation of the menstrual cycle. From Peacock et al., 2010 (214). LH =
luteinizing hormone, FSH = follicle stimulating hormone.

Following the reproductive years, the onset of menopause marks the end of

menstrual cycling and the transition into reproductive senescence. In human
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females, the onset of menopause occurs at an average age of 51 years (277); thus, females
spend ~40% of their lives in reproductive senescence. Therefore, understanding
physiological and metabolic changes that occur during the onset of reproductive
senescence is critical to women’s health. For example, following the onset of
menopause, females are at increased risk for the development of metabolic and
cardiovascular diseases (41, 206, 210, 293). As a result, a large subset of the female
population is at increased disease risk based on ovarian hormone status. With the

completion of the Women’s Health Initiative, no widely accepted treatment exists to

prevent the onset of these diseases in post-menopausal women, thus further research into

the role of ovarian hormones in metabolic regulation is necessary.

The onset of menopause occurs due to ovarian follicle depletion (293). The
number of follicles, or eggs, is determined at birth, with each menstrual cycle resulting in
follicular recruitment and subsequent reduction in total follicle number. Once a female
reaches mid-life, the follicles remaining are fewer in number and the viability of the
follicles is reduced. Importantly, follicles are responsible for most of the estrogens
secreted in the body. Thus, atresia of follicles during the menopausal transition results in
a decrease in circulating estrogens and an increase in FSH secretion, which occurs as a
compensatory feedback mechanism in response to the diminishing follicular pool (293).
In addition, levels of the androgen androstenedione and the hormone inhibin decrease as
a result of changes in the ovaries and uterine lining. Secretion of FSH is inhibited by
inhibin, therefore the post-menopausal drop in inhibin is an additional trigger for the rise
in FSH (149). Androstenedione is a precursor to the formation of estrogens, thus the

decline in androstenedione contributes to the reduced levels of estrogens in post-
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menopausal women (189). Together, all of these hormonal changes in women following
menopause provide evidence as to the difficulty of establishing mechanisms which
explain the key contributing factors to increased disease risk.

In addition to menopause, other clinical conditions result in altered levels or
function of circulating hormones in women. For example, following oophorectomy,
which may be performed alone, or accompanied by hysterectomy, women experience
hormonal alterations similar to post-menopausal females. Removal of the ovarian tissue
results in reduced circulating estrogens and inhibin, as well as increased FSH levels,
similar to the changes observed in natural menopause (203). However, due to the
complete removal of ovarian tissue, the decline in androstenedione levels is greater in
women who undergo oophorectomy compared to natural menopause, as the post-
menopausal ovary still secretes androgens (170).

In females, disruption of ovarian hormone function can also occur in response to
treatment of estrogen-positive breast cancers (66, 67). Many of the methods used to treat
estrogen-positive breast carcinomas involve the use of substances which antagonize
estrogen receptors (ER’s) and thus interfere with the ability of circulating estrogens to
promote growth of the tumor cells (37). While breast cancer treatment involves
disruption of ER’s and menopause results in a decrease in the level of circulating
estrogens, both mechanisms for disruption of the ovarian hormone signaling axis result in
similar changes in tissue function that increase the risk for metabolic disease (37, 41).

These changes in circulating hormone levels and/or function following
ovarian disruption in females impact multiple physiological processes and have

implications for the development of metabolic disease. In particular, a common link

15



between natural menopause, oophorectomy, and estrogen-positive breast cancer treatment
is an increase in visceral fat mass (41, 125). This increase in visceral fat mass is coupled
with an increased risk for the development of metabolic disease (41, 132). Further, in
women experiencing reduced ovarian hormone levels there are intrinsic changes in
skeletal muscle and liver function due to reduced exposure to estrogens, resulting in
increased prevalence of insulin resistance (35). While the outward physiological changes
that occur in females following ovarian hormone reduction have been well documented,
many of the cellular mechanisms which regulate these changes in skeletal muscle,
adipose and hepatic tissue remain to be elucidated.

In order to further investigate the impact of reduced ovarian hormone levels
on tissue function, a variety of animal models have been developed. Multiple animal
models of reproductive failure have been developed to date, with five primary animal
models currently utilized in the study of ovarian hormone dysruption. These models are
the follitropin receptor knock out (FORKO), 4-vinylcyclohexene diepoxide injection
(VCD), aromatase knock out (ArKO), estrogen receptor knock out (ERKO), and surgical
ovariectomy (OVX). In general, the models of ovarian hormone reduction fall into two
categories, ovary intact, which includes the FORKO, ERKO, ArKO, and VCD models
and surgically altered, of which bi-lateral OVX is the most common model.

FORKO animals are a genetic model of ovarian hormone reduction in which
the animals lack the receptor for FSH (56, 58-61). In the FORKO animals, whole
body knock out of the FSH receptor is accomplished by homologous recombination (71).
Elevated FSH levels are observed in FORKO mice due to the lack of a negative feedback

mechanism that is regulated by the FSH receptors (56). In the FORKO animals, absence
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of the FSH receptor prevents the development of mature follicles, resulting in reduced
secretion of estrogens. The increase in FSH levels mimics what is observed in post-
menopausal women (293). Homozygous FORKO animals display ovarian hormone
abnormalities at birth, with low levels of estrogens, slightly elevated androgen levels, and
elevated FSH levels which are similar to those observed in post-menopausal females
(17). However, unlike humans, FORKO homozygous mice are in a state of reproductive
senescence at birth, being acyclic and infertile, a condition that is similar to primary
amenorrhea in humans. Further, FORKO homozygotes have reduced oocyte numbers at
birth, suggesting reproductive developmental abnormalities exist (17, 60, 71). In both
natural and surgical-induced menopause in females, a portion of the life span is still
associated with fertility and general reproductive health. The FORKO mice do not ever
experience menstrual cycling and therefore the observed phenotypic changes may not
exactly parallel human females (17, 60, 71). Further, prior to menopause, females exhibit
a perimenopausal phase where hormonal levels fluctuate for a period of time prior to
complete cessation of menstrual cycling and true menopause. Since the FORKO mice
are born acyclic, this phase is never observed (17). Therefore, the FORKO homozygote
may be a good model for primary amenorrhea, a fairly rare condition in humans, and is a
good model for studying the effects of low levels of ovarian hormones with the effects of
age removed, however it does not translate very well to surgical or natural menopause.
On the other hand, the FORKO heterozygotes more closely resemble human
menopause and have been termed “menopausal” mice (23). The heterozygotes are
born without apparent reproductive abnormalities, and do not exhibit the developmental

defects in oocyte production observed in the homozygous animals (56). Similar to
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humans, the heterozygotes are fertile for the beginning of their lives; however, by 6-8
months of age an inability to conceive occurs, with almost all females becoming acyclic
by 12 months of age (61). The infertility occurs due to a progressive and steep decline in
oocyte number which is preceded by a reduction in FSH receptor content on the ovaries.
Following cessation of the cycle, obesity is observed in heterozygotes, with a ~25%
increase in body weight and an increase in fat mass. Further, the changes in hormone
levels are similar to those observed in post-menopausal females. FSH levels are elevated
at 7 months, and continue to increase until 12 months of age (59). Estradiol levels are
normal in 3 month old mice; however, by 7 months of age serum estradiol and
progesterone levels are reduced by 50-60%. Testosterone levels are elevated by 7 months
(58, 61), and inhibin levels, which are used as a marker of ovarian aging and reflect a
reduction in follicular number, are reduced by 12 months (58). Also, aging in the
FORKO heterozygote results in structural abnormalities of the reproductive tract, such as
the development of cysts when androgen synthesis increases due to elevated LH levels
(58, 60). The FORKO heterozygotes experience development of metabolic dysfunction
and symptoms of reproductive aging similar to what is observed in menopausal females
(57, 62). Another positive aspect of this model is the mechanism which drives the
reproductive senescence. In both the FORKO heterozygote (61) and human females
(293), it is follicular depletion that results in changes in ovarian hormone levels. The
FORKO mice represent a genetic model of reproductive failure, with the heterozygotes
exhibiting hormonal and structural changes similar to menopausal females. While
similarities exist between the FORKO heterozygote and post-menopausal females, it is

important to note that the physiological alterations leading up to menopause in women
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occur mid-life, while the genetic mutation which results in the reproductive phenotype of
the FORKO animal is present during development. Thus, it is possible that
developmental changes in these animals may contribute to the observed phenotype.

In order to address the need for a perimenopausal period to mimic human
menopause, a method for chemical induction of menopause in mice was developed.
Injection of a chemical called 4-vinylcyclohexene diepoxide (VCD), which is produced
during the manufacture of rubber products, results in reproductive aging in animals. A
connection between environmental VCD exposure and development of reproductive
abnormalities led to further investigation on the effects of VCD. To study reproductive
aging, VCD is given by an intraperitoneal injection for ~15 consecutive days. Similar to
human menopause, VCD results in atresia of follicles, with primary and primordial
follicles being affected first, followed by atresia of the larger, estrogen-secreting mature
follicles (280). Unlike other models, which result in either abrupt or developmental
changes in circulating hormones, the process of VCD-induced menopause is gradual, as it
takes time for follicles to be depleted. Therefore, the use of VCD creates a period which
mimics perimenopause in humans, where hormone levels fluctuate prior to the complete
depletion of follicles and entry into reproductive senescence. Since the ovaries remain
intact in VCD animals, changes in androgen levels, in addition to levels of the estrogens
and FSH, parallel changes observed in humans. The ratio of estrogens to androgens in
mice treated with VCD closely resembles the ratio in post-menopausal females (6).
Cyclic disruption becomes apparent in some mice ~58 days following VCD injections,
with most mice becoming acyclic by day 75. While VCD is a toxic chemical, the low

doses used in recent studies to induce reproductive failure do not appear to result in

19



abnormalities in other organs, such as the liver, pancreas, or spleen. However, when high
doses of VCD are used, or the length of exposure is long, such as 2 years, there is an
increased occurrence of liver disease and other detrimental effects (9, 191, 198). The use
of VCD to induce menopause allows application of the treatment to multiple different
animals models (i.e. different species, different disease models, etc.). Further, since the
hormonal changes parallel those in humans, it may be easier to extrapolate findings in
mice following VCD treatment to human menopause. This model may not be as
applicable for surgically-induced menopause in humans, since hormonal fluctuations
occur. While studies have suggested that low doses of VCD are specific to follicular
atresia and do not result in negative consequences in other organ systems, the use of an
industrial chemical still calls into question the potential for other systemic alterations that
may confound the changes observed due to reproductive senescence.

Further, the importance of estrogens in metabolic regulation is supported by
the detrimental effects of aromatase knock out (ArKO) in both male and female
mice. Aromatase catalyzes the final step in the synthesis of estrogens from cholesterol
and is located in ovarian, placental, testicular, brain, skin, and adipose tissues (247).
When aromatase is knocked out in a mouse model, the absence of endogenous synthesis
of estrogens contributes to the development of obesity and insulin resistance. ArKO mice
lack the ability to produce estrogens and also exhibit elevated FSH levels similar to what
is observed in females with ovarian dysfunction (29). Female ArKO mice present with
elevated body weight and fat pad mass compared to control mice that is apparent at three
months of age (138). In male ArKO mice, gonadal fat mass is significantly greater than

that of control mice at 3 months, however, a significant increase in total body weight is
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not observed until one year of age (138). The elevated fat mass in both male and female
mice is mediated by increased adipocyte size, and completely attenuated by 173-estradiol
supplementation (138). Further, the expansion of adipose tissue is not a result of
increased food intake, as ArKO mice do not become hyperphagic, rather they exhibit
reduced spontaneous physical activity (138). Similar to ovary compromised females,
both female (138) and male ArKO (138, 267) mice develop insulin resistance. Thus, the
ArKO mouse recapitulates the changes in estrogens and FSH, adipose tissue expansion,
and onset of insulin resistance observed in females with reduced ovarian hormone levels.
However, as with the FORKO model, the possibility of developmental effects from
genetic manipulation should be considered.

Use of the estrogen receptor knock out (ER-KO) animal model has also
provided critical evidence concerning the contribution of estrogen signaling to
overall organ function. The estrogen receptor has two major isoforms, ERa and ERp.
The effect of estrogen signaling through these receptors is impacted by tissue specific
distribution of ERa and ERf. Specifically, mRNA expression of ERP is highest in the
ovary and prostate, with lower expression found in bladder lung, ovary, brain, uterus, and
testis (161). On the other hand, ERa is highly expressed in epididymis, testis, pituitary,
uterus, kidney, and adrenal tissue (161). While both isoforms are expressed in skeletal
muscle and adipose tissue, ERa plays the dominant role in the regulation of skeletal
muscle (18) and adipose tissue (72) metabolic function, thus this section will focus on the
whole body ERa-knock out (ERa-KO) model. In the ERa-KO mouse, alterations occur
in both females and males that demonstrate the importance of estrogenic function on

metabolic regulation. For example, in the ERa-KO mouse, adipose tissue mass and
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adipocyte size are significantly greater than control mice in both sexes (118). The
phenotype is more severe in male mice, with a greater elevation in adipose tissue mass
compared to their wild-type male controls relative to the difference observed in female
mice. As with human females experiencing ovarian hormone dysfunction, the changes in
adipose tissue mass and body weight in the ERa-KO model are due to reduced activity
levels, rather than hyperphagia (118, 224). In both sexes, the elevated adipose tissue
mass is associated with reduced insulin sensitivity (118), providing support for the
importance of estrogen signaling in the prevention of peripheral insulin resistance.
Specifically, in ERa-KO mice insulin signaling is impaired in skeletal muscle, and
insulin resistance is observed in hepatic tissue, which exhibits impaired suppression of
glucose production in response to insulin (224). Further, ERa-KO mice display lower
whole body energy expenditure than control mice, as well as markers of impaired skeletal
muscle fatty acid oxidation (224). Overall, research utilizing the ERa-KO model has
provided important insight into the role of estrogen signaling on whole body and skeletal
muscle metabolism. However, 17B-estradiol levels are elevated in ERa-KO animals, as
opposed to the dramatic reduction observed in menopausal females (224). While the
ER0-KO mouse resembles the mechanism of ovarian hormone disruption observed in
estrogen-positive breast cancer treatment, where estrogen receptor antagonism occurs, it
does not parallel the ovarian hormone changes observed in natural or surgically-induced
menopause.

While multiple models of ovarian hormone disruption exist, the most
commonly used animal model is bi-lateral ovariectomy. OVX can be performed at

any age; therefore OVX of young animals provides a model where the effects of the
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aging process may be removed from the effects of ovarian hormone reduction. In terms
of hormonal changes, levels of circulating estrogens are significantly reduced (by ~70%;
(248)) similar to post-menopausal females and females following surgically-induced
menopause. OVX animals also have elevated FSH levels, as is observed during natural
menopause (5). However, OVX animals do not undergo a perimenopausal phase where
hormonal levels fluctuate; the increase in FSH and decline in estradiol occur sharply
following the removal of the ovaries (43). OVX results in reduced inhibin levels (5), a
hormone which prevents release of FSH (185), thus contributing to the increase in FSH
levels observed in both OVX animals and human females (5, 293). In terms of hormonal
levels, the OVX mice are fairly similar to post-menopausal females, with an increase in
FSH and reduction in estradiol and inhibin. However, OVX results in a sharper decline
in androstenedione levels than observed in post-menopausal women who retain ovarian
tissue (170, 299). Additionally, species-specific responses must be considered when
using the OVX model. In rats, OVX results in hyperphagia (295), while food intake is
not increased by OVX in mice (31, 228, 295). This difference in food intake between
OVX rats and mice should be carefully considered when selecting a model for
investigation of metabolic changes following ovarian hormone reduction. While changes
in food intake following OVX differ between mice and rats, both animal models
experience an increase in adiposity similar to what is observed in ovary compromised
females (68, 168, 169, 296, 297). As a whole, the OVX mouse presents with similar
hormonal and metabolic changes to those observed in women and is thus a good model

for studying the response to ovarian hormone reduction.
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When examining similarities and differences between these animal models of
ovarian hormone reduction, it stands out that all five exhibit the same visceral
adipose tissue expansion that is observed in women with reduced ovarian hormone
levels or function. While advantages and disadvantages exist for each animal model,
each has provided important mechanistic insight into alterations which occur in response
to ovarian hormone disruption. In particular, the development of insulin resistance and
visceral adiposity in all of these models makes them useful for studying the mechanisms
which link ovarian hormone reduction to the onset of the metabolic syndrome in women.

In both diet-induced obesity and in obesity resulting from reduced ovarian
function, changes in adipose tissue result in increased risk for the development of
insulin resistance. At the tissue level, skeletal muscle and adipose tissue play important
roles in the development of insulin resistance in the obese state. The next section will
provide a detailed description of skeletal muscle and adipose tissue metabolism, as well
as how changes in ovarian hormone levels impact both tissues.

Skeletal muscle comprises a large percentage of total body mass, and
significantly contributes to whole body metabolic activity. At rest, variation in energy
expenditure between individuals has been largely accounted for by differences in skeletal
muscle mass (311). Further, acute exercise results in an even greater contribution of
skeletal muscle to whole body metabolism, as evidenced by increased oxygen delivery to
the active skeletal muscle relative to other tissues (171). Based on the contribution of
skeletal muscle to energy expenditure both at rest and during exercise, it is clear that

skeletal muscle plays an important role in whole body metabolism. Therefore, it is not
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surprising that skeletal muscle metabolic dysfunction has significant implications for
metabolic disease and the development of insulin resistance.

Skeletal muscle accounts for ~80% of postprandial glucose uptake and is
therefore critical to the regulation of circulating glucose levels. Skeletal muscle
insulin resistance is a major risk factor for type 2 diabetes due to the large percentage of
glucose disposal it is responsible for in the body (65). In insulin-sensitive individuals, the
release of insulin following a meal results in a corresponding uptake of blood glucose by
skeletal muscle. Skeletal muscle glucose uptake is regulated by an intricate cell signaling
pathway that is initiated in response to elevated levels of circulating insulin (See Figure 3
below). In the post-prandial state, the binding of insulin to the insulin receptor (IR)
initiates a phosphorylation cascade that begins with autophosphorylation of the IR on
multiple tyrosine residues. Subsequently, the activated IR phosphorylates the family of
insulin receptor substrates (IRS-1/IRS-2) on multiple tyrosine residues which facilitate
their activation. Once activated, IRS recruits phosphoinositide 3-kinase (PI3K),
activating PI3K upon binding to the p85 regulatory subunit (15). Next, PI3K
phosphorylates Akt on the regulatory Ser473 and Thr308 residues, both of which are
required for maximal Akt activity (7). Phosphorylation of the downstream targets of Akt,
TBCI1DI1 and TBC1D4 (aka AS160), facilitates the translocation of GLUT4 (the primary
glucose transporter in skeletal muscle; (286, 309)) to the plasma membrane for uptake of
circulating glucose. Further, AS160 is critical for GLUT4 vesicle fusion to the plasma
membrane, with mutation of AS160 on the N-terminal phosphotyrosine binding domain
resulting in impaired membrane fusion of GLUT4 in response to insulin (156). Together,

this coordinated activation of signaling molecules results in the translocation and fusion
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of GLUT4 to the plasma membrane, facilitating insulin-stimulated glucose uptake. Upon
entry into the cell, glucose must be phosphorylated to glucose-6-phosphate (G-6-P), a
step which is catalyzed by the enzyme hexokinase (HK). Once inside the muscle cell, G-
6-P may either be metabolized, or stored within the muscle cell in its storage form of
glycogen. The storage of glucose as glycogen is regulated by the activation state of
glycogen synthase kinase-3 (GSK-3f). In the basal state, GSK-3f inhibits glycogen
synthase (GS), the enzyme which catalyzes the addition of glucose to a glycogen chain.
In response to insulin signaling in the post-prandial state, Akt inactivates GSK-3p by
phosphorylation on the Ser9 residue subsequently removing inhibition on GS and
encouraging the storage of glucose as glycogen (265). Failure of insulin signaling at any
of these steps may result in the development of insulin resistance and eventually the onset

of type 2 diabetes.
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Figure 3. Insulin signaling in skeletal muscle. IR = insulin receptor, IRS-1 = insulin
receptor substrate-1, PI3K = phosphoinositide 3-kinase, GSK-33 = glycogen synthase
kinase-38, GLUT4 = glucose transporter 4, HK = hexokinase, G-6-P = glucose-6-
phosphate.
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In the obese state, alterations in skeletal muscle lipid content and metabolic

regulation occur that contribute to the onset of insulin resistance. In both obese
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humans and animal models of obesity, intramuscular triglyceride (IMTG) content is
elevated (117, 140, 197). This increase in IMTG in the obese state has been implicated in
the path from obesity to insulin resistance.

Multiple theories have been put forth to explain how increased circulating
lipid and IMTG in the obese state contribute to the development of insulin
resistance. First, the glucose-fatty acid cycle was described by Philip Randle and
colleagues in 1963, a mechanism by which oxidation of fatty acid (FA) inhibits the
oxidation of glucose (221). This concept provided a link between the regulation of
adipose tissue and skeletal muscle metabolism, whereby increased FA oxidation in
skeletal muscle as a result of excess FA supply from adipose tissue inhibits skeletal
muscle oxidation of glucose (See Figure 4 below). Specifically, they postulated FA
oxidation impairs glucose utilization via two different mechanisms. First, the increase in
cytoplasmic citrate in response to FA oxidation results in inhibition of
phosphofructokinase, which in turn results in increased G-6-P concentration. The
increase in G-6-P inhibits HK, subsequently resulting in impaired glucose uptake. In
addition, increased FA oxidation results in elevated intracellular acetyl-CoA levels,
which activates pyruvate dehydrogenase kinase (PDK). PDK inhibits pyruvate
dehydrogenase, attenuating pyruvate oxidation and contributing to the impaired glucose
utilization in response to increased FA oxidation. Thus, in the obese state, increased
circulating FA levels contribute to elevated skeletal muscle FA oxidation that inhibits
glucose uptake and utilization, contributing to the onset of type 2 diabetes (221). While
the glucose-fatty acid cycle as originally proposed has been challenged, and is certainly

more complicated than described in 1963, it provided a starting point for understanding
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the interplay between oxidation of FAs and glucose and their role in the etiology of

obesity-induced insulin resistance.
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Figure 4. Overview of the “glucose-fatty acid cycle.” From Hue and Taegtmeyer, 2009
(127).
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More recently, the concept of “lipotoxicity” has been put forth as a

mechanism driving the development of insulin resistance in the obese state.

Lipotoxicity refers to the detrimental effects of excess FA storage in tissues other than
adipose, such as the pancreas, liver, and skeletal muscle. In these tissues, the storage of
excess FA as triacylglycerol (TAG) is often referred to as ectopic lipid, and in skeletal
muscle can also be specifically termed intramuscular triglyceride (IMTG) or
intramyocellular lipid (IMCL). First described in 1995 in pancreatic B-cells of Zucker
obese rats, elevated lipid content in pancreatic islets corresponded with hypersecretion of
insulin which was followed by the development of diabetes (279). Further, even in
normal weight individuals without diabetes, lipid content of skeletal muscle is inversely
related to insulin sensitivity (160). However, recent evidence suggests that IMTG is not
inherently lipotoxic; rather lipid-induced mitochondrial dysfunction which contributes to
the build-up of other lipid-based products is responsible for the relationship between

IMTG and insulin resistance. Evidence that IMTG is not causal of insulin resistance
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comes from the athlete’s paradox, whereby elevated IMTG content in obese individuals
is accompanied by insulin resistance, while exercise-trained individuals with elevated
IMTG are highly insulin sensitive (98). In the exercise-trained state, increased IMTG
content is coupled with upregulation of machinery for both B-oxidation and oxidative
phosphorylation of FA via mitochondrial biogenesis (98). However, in obese individuals,
ectopic lipid deposition in skeletal muscle often contributes to increased capacity for FA
B-oxidation, but is not accompanied by the mitochondrial adaptations necessary for
complete oxidation of FAs (158) (Review: (201)). The reduced capacity for FA
oxidation results in rerouting of FAs down other metabolic pathways, such as DAG and
ceramide synthesis (131, 174). Build-up of DAG and ceramide has been implicated in
the onset of insulin resistance in skeletal muscle by interfering with insulin signal
transduction (236). For instance, ceramide may inhibit phosphorylation of Akt (45),
while DAG may activate protein kinase C (PKC) and nuclear factor kappa B (NF-kB)
signaling, both of which interfere with IRS-1 activation (45, 131), thus impairing glucose

uptake and contributing to the onset of obesity-induced insulin resistance.

Women experiencing reduced ovarian hormone levels experience alterations
in skeletal muscle metabolism that contribute to increased risk for insulin
resistance. As discussed above, the increase in ectopic fat in sedentary individuals
contributes to impaired insulin sensitivity since the capacity for complete FA oxidation
does not increase to meet FA availability and may result in increased DAG and ceramide
content (49, 75, 154) (Reviews: (199, 287)). While little evidence of increased IMTG

content in ovarian hormone compromised females exists, OVX of mice results in
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increased lipid content of skeletal muscle, which may contribute to insulin resistance
without adequate upregulation of complete FA oxidation (175). Further, the impact of
IMTG deposition on skeletal muscle insulin signaling in ovarian hormone compromised
females may be intensified by a reduction in physical activity levels that is observed in
both humans (183) and animal models (228). This reduction in physical activity may
further exacerbate the imbalance between B-oxidation and complete FA oxidation, as in
the sedentary state upregulation of Krebs cycle and electron transport chain (ETC)
proteins does not occur. Thus, increased IMTG and reduced physical activity levels may
contribute to the onset of insulin resistance in women following a reduction in ovarian
hormones.

Studies conducted in the OVX mouse model have provided further insight
into potential links between ovarian hormone reduction and the onset of insulin
resistance. Multiple studies have reported reduced whole body glucose uptake in OVX
animals (212, 225, 233). As skeletal muscle is responsible for ~75-80% of glucose
uptake in the post-prandial state, it is no surprise that skeletal muscle metabolic properties
have therefore been investigated in the OVX model. While some studies report reduced
glucose uptake at the skeletal muscle level following OVX, not all are in agreement.
Hansen et al. found no impairment in basal or insulin-stimulated 2-deoxy-D-[1,2-
3H]glucose (2-[3H]DG) (2-DG) uptake in soleus or epitrochlearis muscles from OVX
rats (115). However, other studies have shown reduced glucose uptake by soleus and
EDL muscle following OVX (220, 233). These opposing findings may be in part due to

the length of time following removal of the ovaries at which skeletal muscle analysis
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occurred, with the Hansen et al. study examining muscle after only 5 weeks of OVX, and
the other studies waiting until the 12 week time-point.

Furthermore, many investigations of OVX-mediated alterations in skeletal
muscle metabolic gene expression have been conducted, reporting changes in
proteins of the insulin-signaling pathway, as well as pB-oxidation, oxidative
phosphorylation, and lipogenesis in response to OVX. In a study by Beckett et al.,
OVX rats were reported to have reduced activity of enzymes involved in glycogen
synthesis (glycogen synthase) and the Krebs cycle (citrate synthase) in the vastus
medialis muscle after only 16 days of ovariectomy, suggesting OVX may impact both
glucose disposal and oxidative metabolism in skeletal muscle (22). Others have reported
reduced insulin-stimulated tyrosine phosphorylation of both the insulin receptor and IRS-
1, as well as reduced Akt phosphorylation (Ser473) in the skeletal muscle of rats
following OVX, all of which correspond to reduced insulin-stimulated glucose transport
(220). It is currently unclear whether a reduction in GLUT4 content following OVX may
contribute to impaired skeletal muscle glucose uptake, with some studies showing a
decrease in GLUT4 content (233), and others showing no change (115, 212). However, it
is possible that impaired insulin-stimulated glucose uptake in OVX muscle may be due to
a failure of GLUT4 translocation to the plasma membrane, rather than a reduction in
GLUT4 content (225). In addition to alteration of glucose uptake, OVX may also result
in upregulation of lipogenic enzyme protein content in skeletal muscle. Particularly,
D’Eon et al. report that treatment of OVX animals with 17B-estradiol reduces mRNA
expression of specific lipogenic enzymes in skeletal muscle and hypothesize that the

observed upregulation of PPARS and its downstream targets by 17B-estradiol may
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partition FAs toward oxidation and away from storage (68). At the whole body level, the
balance between carbohydrate and fat oxidation in female mice, as indicated by the
respiratory exchange ratio (RER), fluctuates over the course of the estrous cycle,
indicating a role for ovarian hormones in the regulation of substrate oxidation (95).
Further, multiple studies have reported altered AMP-activated protein kinase (AMPK)
activation in response to OVX and/or 17B-estradiol supplementation, yet another
mechanism by which ovarian hormones may impact skeletal muscle metabolism (68,
298). Lastly, 17B-estradiol treatment of OVX rats increases enzymes of f-oxidation and
FA oxidation, with skeletal muscle mRNA expression of pyruvate dehydrogenase kinase
4 (PDK4) and carnitine palmitoyltransferase I (CPT I) increased by 15 days of 17p3-
estradiol treatment compared to untreated OVX rats (39). It is possible that these
alterations in lipid regulation in OVX animals may eventually result in increased lipid
deposition and lipotoxicity in skeletal muscle, thus contributing to the onset of insulin
resistance.

Based on the current literature in both humans and animals models, it is
clear that ovarian hormones significantly impact skeletal muscle metabolism.
However, much of the evidence for this interaction is based on mRNA data, with only a
few studies reporting functional alterations in skeletal muscle metabolic enzymes in
response to changes in ovarian hormones. In order to fully elucidate a regulatory role for
ovarian hormones in skeletal muscle metabolism additional studies must be conducted to
investigate this relationship at a functional level. Thus, further investigation into the role

of ovarian hormones in skeletal muscle glucose disposal is necessary considering the
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large percentage of the female population at risk for peripheral insulin resistance due to

ovarian hormone status.

While skeletal muscle accounts for a large percentage of metabolic activity,
adipose tissue also plays an important role in the regulation of energy balance
within the body. The primary function of adipose tissue is to store FA in the form of
TAG. However, the notion of adipose tissue as an inert organ for TAG storage has been
challenged by the recent classification of adipose tissue as an endocrine organ. Adipose
tissue TAG storage occurs though either TAG esterification following uptake of
circulating FAs, or through de novo lipogenesis of carbohydrate precursors. The

catabolic process, TAG lipolysis, results in the breakdown of stored TAG to release FAs

in response to circulating factors and metabolic demand. Importantly, in conditions such

as obesity and ovarian hormone reduction, dysregulation of these processes in adipose

tissue may contribute to the onset of insulin resistance and the metabolic syndrome.

The primary mechanism by which adipose tissue stores FA is known as
triacylglycerol esterification. The storage form of FAs is TAG, which requires the
addition of three FAs to a glycerol backbone. These FAs may either come from the diet,
or from the process of lipogenesis, which will be discussed below. Within these tissues,
TAG is found in lipid droplets, which serve as storage pools for FAs. The lipid droplets
either expand or shrink in response to dietary factors and/or metabolic demand. The
coordination of TAG esterification is complex, requiring a multistep process of
coordinated enzyme activity (For review: (51)). The committed and rate-limiting step in

the synthesis of TAG via the glycerol phosphate pathway is catalyzed by glycerol-sn-3-
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phosphate acyltransferase (GPAT), which acylates glycerol-3-phosphate with the help of
FA-CoA to produce lysophosphatidate (LPA). The expression of GPAT is highest in
tissues with the greatest capacity for TAG storage, particularly adipose tissue, liver, and
soleus muscle (177). Further, GPAT expression and activity is highly sensitive to dietary
factors. For example, in rats 48 hours of fasting results in a 30-50% decrease in adipose
tissue and liver GPAT protein content, and subsequent refeeding increases GPAT activity
and expression to levels which surpass the basal state basal by 30-60% (177). Following
the formation of LPA, another FA-CoA, and the enzyme acylglycerol-P acyltransferase
(AGPAT) catalyze the formation of phosphatidate (PA). Next, phosphatidic acid
phosphohydrolase (PAP) converts PA to diacylglycerol (DAG). Additionally, DAG
formation may occur through the monoacylglycerol (MAG) pathway, in which a FA-CoA
is added to MAG via activity of an enzyme called monoacylglycerol transferase
(MGAT). At this point the pathways converge, and DAG may either commit to
phospholipid synthesis, or to TAG synthesis. The formation of TAG from DAG is
catalyzed by diacylglycerol acyltransferase (DGAT), which has two isoforms, DGAT1
and DGAT?2, with the final TAG product being stored in intracellular lipid droplets (For
review: (51)).

Another mechanism which may contribute to stored TAG content is
lipogenesis, the process of synthesizing FAs from glucose precursors. True de novo
lipogenesis occurs in mammary, hepatic, and adipose tissues (122). Lipogenesis was
previously thought to play a minor role in human metabolism, with only a small portion
of the FAs in the adipose tissue TAG pool attributable to lipogenesis. Recently,

Strawford et al. reported ~20% of the subcutaneous adipose tissue FAs stored in TAG to
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be produced by lipogenesis in healthy, weight stable individuals (262). Lipogenic
activity is stimulated by insulin release in response to elevated blood glucose levels.
Therefore, a high carbohydrate diet is a powerful stimulus for increased lipogenic
activity. In response to insulin, adipocytes take up glucose with the aid of the GLUT4
transporter. Once glucose enters the cell, it is immediately converted to G-6-P by HK
and travels through glycolysis, where it can be converted to acetyl CoA. An enzyme
called acetyl CoA carboxylase-1 (ACC-1), the rate limiting enzyme of lipogenesis,
converts acetyl CoA to malonyl CoA. Fatty acid synthase (FAS) can then bind malonyl

CoA on the acyl carrier protein (ACP) motif. Next, through a series of four enzymatic

reactions there is a subsequent addition of another three carbon malonyl CoA to the
growing carbon chain attached to FAS. The carbon chain is completed when a 16 carbon
palmitic acid is formed and the new FA undergoes hydrolysis to release it from the ACP
on FAS. After release, the FA produced by de novo lipogenesis may be esterified and
added to the TAG storage pool within the adipocyte. Lipogenesis is primarily regulated
by circulating glucose and insulin levels, as well as the activity of GLUT4, ACC and

FAS, ultimately playing a role in the storage of TAG in adipose tissue.

The development of the obese state due to nutrient excess may result in the

upregulation of both TAG esterification and lipogenesis, with an increase in circulating

FA and ectopic fat deposition contributing to the onset of insulin resistance.

The catabolic breakdown of stored TAG is known as lipolysis, or TAG
hydrolysis. The regulation of lipolysis is complex in that it is dependent upon the levels

of multiple circulating factors, as well as the coordinated activity of multiple lipases. The

35



primary storage site for TAG is in adipose tissue; however, smaller stores are also located
in skeletal muscle and liver. When stimulated, these TAG stores may be broken down,
resulting in the release of FAs and glycerol. Serum glycerol is typically used as a
circulating indicator of lipolytic activity rather than FAs (30, 111, 128, 129, 137, 181,
238). Glycerol released from adipose and skeletal muscle lipolysis must enter the
bloodstream because these tissues do not contain glycerol kinase to re-utilize the
glycerol. However, it is possible for FAs within adipose tissue or skeletal muscle to be
re-esterified, thus circulating levels of FA may not accurately reflect lipolytic activity.
The primary circulating factors which regulate lipolytic activity are insulin
and catecholamines (epinephrine and norepinephrine). Catecholamines are important
regulators of lipolytic activity both at rest and under conditions of lipolytic stimulation.
The catecholamines bind to adrenergic receptors, of which there are two types: a-
adrenergic receptors, which are inhibitory to lipolysis (163), and B-adrenergic receptors,
which are stimulatory (36). The ratio of a- to B-adrenergic receptors in adipocytes plays
a major role in the regulation of adipose tissue lipolytic activity and varies by adipose
tissue depot. For instance, subcutaneous adipocytes contain a greater number of a-
adrenergic receptors relative to -adrenergic receptors, while in omental adipose tissue
the number of B-adrenergic receptors equals, or is slightly greater than, the number of a-
adrenergic receptors (190). This difference in the balance between stimulatory and
inhibitory adrenergic receptors results in elevated lipolytic activity in omental adipose
tissue relative to subcutaneous adipose tissue (11). In addition, differences in
catecholamine sensitivity of the two adrenergic receptor types impacts lipolytic

regulation. In omental adipocytes, epinephrine promotes lipolytic activity regardless of
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the concentration (24, 190). However, in subcutaneous adipocytes, low concentrations of
epinephrine are anti-lipolytic, while higher doses facilitate lipolytic activity (24, 190).
These depot-specific effects may thus be due to differences in a-adrenergic receptor
responsiveness observed between subcutaneous and omental adipocytes.

When catecholamines bind to B-adrenergic receptors, they activate a stimulatory
G protein that is coupled to the receptor. The G protein in turn activates adenylate
cyclase (AC), which catalyzes the production of cAMP from ATP. Next, cAMP activates
protein kinase A (PKA), which phosphorylates multiple lipases that regulate lipolytic
breakdown of TAG stores. Further, PKA phosphorylates the lipid droplet coat protein
perilipin. Under basal conditions, perilipin protects TAG stores, preventing unstimulated
lipolytic breakdown. However, under stimulated conditions, perilipin facilitates lipolysis
by undergoing a conformational change that allows hormone sensitive lipase (HSL)
access to the lipid droplet. Therefore, perilipin has both a role to protect the lipid stores
under basal conditions, and to facilitate lipolysis under stimulated conditions (268). HSL
is also phosphorylated by PKA, and translocates to the lipid droplet following
phosphorylation. HSL was long believed to be the rate-limiting enzyme in lipolysis,
however, knock out of HSL does not reduce lipolytic rate or TAG levels to a large extent
either in vivo (112, 209, 285) or in vitro (208). This led to the discovery of another
enzyme, adipose triglyceride lipase (ATGL) which 1s now believed to be the rate-limiting
enzyme of lipolysis (133, 282, 308). ATGL catalyzes the breakdown of TAG to DAG,
releasing one FA. HSL breaks down DAG to monoacylglycerol (MAG), releasing a
second FA. Lastly, monoglyceride lipase (MGL) breaks MAG into glycerol and a FA

(See Figure 5 below). Therefore, the regulation of lipolysis is dependent upon the
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coordination of multiple lipases to release glycerol and FAs, a process which is
stimulated by the action of catecholamines. The primary inhibitor of lipolytic activity is
insulin. Insulin inhibits lipolytic activity by activating phosphodiesterase, which breaks
down cAMP and terminates transmission of adrenergic signaling. Overall, the regulation
of lipolysis is dependent upon the levels of circulating insulin and catecholamines, which

influence the activity of the lipases regulating lipolysis at a cellular level.

FA and Glycerol

™~

MGL

DAG
FA

LIPID DROPLET

Figure S. Cellular regulation of lipolysis. (Adapted from: (28)). Gi = inhibitory G
protein, Gs = stimulatory G protein, AC = adenylate cyclase, PKA = protein kinase A,
Peri A = PLINI (Perilipin), HSL = hormone sensitive lipase, ATGL = adipose
triglyceride lipase, CGI-58 = comparative gene identification-58, DAG = diacylglycerol,
MAG = monoacylglycerol, MGL = monoglyceride lipase, FA = fatty acid.
Obesity-induced alterations in TAG storage and breakdown, and the
metabolic consequences of these changes, are dependent upon a multitude of factors.
In particular, alterations in adipose tissue distribution and adipocyte phenotype play roles

in the pathological consequences of obesity on skeletal muscle, and subsequently on the

development of whole body insulin resistance.



The location of fat storage plays an important role in determining whether or
not an increase in adiposity will contribute to the onset of obesity-related conditions.
Recent findings have suggested that metabolic disease risk is lower when excess fat is
stored in subcutaneous (i.e. inguinal) adipose tissue (13), with multiple studies
demonstrating little change in peripheral insulin sensitivity with increased subcutaneous
fat storage (99, 130). However, excess storage of lipid in the visceral (i.e. omental)
region significantly contributes to the development of obesity-related conditions such as
insulin resistance (205, 219, 284). In post-menopausal females, a tendency to store fat in
the abdominal region, primarily as visceral fat, has been associated with increased
prevalence of the metabolic syndrome as compared to women who store more fat in the
lower body, where fat is stored in subcutaneous depots (155). Overall, the presence of
visceral (central) adiposity has been widely recognized as an independent risk factor for
the metabolic syndrome, coronary heart disease, and insulin resistance in multiple
populations.

In addition to the location of fat storage, the mechanism responsible for
expansion of adipose tissue mass, either an increase in adipocyte size or an increase
in adipocyte number, plays a critical role in defining the phenotype of the fat pad
and the subsequent risk for metabolic disease. In particular, adipose tissue expansion
due to an increase in adipocyte size is correlated with increased risk of obesity-related
conditions in that large adipocytes are thought to promote insulin resistance due to their
contribution to mechanisms involved in lipotoxicity and/or inflammation-induced insulin
resistance (84, 207). For example, both the ob/ob mouse model of obesity and the insulin

receptor 2 knock-out mouse (IRS2-/-) develop visceral obesity that is associated with an
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increase in adipocyte size (266). In contrast, adipose tissue expansion due to an increase
in adipocyte number is often associated with enhanced insulin sensitivity which appears
to be due to the greater number of small adipocytes. For example, when adiponectin
overexpression is induced in the ob/ob mouse, a commonly used genetic model of
obesity, the diabetic phenotype of the ob/ob mouse is completely attenuated in spite of
increased body weight and total fat mass (147). These improvements are largely
attributable to both the preferential storage of fat in subcutaneous adipose tissue depots
rather than visceral depots, as well as to the expansion of adipose tissue via an increase in
adipocyte number rather than an increase in adipocyte size (147). Adipocyte hyperplasia
results in a greater number of small adipocytes which are capable of storing excess
circulating lipid, thus alleviating any circulating lipid burden on the individual. Further
evidence is also found in humans where obesity is not always associated with insulin
resistance (207) in that obese individuals with subcutaneous adipose tissue expansion
mediated by adipocyte hyperplasia are more insulin sensitive than those with visceral
obesity mediated by adipocyte hypertrophy.

It is therefore of concern that the most visible change associated with ovarian
dysfunction in women is a significant increase in visceral fat. The link between
estrogens and body composition has been demonstrated in both human and animal
models (68, 169, 210, 245). Significant increases in visceral fat mass have been
attributed to decreased levels of estrogens in post-menopausal females (164, 168, 169,
222, 245). Further, the increase in visceral fat mass in females during and after the
menopausal transition is independent of the increase in visceral fat mass observed due to

aging alone. In the SWAN cohort, women were monitored for a 4 year period, with some
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women becoming menopausal in this time and others not undergoing the menopausal
transition. This allowed for age matching of pre- and post-menopausal females. In this
cohort, the females who went through menopause during the study increased visceral fat
mass to a greater extent than the age-matched females who did not become menopausal,
indicating an age-independent effect of ovarian hormone levels on visceral fat mass
(132). In females, estrogens promote the deposition of fat in the hip and thigh region,
known as gynoid distribution, rather than in the visceral region, which is characteristic of
males and termed android distribution (178). In females with intact ovarian function,
activity of adipose tissue lipoprotein lipase (LPL) in the gluteal region is elevated
compared to LPL activity in the visceral region (271). LPL catalyzes the release of FAs
from circulating TAG and very low density lipoprotein (VLDL), which may then be
taken up by adipocytes and esterified back to TAG for storage in lipid droplets. When
ovarian hormones are reduced, this regional difference in LPL activity in females is
eliminated and may be a contributing factor to the increase in visceral fat storage. Also,
the increase in testosterone relative to estrogens in post-menopausal females may
contribute to the alteration in fat distribution (132). The androgen receptor is expressed
highly in preadipocytes in the visceral region and may promote fat storage in the visceral
region preferentially to the subcutaneous depots (73, 74). In the SWAN cohort, a
significant association was determined between free testosterone levels and visceral fat
mass (132). Many studies have demonstrated an increased risk of cardiovascular and
metabolic diseases associated with visceral fat accumulation (40, 205). Thus, as

estrogens contribute to gynoid fat accumulation, females with intact ovarian function are
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at decreased risk for cardiovascular disease and the metabolic syndrome compared to
their male, and ovary compromised female counterparts (40, 104).

In addition, all of the animal models discussed above have been used to study
changes in adipose tissue following ovarian hormone reduction. These animals
exhibit increased adiposity, as well as a shift in adipose tissue distribution, with a
dramatic increase in fat storage in the visceral region (56, 62, 68, 138, 280, 295-297).
This visceral fat storage in the OVX, VCD, FORKO, ERa-KO, and ArKO mice results in
metabolic dysfunction that qualitatively resembles the metabolic syndrome observed in
females with ovarian hormone disruption (56, 62, 68, 138, 280, 295-297). Further,
adipose tissue expansion in the OVX model is mediated by an increase in adipocyte size,
which may contribute to the onset of ectopic lipid deposition and peripheral insulin
resistance (68). Additionally, it is possible that the elevated basal lipolysis observed as a
result of altered adipose tissue lipase expression in OVX mice (297) may facilitate
ectopic lipid deposition in skeletal muscle. As described above, this ectopic lipid
deposition may contribute to skeletal muscle insulin resistance in sedentary individuals
due to multiple mechanisms (i.e. lipid intermediates, PKC signaling, etc.).

Collectively, the changes in adipose tissue observed in humans and animal models

clearly demonstrate a link between ovarian hormone reduction, changes in adipose tissue,

and the onset of peripheral insulin resistance. However, while the physiological changes

in adipose that occur in females following ovarian hormone reduction have been well

documented, further research is necessary to elucidate many of the cellular mechanisms

which link these alterations to the onset of insulin resistance and other metabolic

diseases.
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The discovery of leptin in 1994 dramatically changed the understanding of
skeletal muscle and adipose tissue roles in metabolic regulation and resulted in a
new field of study focusing on adipose tissue and skeletal muscle cross-talk. Leptin
was found to be secreted from adipocytes and exert peripheral effects in both the
hypothalamus and in skeletal muscle. This discovery dramatically changed the notion of
adipose tissue as an inert storage depot and led to the elucidation of multiple factors
secreted from adipose tissue, now termed adipokines (See Figure 6 below). In the
hypothalamus, leptin acts to control food intake, acting as a satiety signal (47). In
skeletal muscle, leptin plays a role in controlling energy expenditure (249). Importantly,
leptin can regulate lipid oxidation and lipid storage in skeletal muscle, making it an
attractive target for the study of skeletal muscle metabolism. Specifically, leptin has been
reported to promote oxidation over storage of fat in skeletal muscle (202). In addition,
leptin may increase skeletal muscle glucose uptake (200). Together, leptin promotes
insulin sensitivity, both via an increase in glucose uptake and also by prevention of
ectopic lipid deposition in skeletal muscle.

In addition to leptin, adiponectin is also positively associated with insulin
sensitivity. Leptin and adiponectin are unique among the currently identified adipokines
in that they are positively associated with insulin sensitivity, whereas the other
adipokines are negatively associated with insulin sensitivity. Adiponectin was classified
as an adipokine after it was determined to be secreted primarily by adipocytes and have
receptors in peripheral tissues. The adiponectin receptors AdipoR1 and AdipoR2 are
located primarily in skeletal muscle and liver, respectively (25). Similar to leptin,

adiponectin was observed to exert insulin-sensitizing effects on skeletal muscle via
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activation of AMPK (33, 274). In animals where adiponectin is overexpressed, insulin
sensitivity and skeletal muscle glucose disposal are high (12). When adiponectin is
knocked out in a mouse model, the animals develop insulin insensitivity and have
impaired clearance of FA from circulation (301). Further, when the transgenic mouse
overexpressing adiponectin is crossed with the obese, insulin resistant ob/ob mouse, there
is an improvement in insulin sensitivity in spite of increased body weight compared to the
ob/ob mouse alone (147). The thiazolidinedione (TZD) class of drugs, which are often
used for treatment of type 2 diabetes, activate PPAR-y and also increase adiponectin
expression in adipose tissue and adiponectin levels in circulation (114, 275), improving
insulin resistance. This once again supports a role for adiponectin in promoting insulin
sensitivity. It is clear that the release of adiponectin from adipose tissue exerts peripheral
effects on skeletal muscle; therefore adiponectin is a good example of an adipose tissue
endocrine factor.

Unlike adiponectin and leptin, many other adipokines exert negative effects
on peripheral insulin sensitivity. The most well-characterized of these factors is
tumor necrosis factor alpha (TNF-a). TNF-a is secreted from adipocytes, however,
much of the TNF-a in circulation comes from macrophages which infiltrate adipose
tissue in disease states such as obesity. TNF-a inhibits skeletal muscle insulin sensitivity
by interfering with the insulin signaling pathway. In particular, TNF-a promotes serine
(inhibitory) phosphorylation of IRS-1 (139, 240) as well as inhibition of Akt and AS160
phosphorylation (179, 218, 259). Genetic ablation of TNF-a in mice results in
attenuation of high fat diet-induced insulin resistance (229), suggesting TNF-a to be a

critical mediator of insulin resistance observed in diseased states. In lean individuals,
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adiponectin serves to inhibit TNF-a secretion from macrophages (303). However, in the
obese state, adiponectin is reduced, and macrophage infiltration is increased, both of
which result in increased TNF-a release from adipose tissue and subsequent impairment
in skeletal muscle insulin signaling (21).

IL-6 is an extremely controversial endocrine factor, with studies reporting
both a negative effect on insulin sensitivity and a positive effect on insulin sensitivity
(94, 145, 291). 1L-6 may be secreted from skeletal muscle as a myokine, or from adipose
tissue as an adipokine. Under resting conditions, relatively low levels of IL-6 are present
in circulation, with adipose tissue accounting for ~10-35% of this circulating IL-6 (195).
When released as a myokine in response to acute exercise, IL-6 has beneficial effects,
such as to help to maintain blood glucose levels via facilitation of hepatic
gluconeogenesis (119, 143). However, in the sedentary state elevated circulating levels
of IL-6 are associated with insulin resistance (145, 283). Based on these divergent
findings, it has been suggested that an acute increase in IL-6, such as in response to
exercise, is insulin-sensitizing, while chronic low grade exposure, such as in the
inflammatory state of obesity, has negative effects on insulin sensitivity (136, 151, 152).
Circulating IL-6 levels are elevated in obese compared to lean individuals (20).
Additionally, adipose tissue and circulating levels of IL-6 are reduced by weight loss,
thus implicating adipose tissue in mediating the increased IL-6 levels in the obese state
(20). IL-6 inhibits insulin signal transduction in hepatocytes and skeletal muscle cells,
suggesting a mechanistic role for IL-6 in the development of insulin resistance in

peripheral tissues (148, 242). Together, the current evidence suggests that chronically
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elevated IL-6 of adipose tissue origin may contribute to the onset of insulin resistance in
the obese state (136, 151, 152).

In addition, the expansion of adipose tissue results in increased release of
another adipokine, monocyte chemoattractant protein-1 (MCP-1), which recruits
macrophages into adipose tissue. When adipose tissue expansion occurs, an increase in
cell size without a parallel increase in adipose tissue blood flow may result in hypoxic
conditions, which leads to adipocyte cell death. Macrophages are often observed
clustered around the sites of cell death, forming “crown-like” structures. Therefore,
through both cell death and release of MCP-1, the obese state results in increased
macrophage recruitment to adipose tissue and a state of chronic low-grade inflammation
due to inflammatory factors secreted from the macrophages. Further, MCP-1 has
recently been reported to negatively impact insulin signaling in skeletal muscle,
suggesting that its role as an endocrine factor should be further investigated (139, 240).

Many other adipokines have been identified, such as retinol binding protein
4 (RBP4), visfatin, resistin, etc. These adipokines are increased in the obese and
insulin resistant states; however, mechanisms of action or direct roles in disease
pathologies are unknown. In the case of resistin, animal models have linked the
adipokine to insulin signaling defects, however, resistin was later found to be expressed

only in trace amounts in humans. Based on the endocrine effects of leptin, adiponectin,

MCP-1, IL-6, and TNF-a on skeletal muscle, the further study of adipokines and their

roles in health and disease is warranted.
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Figure 6. Some of the major adipokines released from white adipose tissue.
Trayhurn et al. 2006 (276).

While little evidence exists, it appears that in response to ovarian hormone
reduction both in females and in OVX mice, changes in adipokine levels occur
which may be related to the development of insulin resistance. Studies have reported
higher leptin levels in post-menopausal women compared to pre-menopausal women (46,
173, 244). However, this elevation in circulating leptin appears to be mediated by the
larger fat mass observed in post-menopausal women, as the difference in leptin levels
between pre- and post-menopausal females is not significant when controlling for fat
mass (244). Further, changes in adiponectin in women are controversial, however some
studies have reported an increase in adiponectin in post-menopausal compared to pre-
menopausal women (173). In opposition to leptin, adiponectin levels in post-menopausal
women are inversely related to adipose tissue mass (173). Findings are divergent on the
impact of OVX on circulating adiponectin and leptin levels, with some studies showing

no change (14) and others report a decrease following OVX (68). Together, these
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findings suggest that adipokine levels are in some way altered by ovarian hormone status.
However, the relative contribution of ovarian hormone levels versus increased adipose
tissue mass on adipokine levels in post-menopausal women remains to be determined.
Due to the relationship between adipokines and insulin resistance, as well as the
increased prevalence of insulin resistance in ovary compromised females, further
investigation into ovarian hormone-induced changes in adipokines is necessary.

The research on adipokines to date clearly demonstrates interaction between
adipose tissue and skeletal is possible due to the endocrine capacity of adipose tissue.
Further, changes observed in adipokine secretion and function in the obese and diabetic
states point to a mechanistic role for these factors in the etiology of disease.

As discussed above, one such population that is at significantly increased risk
for diseases such as the metabolic syndrome, cardiovascular disease, and insulin
resistance is ovarian hormone compromised females. Unfortunately, following the
Women’s Health Initiative, no treatment is clinically accepted to prevent the
physiological changes in women experiencing ovarian hormone dysfunction that result in
increased disease risk. Thus, while a vast amount of information has been elucidated in
regards to the impact of ovarian hormones on metabolic function, much work remains
such that a treatment may be developed for this at-risk population.

It is clear that skeletal muscle and adipose tissue play significant roles in the
path to insulin resistance in both obesity and ovarian hormone reduction. Further,
the evolving field of adipose tissue and skeletal muscle cross-talk provides a new angle
for the study of these tissues and their impact on metabolic disease. Multiple studies

have demonstrated that ovarian hormones have a significant impact on metabolic
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function, both at the whole body and tissue levels. However, whether the onset of insulin
resistance in ovary compromised females is due to direct effects of ovarian hormones on
skeletal muscle, or is downstream of changes in adipose tissue remains to be elucidated.
Therefore, we have studied OVX-induced metabolic changes in adipose tissue and
skeletal muscle, as well as investigated the interaction between primary cells from these
two tissues. The elucidation of skeletal muscle and adipocyte metabolic properties that
are sensitive to ovarian hormone status in both ovary intact and OVX animals may

eventually contribute to development of a treatment for ovary compromised females.
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Chapter 3: 17p-Estradiol Supplementation Attenuates Ovariectomy-Induced
Increases in ATGL Signaling and Reduced Perilipin Expression in Visceral Adipose
Tissue.

The following article was published in the Journal of Cellular Biochemistry (110:420-

427,2010).
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Abstract:

Adipocytes from post-menopausal females have high basal lipolytic rates compared to
pre-menopausal women, which contributes to increased risk of developing dyslipidemia.
The purpose of this study was to delineate the cellular mechanisms affecting adipose
tissue function in the ovariectomized (OVX) mouse and determine if physical activity or
estrogen supplementation alter any detected changes. Female C57/Bl6 mice were placed
into SHAM, OVX sedentary (OVX), OVX exercise (OVX-Ex), and OVX sedentary +
17B-estradiol (OVX+E;) groups. Visceral fat mass, glycerol, and NEFA levels were
significantly higher in OVX mice compared to SHAM animals, but they were not
elevated in the E, treated animals. Voluntary running failed to change circulating levels
of glycerol or NEFA in OVX mice, but did partially attenuate the increase in visceral fat
mass. ATGL protein content was significantly elevated in visceral fat from OVX and
OVX-Ex groups compared to SHAM, while ATGL-CGI-58 interaction was significantly
higher in OVX than SHAM and OVX+E, mice. No significant differences in HSL
phosphorylation were detected between groups, however ERK1/2 phosphorylation was
significantly elevated in the OVX mice. To determine if ERK1/2 function was critical
for the increased glycerol levels, visceral fat was treated with MEK inhibitor PD98059,
with no differences in glycerol release detected. Perilipin protein content was decreased
significantly in OVX and OVX-Ex mice compared to SHAM. Thus, these data suggest
that increased ATGL signaling and reduced perilipin protein content may contribute to
increased rates of TAG hydrolysis in OVX mice, which are attenuated with E, treatment,
but not by exercise.

Key Words: menopause, lipid, hormone sensitive lipase, adipocyte
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Introduction:

It is well documented that as women transition into menopause, those who do not
take hormone replacement therapy (HRT) demonstrate disproportionate increases in lipid
storage with an apparent decline in lipid utilization (83). Loss of ovarian function also
leads to an increase in visceral fat mass, which concurrently results in an increased
lipolytic rate (76, 210, 237). The link between ovarian hormones and alterations in
metabolism has been demonstrated in both human and animal models (68, 169, 210,
245). The enhanced lipolytic rate is particularly problematic because it may contribute to
the development of peripheral insulin resistance and ectopic lipid deposition in the liver,
both of which have been observed in animals with reduced ovarian function (211, 233).
These conditions result in an increased risk for developing cardiovascular disease (CVD)
or other lipid-based conditions (41, 231). In addition to ectopic lipid deposition in liver
tissue, a high level of circulating lipid places the individual at increased risk for ectopic
fat deposition in skeletal muscle (97). Furthermore, post-menopausal women are at
increased risk for developing CVD and insulin resistance. Therefore, it is critical to
understand mechanisms which are affecting metabolic function in post-menopausal
women.

Triacylglycerols (TAQG) are stored and utilized as energy substrates primarily by
adipose tissue and skeletal muscle, respectively. To oxidize free fatty acids (FFA), the
FFA must be liberated from the TAG through enzymatic-regulated hydrolysis of the
stored TAG. Although hormone sensitive lipase (HSL) was long believed to be the rate-
limiting lipase, several recent studies have demonstrated the importance of adipose

triglyceride lipase (ATGL) to lipolysis (83, 288, 290). ATGL, also known as desnutrin,
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was found to catalyze the first step in lipid hydrolysis, breaking TAG down to
diacyglycerol (DAG) and releasing a FFA (282, 308). HSL subsequently cleaves another
FFA, converting DAG to monoacylglycerol (MAG). The final step of lipid hydrolysis is
catalyzed by monoacylglyceride lipase (MGL), which breaks down MAG to glycerol and
FFA’s, which are then released into systemic circulation (86). Thus, elucidating the
mechanisms regulating ATGL and HSL activity is a critical step towards understanding
lipid metabolism.

The complete activation of ATGL is thought to be regulated by protein-protein
interaction and/or by phosphorylation, albeit very little is known about regulation of
ATGL through phosphorylation (28). A number of potential phosphorylation sites have
been suggested for ATGL, but at this time none have been documented to be necessary
for complete lipase activity (308). For example, ATGL contains an ERK1/2 specific
phosphorylation motif, suggesting that ATGL may be sensitive to changes in MAPK
activation, although this has never been measured (19). However, it is well known that
complete ATGL activation i1s dependent upon interaction with comparative gene
identification-58 (CGI-58) (167). CGI-58, also known as abhydrolase domain containing
5, plays a critical role in the autosomal recessive disease Chanarin-Dorfman syndrome,
which is characterized by excessive TAG accumulation in various tissues (77).

Unlike ATGL, the cellular regulation of HSL is well understood. HSL is
phosphorylated at five different serine residues (Ser563, Ser565, Ser600, Ser659, and
Ser660) (289).  Activation of protein kinase A (PKA) results in increased

phosphorylation of serine sites 563, 659, and 660 (8), all of which lead to increased HSL
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activity. Also, ERK1/2 can phosphorylate HSL at Ser600, enhancing HSL activity (108).
Conversely, phosphorylation of Ser565 by AMPK appears to reduce HSL activity (93).

Alterations in the expression of adipose tissue lipases have been demonstrated
with obesity (68), however the effects of reduced ovarian function on ATGL and HSL
signaling is unknown. There are reasons to suspect that changes in ATGL and HSL
function may occur in post-menopausal females. For example, cells isolated from
adipose tissue of post-menopausal women exhibit increased lipolytic rates independent of
adipocyte cell size or body fat percentage (68, 206). These data suggest that the
increased rates of lipolysis observed in post-menopausal women cannot be explained
solely by changes in adipose tissue size. Unfortunately, very little evidence is available
documenting changes in cellular signals that regulate lipolysis following a decline in
ovarian function.

Thus, the purpose of this investigation was two-fold: first to determine if cellular
mechanisms that regulate lipid droplet function are increased in mice after surgically-
induced menopause and second to determine if voluntary wheel running effectively
prevents increases in both visceral fat accumulation and circulating lipid in a manner
similar to 17B-estradiol supplementation in OVX mice. The goal of the second
component of these experiments was to determine if physical activity can be as effective
as 17 B-estradiol supplementation in attenuating the negative changes following OVX in

female mice.
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Methods:

Animals: Thirty-two 8-week old C57/BL6 (Harlan) female mice were divided into four
groups (SHAM, OVX, OVX-Ex, OVX+E;). One group of mice (n=12) underwent a bi-
lateral ovariectomy (OVX), a frequently used animal model of menopause (142). Our lab
has previously shown that this model decreases the levels of circulating estrogens by 70%
within 48 hours (248). Further, previous research has shown that surgical removal of the
ovaries from mice does not resulting in changes in feed patterns (31, 228). A second
group (n=5) was subjected to a SHAM surgery where they were anesthetized, but did not
undergo ovariectomy. The third group (n=5) consisted of ovariectomized mice which
underwent a second surgery one week after ovariectomy where exogenous estrogen was
introduced via implantation of a subcutaneous time-release pellet (Innovative Research,
Sarasota, FL). This pellet results in the animals receiving ~40pg/mL of 17-estradiol per
day, which is similar to levels found in the mouse during estrous (196).

Mice were given ad libitum access to water and standard rodent chow (Purina
Laboratory Rodent Diet 5001: 23% protein, 4.5% fat, 6% fiber) and were housed in a
temperature-controlled room on a 12h light/dark cycle. The exercise training group
(OVX-Ex) was placed in cages with voluntary running wheels, while the sedentary
groups were placed in standard mouse cages. Running activity was monitored for eight
weeks with a photocell counter interfaced with a computer through customized software
(Layfayette Instruments, Layfayette, IN). The eight-week time point was chosen because
in preliminary experiments we found that large increases in visceral fat pad mass (i.e.
parametrial fat depots) were detected at this point (data not shown). After eight weeks all

animals were sacrificed, tissue was collected and snap frozen in liquid nitrogen, and then
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stored at -80°C. Mice were removed from the wheel cages 24 hours prior to sacrifice to
account for acute effects of exercise, followed by the removal of food 4-5 hours prior to
sacrifice. All aspects of this study were approved by the University of Maryland
Institutional Animal Care & Use Committee (IACUC) Review Board.

Western Blotting of Adipose Tissue: Western blotting was performed on visceral adipose
tissue (i.e. parametrial fat depots). Fat was homogenized in Mueller buffer (50 mM
Hepes (pH 7.4), 0.1% Triton —X100, 4 mM EGTA, 10 mM EDTA, 15 mM Na4P,0;H,0,
100 mM B-glycerophosphate, 25 mM NaF, 50 pg/mL leupeptin, 50 pg/mL pepstatin, 40
pug/mL aprotinin, 5 mM Na3;VO,, and 0.1% NP-40) using a mechanical homogenizer,
then centrifuged for 10 minutes at 4°C and 13,000 rpm. The supernatant between the fat
cake and the pellet was removed using a syringe and placed into a separate tube, which
was spun once more under the same conditions and the supernatant was again removed.
Protein concentrations were determined on the supernatant using the BCA protein assay.
Equal amounts of total protein (75ug) were resolved on 10% SDS-PAGE gels and
transferred to PVDF membranes as previously described (254, 298). Blots were
visualized with Ponceau S (Sigma Chemical) to confirm equal loading of the lanes and
then blocked with 5% nonfat dry milk in Tris-buffered saline with 0.1% Tween (TBS-T).
Membranes were probed with antibodies obtained from Cell Signaling (unless indicated)
for p-ERK1/2 (Thr 202/Tyr 204; 1:2000), total ERK1/2 (1:2000), total ATGL (1:1000),
p-AMPK (Thr172; 1:1000), p-HSL565 (1:1000), p-HSL660 (1:1000), total HSL (1:2000)
(kind gift of Dr. F.B. Kraemer, Stanford University), or Perilipin (1:200, Santa Cruz) in a
buffer of 5% BSA in TBS-T on a rocker at 4°C overnight. Following incubation with the

primary antibody, membranes were washed in TBS-T (3 x 5 min) and then incubated for

57



1 hour with horseradish peroxidase (HRP)-conjugated rabbit secondary antibody (1:1000)
in 5% nonfat dry milk in TBS-T. Next, membranes were washed in TBS-T (1 x 10 min,
3 x 5 min), followed by enhanced chemiluminescence reagent (ECL) (Pierce, Rockford,
I1l). Membranes were visualized with a chemilumiscence imager (Syngene, Frederick,
Md) and quantified with Image J software (NIH Bethesda, MD).

Immunoprecipitation: Two-hundred and fifty ug of total protein was combined with
ATGL antibody (1:100 dilution) and rocked overnight at 4°C. A 25 pL aliquot of protein
A-Sepharose (EZview Red Protein A Affinity Gel Beads, Sigma, St. Louis, MO) was
washed repeatedly in Mueller buffer without protease inhibitors. After the last wash, the
samples containing the protein and antibody complex were added to the tubes containing
the protein A-Sepharose pellets. Samples were gently mixed and then rocked for 1 hour
at 4 °C. After rocking for 1 hour, samples were centrifuged at 13,000 rpm at 4 °C for 5
minutes. The supernatant was removed and the pellet was re-suspended in 1 mL of
Mueller buffer, followed by another spin of 13,000 rpm at 4 °C for 5 minutes (repeated
3x). Following the last wash, the supernatant was removed and the pellet was re-
suspended in 30 pL of 4X sample loading buffer, boiled for 5 minutes, and centrifuged
briefly. Samples were loaded onto 10% SDS-PAGE gels and transferred to PVDF
membranes as previously described (254, 298). Blots were then blocked with 5% nonfat
dry milk in Tris-buffered saline with TBS-T. Membranes were probed with an antibody
for CGI-58 as previously described (264) (1:25,000, kind gift from Dr. Dawn Brasaemle,
Rutgers University) or an antibody specific for serine phosphorylation (1:1000,

Millipore). Westerns protocol was the same as described above. The membranes were
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stripped and re-probed for total ATGL as described above. All quantified data were
normalized to total ATGL expression.

NEFA and Glycerol levels: Non-esterified fatty acids (NEFA) were measured in mouse
serum using a colorimetric assay (Wako Diagnostics, Richmond, VA). Glycerol levels
were determined in mouse serum or media using a free glycerol determination kit (Sigma,
St. Louis, MO).

Isolated Organ Bath Experiments: In a second set of animals (SHAM n=5; OVX n=5),
organ bath experiments were performed on visceral adipose tissue (i.e. parametrial fat
depots). The adipose tissue was carefully dissected and placed in an organ bath
containing oxygenated media (95% O,; 5% CO;). After 30 minutes, half of the adipose
tissue and 1 mL of the media was removed and frozen for glycerol analysis. The
remaining adipose tissue was washed with media and then exposed to fresh media
containing MEK inhibitor PD98059 (30uM) for another 30 minutes. The tissue was
frozen and 1 mL of media was preserved for glycerol analysis. All glycerol
measurements from the bath assay were normalized to the total protein content from the
isolated adipose tissue.

Statistical Analysis: All data are expressed as means + SEM. Statistical significance was
determined using t-tests with Sigma Stat statistical analysis software (Systat Software

Inc., San Jose, CA). A p-value of <0.05 was considered significant.
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Results:
Anatomical characteristics:

The body weight of sedentary OVX animals was significantly greater than the
SHAM animals by 9.8%, however, no differences were detected in absolute liver, heart,
or skeletal muscle mass (Table 1). The visceral fat mass in the sedentary OVX group
was significantly greater than all other groups by ~300% (Figure 1). The visceral fat
mass of OVX-Ex mice was significantly lower than sedentary OVX mice, however, still
significantly greater than the SHAM group (p<0.05). When fat mass was normalized to
body weight, only the sedentary OVX mice differed significantly from the SHAM mice
(p<0.05). OVX mice with voluntary wheel access ran 2448.80+157.85 m/day, which is
consistent with previously published data (103). Supplementation with 17p-estradiol
prevented any increase in visceral fat mass of the OVX animals when compared to the
SHAM animals.

NEFA and glycerol levels:

Average fasted non-esterified fatty acid (NEFA) and glycerol levels are
summarized in Table 2. NEFA was significantly elevated in the OVX and OVX+Ex
groups compared to the SHAM and OVX+E, groups. Glycerol levels were significantly
elevated in the sedentary OVX mice as compared to SHAM mice, with no other
differences detected between groups. However, glycerol levels of the OVX+Ex group
were elevated and reached levels close to statistical significance when compared to the

SHAM group (p=0.06).
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ATGL protein content and interaction with CGI-58:

To understand the effect of ovarian hormones on cellular signaling in visceral
adipose tissue, we measured indices of ATGL and HSL activation. Total ATGL protein
content was elevated in OVX and OVX+Ex mice as compared to SHAM (Figure 2),
while OVX+E; mice were not significantly different from SHAM mice. Using
immunoprecipitation assays we found increased ATGL-CGI-58 interaction in the OVX
and OVX+Ex mice compared to SHAM. OVX+E, mice exhibited levels of ATGL-CGI-
58 interaction that were significantly lower than the OVX mice and not different from the
SHAM mice (Figure 3). Further, no differences in total serine phosphorylation of
immunoprecipated ATGL were found between any groups (data not shown).

HSL protein content and phosphorylation:

Next, we sought to determine if changes in HSL activation were detectable in
visceral fat isolated from these animals (Figure 4A). Minimal phosphorylation was
detected, with no quantitative differences in phosphorylation of HSL at Ser659/660, a site
which is phosphorylated by PKA (Figure 4B; quantitative data not shown). We detected
minor alterations in AMPK phosphorylation (Thr172) in visceral fat; however, these
differences did not correlate to changes in HSL565 phosphorylation (Figure 4B;
quantitative data not shown). This suggests that the Ser565 site on HSL may be
phosphorylated by something other than AMPK (93).

Alterations in ERK1/2 protein content:

A previous investigation has documented that ERK1/2 phosphorylates HSL at

Ser600 and results in a significant increase in HSL activity (252). In our samples,

significant differences were detected between the sedentary SHAM and OVX mice, as
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well as between the sedentary OVX and OVX+ E, mice in normalized ERK1 (Figure 5).
Significant differences were also detected between the SHAM and sedentary OVX mice,
as well as between the SHAM and OVX+ E, mice in normalized ERK2 (Figure 5). In
spite of differences in ERK1/2 activation, it is not possible to determine if HSL
phosphorylation was different at serine residue 600 since there are no available antibodies
to measure phosphorylation changes at this site.

Glycerol levels and ERK1/2 protein content with MAPK inhibitor application:

Thus, to determine if activation of ERK1/2 is critical for increased glycerol
release by the adipose tissue of the OVX animals, we isolated visceral adipose tissue
from SHAM and OVX animals for organ bath experiments. The adipose tissue was
divided and placed in oxygenated media. To achieve pre-drug treatment values, the
tissue was incubated for 30 minutes, after which a portion of the adipose tissue and media
was removed and frozen. The remaining adipose tissue was exposed to fresh media
supplemented with the MEK inhibitor PD98059 (30uM). Glycerol levels were
significantly elevated in the media that was incubated with visceral adipose tissue from
the OVX mice compared to the media that incubated visceral adipose tissue from the
SHAM mice (Figure 6). However, application of PD98059 did not decrease glycerol
levels in either group (Figure 6), even though the concentration of PD98059 was
sufficient to reduce ERK1/2 phosphorylation (Figure 6).

Perilipin protein content:

Perilipin plays a critical role in lipolysis by regulating lipase function at the lipid

droplet (243). Perilipin protein content was significantly decreased in the OVX and

OVX+Ex groups compared to SHAM. Animals supplemented with 17p-estradiol had
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significantly greater perilipin protein content compared to OVX and OVX+Ex animals.
However, perilipin protein content was still significantly lower in the OVX+E, group

than in the SHAM group (Figure 7).
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Discussion:

The decline in ovarian hormone levels during menopause has been associated
with changes in body fat and body composition (76, 210, 230, 237), and results in
increased basal (i.e non-stimulated) lipolysis (83). The data presented here demonstrate
that reduced ovarian function in OVX mice results in significant elevation of serum
glycerol, NEFA, and visceral (i.e. parameterial) fat mass compared to SHAM mice.
Thus, qualitatively the OVX mice present with similar metabolic changes as described
previously in post-menopausal women (237). Further, it appears that increased glycerol
and NEFA levels in the OVX animals compared to SHAM coincides with increased
ATGL-CGI-58 interaction and reduced perilipin protein content in the visceral fat. These
changes were attenuated with 17B-estradiol supplementation, but not with voluntary
wheel running. Surprisingly, minimal differences in HSL phosphorylation were detected
between groups. In spite of increases in ERK1/2 phosphorylation in the OVX animals, it
does not appear that increases in ERK1/2 contribute to the increased glycerol release by
the adipose tissue.

Similar to previous studies (90, 134), we found 17B-estradiol supplementation
prevented the increases in visceral fat mass, glycerol and NEFA in OVX mice. D’Eon et
al. found increased levels of serum FFA following fasting in OVX mice (68), which were
successfully attenuated with 17p-estradiol supplementation. However, no SHAM group
was presented in their data making it unclear how the FFA values compared to untreated
mice. Further, our data agree with D’Eon et al. who found increased glycerol release in
fat isolated from OVX mice compared to 17B-estradiol supplemented OVX mice. Also,

in line with other studies, fat mass accumulation was attenuated in OVX mice
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supplemented with 17-estradiol (106, 192, 215, 245). Providing the OVX mice with
voluntary running wheels resulted in significant attenuation of the increase in visceral fat
mass, but the distances that the OVX mice ran were not significant enough to prevent the
changes in serum NEFA or glycerol levels. It should be noted that normal female mice
will run an average of 5-7km/day (data not shown), thus in agreement with other labs, the
OVX mice ran significantly less distance (103). Supplementation with 17p-estradiol
partially returns voluntary running activity, with mice running on average 4-6km/day
(data not shown). It is unclear if these changes in adipose tissue function would be
attenuated or abolished if the OVX mice were running a greater distance. Based on these
data 17p-estradiol appears to have a more potent effect than voluntary activity on the
cellular signaling mechanisms in the visceral fat of OVX mice.

At a cellular level, TAG hydrolysis is regulated by several lipases, most notably
ATGL and HSL, which combined account for more than 95% of TG hydrolase activity in
white adipose tissue (239). Total ATGL protein content was elevated in adipose tissue of
OVX animals and attenuated in animals supplemented with 17p-estradiol, but not with
voluntary exercise. The inability of voluntary exercise to affect total ATGL protein
content agrees with Huisman et al. who found no change in adipose tissue ATGL protein
content in mice following an endurance training protocol (128). Previous publications
have suggested ATGL can be phosphorylated at several serine residues (308), however
we found no differences between any groups in total serine phosphorylation of ATGL.
Full activation of ATGL is dependent upon interaction with another protein, CGI-58
(167). We found that the OVX animals demonstrated a significant increase in ATGL-

CGI-58 interaction, which was associated with increases in serum glycerol and NEFA
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levels. As has been shown in cell culture studies, this interaction of ATGL and CGI-58
appears to be a critical link contributing to increases in basal lipolysis of TG (239). The
increase in ATGL-CGI-58 interaction in the OVX mice was not attenuated by exercise,
but was reduced by 17B-estradiol supplementation, corresponding with the changes in
glycerol and NEFA levels.

Perilipin is the major protein associated with the lipid droplet in adipocytes and
plays a critical role in the regulation of metabolic function of the adipose tissue by
controlling lipase access to the TAGs in the lipid droplet of the adipocyte (243). Perilipin
null mice have constitutively high lipolytic rates with little activation of HSL in the
adipose tissue, confirming a protective role for perilipin in adipocytes (234). The
phenotype of the perilipin null mice is remarkably similar to the OVX mice. Here, the
OVX and OVX+Ex mice, which exhibit increased serum levels of glycerol and NEFA,
also express significantly lower perilipin protein content in the adipose tissue, suggesting
that loss of perilipin in the adipose tissue of these mice is associated with increased TAG
breakdown. In addition, voluntary exercise did not prevent the decrease in perilipin
protein content in the visceral adipose tissue, while 17B-estradiol supplementation did
attenuate the decrease. Previous research indicates that voluntary exercise does not
change perilipin protein content in the mesenteric fat pad (44), however 17p-estradiol
supplementation does prevent the loss of perilipin (68).

Following the breakdown of TAG to DAG by ATGL, HSL continues the process
of lipolysis, breaking DAG to MAG. We found little difference between our groups in
HSL phosphorylation at the Ser565 or Ser559/660 residues, suggesting that HSL is not

contributing to differences in circulating NEFA and glycerol levels in the OVX mice.
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This result was also seen in the perilipin null mice, where very little activation of HSL
was detected even though increased rates of glycerol release were detected from the
adipose tissue (234). Further, we found differences in AMPK phosphorylation did not
correspond with differences in HSL565 (Figure 4B), suggesting that a factor other than
AMPK is altering the phosphorylation status of Ser565 in the visceral fat from our
animals. Previous studies have shown that ERK1/2 also enhances HSL activity (108,
126) by phosphorylating HSL at Ser600, and subsequently enhancing lipolysis (253).
ERK1/2 phosphorylation was significantly elevated in sedentary OVX animals,
suggesting activation of ERK1/2 may increase TAG hydrolysis. As expected, PD98059
decreased phosphorylation of ERK1/2, however, glycerol levels in the solution remained
equivalent to those of the non-treated media. Therefore, in the OVX mice, activation of
ERK1/2 is not responsible for the increased glycerol levels.

Estrogen has been shown to have an effect on adipocyte size, with estrogen
treatment resulting in decreased adipocyte diameter (68). It is possible that changes in
adipocyte cell size in the visceral fat of the OVX mice may play contribute to the
observed changes in protein content, however previous data have suggested that
increased rates of lipolysis detected in post-menopausal women are not related to
adipocyte cell size (206). Further studies will be conducted to determine if changes in fat
cell size are occurring and contributing to the observed alterations in lipolytic protein
content.

The data presented here demonstrate for the first time that changes in signaling
proteins which regulate TAG hydrolysis occur with the loss of ovarian function.

Specifically, there was increased interaction of ATGL-CGI-58 and reduced perilipin
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protein content in the visceral fat of OVX mice. These findings provide cellular evidence
as to why glycerol and NEFA levels are elevated in female mice following ovariectomy,
and further suggest that low levels of physical activity may not effectively prevent these
changes. However, this should not be misconstrued that physical activity is not
beneficial when ovarian hormone levels are decreased. It is well documented that
endurance exercise training results in enhanced lipid oxidation by peripheral tissues and
thus even though exercise failed to attenuate the increased lipolysis in these mice it is
likely that various peripheral organs (i.e. skeletal muscle) gained an improved ability to
oxidize the excess lipid. The data presented here provide support that 17pB-estradiol
supplementation may be beneficial when ovarian hormone levels are low, such as in
female mice following ovariectomy, and suggest that further studies on the role of
estradiol are necessary and critical. Clearly, our understanding of the effects of estradiol
supplementation when ovarian hormones decline is poor and more mechanistic studies

must be conducted.
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Tables:

Table 3.1. Anatomical characteristics for SHAM, OVX, OVX+EXx, and OVX+E; groups.

Body |Fat Mass Fat Liver (g)[Heart (g)] TA (g) | Quad (g)
Weight (g) [Mass/Body
(2) Weight
SHAM | 2294+ | 027+ 0.01T+ | 0.904+|0.102+ | 0.039+ | 0.148+
0.57 0.06 0.002 0.06 0.002 0.0005 0.005
OVX Sed| 25.20+ | 0.83 + 0.03+£ 0940+ |0.105+ | 0.037+ | 0.149+
0.96* 0.14* 0.005* 0.07 0.007 0.0009 0.009
OVX Ex|23.85+0.] 0.46 + 0.02+ 10939+ |0.106+ | 0.036+ | 0.142+
53 0.09* 0.003 0.06 0.002 0.001 0.007
OVX+E,[23.7240.| 0.27 + 0.01 £ 1.025+ | 0.104 £ | 0.04 £ 0.150 +
43 0.07 0.003 0.05 0.004 0.003 0.004

Values are presented as means + SEM.
* Indicates significantly different from SHAM group (p<0.05)
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Table 3.2. Fasted glycerol and NEFA levels from SHAM, OVX, OVX+EX, and OVX+E;
groups.

SHAM OVX OVX + Ex OVX + E,
Glycerol (mg/ml){304.43 + 23.61|467.33 + 52.00 *| 484.25 + 102.78 # |373.45 + 51.50

INEFA (mmol/L) |0.424 + 0.0057]0.649 £ 0.0101*| 0.555 4 0.0133* 0.411 + 0.0088

Glucose (mg/dl) | 188.5 + 14.48 | 221.42+9.09 * | 176.42+19.40 § [177.1 +20.07 §

Values are presented as means + SEM.

* Indicates significantly different from SHAM and OVX+E; groups (p<0.05).
$ Indicates significantly different from OVX group (p<0.05).
* Indicates compared to SHAM (p=0.06).
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Figures:

Figure 3.1
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Figure 3.1. Ovariectomy increased total ATGL protein content in the visceral fat pad,
but 17p-estradiol supplementation prevented the increase. Example blots of ATGL are
shown beneath the graph.

* Indicates significantly different from SHAM (p<0.05).
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Figure 3.2
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Figure 3.2. ATGL-CGI-58 interaction was elevated in OVX mice, but this increase was
attenuated in OVX+E, mice. The blot was stripped and re-probed for ATGL. All CGI-
58 data were normalized to ATGL protein content. Example blots of CGI-58 and ATGL
are shown beneath the graph.

* Indicates significantly different from SHAM (p<0.05). S Indicates significantly
different from OVX (p<0.05).
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Figure 3.3
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Figure 3.3 (A-B). Ovariectomy had little effect on HSL phosphorylation in visceral fat at
the Ser565 or Ser600 residues.

A) Regulation of HSL.

(+) indicates activation via phosphorylation. (-) indicates inactivation via
phosphorylation (adapted from (289))

B) No changes were detected in HSL565 or HSL660 phosphorylation in any sample.
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Figure 3.4
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Figure 3.4. Normalized phosphorylation of ERK1/2 was elevated in OVX mice and
attenuated by both voluntary wheel running and 17-estradiol supplementation.

Example blots of ERK1/2 are shown beneath the graph.

* Indicates significantly different from all other groups (p<0.05). *Indicates significantly
different from SHAM (p<0.05). S Indicates significantly different from OVX (p<0.05).
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Figure 3.5
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Figure 3.5. Pharmacological inhibition of ERK1/2 by MEK inhibitor PD98059 did not
reduce levels of glycerol released from the visceral adipose tissue isolated from OVX
mice. Example blots of ERK1/2 are shown beneath the graph.

* Indicates significantly different from SHAM and SHAM-PD (p<0.05).
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Figure 3.6
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Figure 3.6. Perilipin protein content was decreased in OVX and OVX-Ex animals and
partially restored in OVX+E; mice. Example blots of total perilipin are shown beneath
the graph.

* Indicates significantly different from SHAM (p<0.05). S Indicates significantly
different from OVX (p<0.05).
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Chapter 4: Lipolytic Signaling in Response to Acute Exercise is Altered in Female
Mice Following Ovariectomy

The following article was published in the Journal of Cellular Biochemistry (112:3675-

3684, 2011).
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Abbreviations List:

ABHDS5 = Abhydrolase domain containing 5
ADRP/ADFP = Adipose differentiation related protein
ATGL = Adipose triglyceride lipase

CGI-58 = Comparative gene identification 58
Cont = Control

DAG = Diacylglycerol

Ex = Exercised

FFA = Free fatty acid

FA = Fatty acid

HSL = Hormone sensitive lipase

LD = Lipid droplet

MAG = Monoacylglycerol

MGL = Monoglyceride lipase

NEFA = Non-esterified fatty acid

O/M = Omental/mesenteric

OVX = Ovariectomy

PKA = Protein kinase A

PLIN = Perilipin

TAG = triglyceride
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Abstract:

Impaired ovarian function alters lipid metabolism, ultimately resulting in increased
visceral fat mass. Currently, we have a poor understanding of alterations in signaling
events regulating lipolysis after ovarian function declines. The purpose of this study was
to determine if cellular mechanisms regulating lipolysis are altered in mice after
ovariectomy (OVX) and if OVX mice exhibit impaired lipolytic signaling when
stimulated by acute exercise. SHAM and OVX mice were divided into two groups:
control (SHAM cont; OVX cont) or acute treadmill exercise (SHAM ex; OVX ex). The
omental/mesenteric (O/M) fat mass of all OVX mice was significantly greater than the
SHAM mice. Serum glycerol and blood glucose levels were significantly elevated in
OVX cont compared to SHAM cont. Treadmill exercise increased serum glycerol levels
only in SHAM mice, with no exercise-induced change detected in OVX mice. NEFA
levels were significantly elevated by acute exercise in the SHAM and OVX groups. In
O/M fat from both OVX groups there were significant increases in cytosolic ATGL and
PLIN2 in the fat cake fraction with concurrent reductions in PLINI in the fat cake
compared to SHAM. Further, exercise induced significant increases in HSL Ser660
phosphorylation in SHAM mice, but not OVX mice. This suggests that reduced ovarian
function has significant effects on critical lipolytic cell signaling mechanisms in O/M

adipose tissue.
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Introduction:

The prevalence of obesity-related conditions, such as the metabolic syndrome, has
increased dramatically in recent years. Android, or centripetal (i.e. visceral) obesity, is of
particular concern due to its high correlation with the development of obesity-related
conditions. While expansion of subcutaneous adipose tissue depots may be metabolically
favorable (147), studies have linked visceral fat accumulation to increased incidence rates
of type 2 diabetes, cardiovascular disease, and risk of myocardial infarction in both men
and women (304). In females, fat storage in subcutaneous adipose tissue depots is
favored over visceral fat storage when ovarian function is normal (204). However, an
increase in visceral fat mass is observed when female sex steroid function is disrupted,
such as following menopause, hysterectomy, or breast cancer treatment (125, 237). For
example, post-menopausal women have a 60% chance of developing metabolic
syndrome, while in age-matched pre-menopausal women the risk is only 20-30% (213).
However, little is known regarding the mechanisms by which ovarian hormones impact
metabolic function of adipose tissue.

Adipose tissue mass is controlled by a balance between storage of triglyceride
(TAG) and breakdown of TAG via lipolysis. When lipolysis is activated, such as during
an acute bout of moderate intensity exercise or during starvation, free fatty acids (FFAs),
the breakdown products of TAG, become key energy substrates for peripheral tissues.
However, in certain circumstances it is possible to detect high levels of circulating FFAs
at rest and it has been suggested that the FFAs may contribute to increases in ectopic fat
storage. For example, we and others have shown that ovarian hormone status in females

impacts basal lipolytic function, with a reduction in circulating female sex steroids
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resulting in elevated levels of circulating glycerol (68, 297). Further, we have previously
demonstrated an increase in unstimulated glycerol release from isolated adipose tissue of
OVX mice compared to SHAM mice (297). In addition, other studies have also reported
an increase in circulating glycerol in female mice following ovariectomy (68). One
would expect that metabolic abnormalities in adipose tissue during diminished female sex
steroid function could increase the risk for type 2 diabetes or cardiovascular disease
(304). Indeed, adipocytes isolated from OV X animals exhibit impaired in vitro lipolytic
responses to catecholamine stimulation, which are reversed with 17f-estradiol
supplementation (68). Together, these findings support a role for female sex steroids in
the metabolic regulation of adipose tissue.

Complete catabolic breakdown of TAG is enzymatically regulated. First, adipose
triglyceride lipase (ATGL), also known as desnutrin and encoded by the gene PNPLA2,
catalyzes the conversion of TAG to diacylglycerol (DAG), releasing one FA (282, 308).
Next, hormone sensitive lipase (HSL) cleaves off a second FA, resulting in the
breakdown of DAG to monoacylglycerol (MAG). The last step in lipolysis is performed
by monoglycerol lipase (MGL), which separates the final FA from the glycerol backbone
(86). The acute regulatory mechanism of ATGL is still relatively unknown, however
interaction with a protein known as comparative gene identification-58 (CGI-58), which
is encoded by the gene abhydrolase domain containing 5 (ABHDS), is critical for
activation of ATGL (167). Unlike ATGL, the regulation of HSL has been well
elucidated. Multiple phosphorylation sites on HSL exist which serve either to activate or
inhibit HSL activity.  Further, complete activation of HSL is dependent upon

translocation from the cytosol to the lipid droplet (LD), which is the site of TAG storage.
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Beta adrenergic stimulation results in protein kinase A (PKA)-induced phosphorylation
of HSL at serine 563, 659, and 660 (in rodents) residues, all of which activate HSL,
promote translocation of HSL, and enhance lipolysis by 2-3 fold (8). In isolated rat
adipocytes, mutational analysis has determined that phosphorylation of Ser659 and
Ser660 is necessary for lipolytic activation in response to isoproternol stimulation (8). In
addition, the ability of HSL to interact with the LD is dependent upon PKA-
phosphorylation of perilipin (PLIN1), which undergoes a conformational change leaving
the LD exposed for access by HSL (194). PLIN1 is a member of the PLIN gene family
and is found to exclusively localize to surfaces of intracellular lipid storage droplets. In
this manner, PLIN1 serves two roles: first to protect the LD from unstimulated lipolytic
breakdown, and secondly to enhance stimulated lipolysis (243). Further, PLIN1 interacts
with the ATGL co-activator CGI-58, releasing CGI-58 to bind to ATGL when lipolytic
activity is stimulated (264). In the PLINI1 null mouse, adipose tissue mass is severely
reduced due to constitutively active lipolytic function, demonstrating the importance of
PLINT in lipolytic regulation (234).

Thus, although numerous seminal investigations have shed valuable light defining
how these lipases are critical in the regulation of both basal and stimulated lipolysis, we
still have a poor understanding of how these mechanisms are activated in various
conditions in which metabolic function of adipose tissue is disrupted. Using the
ovariectomized (OVX) mouse model we previously found sedentary animals exhibit
increased circulating levels of glycerol compared to SHAM mice, which suggests female
sex steroids may affect protein regulators of lipolytic function (297). Unfortunately, the

study left unanswered questions that are critically important to defining the regulation of
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cellular lipolytic responses in the OVX animals. Specifically, we did not determine in
vivo if stimulated glycerol release would be impaired in the OVX mice, nor could we
account for the cellular location of these lipolytic proteins. Thus, the purpose of the
present study was to determine if physiological activation (i.e. acute exercise bout) of
lipolysis would be reduced in the OVX model due to low PLINI1 content. We
hypothesized that PLIN1 content would be reduced in OVX compared to SHAM animals
resulting in a lower corresponding release of glycerol in response to acute exercise in the
OVX mice. Further, a second purpose was to determine if impairments in stimulated
glycerol release in the OVX model were due to alterations in the cellular location of
critical lipolytic proteins or due to changes in the composition of PLIN proteins found in
the fat cake fraction. For this aim, we hypothesized that OVX mice would exhibit altered
localization events of key lipolytic proteins and/or potential changes in PLIN protein

content compared to the SHAM mice.

86



Methods:

ANIMALS Twenty-seven 8-week-old C57/BL6 (Harlan) female mice were divided into
two groups, SHAM and surgical ovariectomy (OVX). The OVX mice (n=14) underwent
a bi-lateral ovariectomy, a frequently used method to disrupt the female sex steroid
signaling axis (142). Our lab has previously shown that this model decreases the levels
of circulating estrogens by 70% within 48h (248) and we also find substantial reductions
in uterine weight (~80%; unpublished data) in this model. Further, previous research has
shown that surgical removal of the ovaries from mice does not result in changes in
feeding patterns (31, 228, 295). The SHAM group (n=13) was subjected to a SHAM
surgery where they were anesthetized, but did not undergo ovariectomy. Mice were
given ad libitum access to water and standard rodent chow (Purina Laboratory Rodent
Diet 5001: 23% protein, 4.5% fat, 6% fiber) and were housed in a temperature-controlled
room on a 12 h light/dark cycle. Mice were kept in standard cages for 8§ weeks, at which
point an acute bout of exercise was performed by half of the mice in each group (n=14).
Mice did not undergo exercise training; however, an acclimation period was included
prior to acute exercise testing in order to familiarize the animals with the treadmill. Both
groups underwent treadmill acclimation in order to keep the environmental stimuli as
equal as possible across groups in the period prior to testing and sacrifice. To acclimate
the mice to the treadmill, mice were exposed to treadmill running for 6 days, beginning
with 10 mins at 10m/min and 5% incline, and gradually increasing the running duration
and speed each day until by day 6 they were running for 35 minutes (5 mins at 25m/min
followed by 20 mins at 28m/min, then 5 mins at 20m/min). For the acute about of

exercise, mice ran on the treadmill at 26 m/min with a 5° incline until refusal to run,
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which was determined by continuous sitting (>1 min) on the shock pad. There was no
difference in total run time between the SHAM and OVX animals. Other studies of
exercise-induced lipolysis have employed treadmill running protocols which closely
resemble the protocol employed in this investigation (238). Therefore, our treadmill
running protocol was selected based on the ability to induce lipolysis in adipose tissue
and ensuring that both groups were able to complete the bout of exercise. Immediately
following the acute exercise bout, animals were sacrificed, tissues were collected and
snap frozen in liquid nitrogen, and then stored at -80° C. The control animals (n=13)
were exposed to the initial acclimation period to ensure the same exposure to the
treadmill. On the day of the acute treadmill test the control groups were not subjected to
treadmill running but were still placed in the treadmill in a stationary fashion with an
active shock pad for a duration equivalent to the exercise groups. All aspects of this
study were approved by the University of Maryland Institutional Animal Care & Use
Committee (IACUC) Review Board.

ISOLATION OF PROTEIN FROM ADIPOSE TISSUE The omental/mesenteric fat was

homogenized on ice using a protocol to separate the cytosolic and fat cake (i.e. proteins
associated with the LDs) fractions using previously described methods with some slight
modifications (48, 79). It should be noted that this procedure was used to first
demonstrate translocation of HSL from the cytosolic region to the LD (79). Fat was
homogenized in Mueller buffer (50 mM HEPES (pH 7.4), 4 mM EGTA, 10 mM EDTA,
15 mM NasP,07H,0, 100 mM B-glycerophosphate, 25 mM NaF, 5 mM Na3;VO,, and 1
protease inhibitor tablet/10 ml (Roche, Indianapolis, IN)), then centrifuged for 15 minutes

at 4°C and 13,000g. The supernatant (cytosolic fraction) between the fat cake and the
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pellet was removed using a syringe and placed into a separate tube. A second buffer (50
mM HEPES (pH 7.4), 4 mM EGTA, 10 mM EDTA, 15 mM Na,P,0,H,0, 100 mM B-
glycerophosphate, 25 mM NaF, 5 mM Na3;VO,, 0.05g SDS, 0.01% Triton X, and 1
protease inhibitor tablet/10 ml) was added to the pellet, which was heavily vortexed and
then centrifuged for 15 minutes at 4°C and 13,000g. The middle layer (fat cake fraction)
was again drawn off and placed in a fresh tube. Previous investigations have eloquently
shown that this fractionation technique can be used to determine the cellular location of
critical regulators of lipolytic function (48, 79). Specifically, the fat cake fraction
contains proteins which are localized to the surface of lipid storage droplets, while the
cytosolic fraction contains the proteins located in the cytosol (107). Protein
concentrations were determined on the cytosolic and fat cake fractions using the BCA
protein assay. To confirm proper isolation of the fractions, western blotting for ERK1/2
(cytosolic specific (307)) and PLIN1 (LD specific (107)) was performed. We found
ERK1/2 protein content was contained in the cytosolic fraction and PLIN1 protein
content was strictly observed in the fat cake fraction (see Figure 1).

WESTERN BLOTTING OF ADIPOSE TISSUE Equal amounts of total protein (50 pug)

were resolved on 6% SDS—PAGE gels and transferred to PVDF membranes as previously
described (254, 297, 298). Blots were visualized with Ponceau S (Sigma Chemical) to
confirm equal loading of the lanes (data not shown) and then blocked with 3% nonfat dry
milk in Tris-buffered saline with 0.1% Tween (TBS-T). In addition, in a secondary
fashion, gels were run and stained with Coomassie blue to demonstrate equal loading of
the samples (see Figure 2). Membranes were probed with antibodies for ATGL (Cell

Signaling; 1:1,000), PLINI (perilipin) (Cell Signaling; 1:500), CGI-58 (kind gift from
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Dr. Dawn Brasaemle, Rutgers University; 1:25,000), or PLIN2 (ADRP) (Novus
Biologicals; 1:1000) in a buffer of 1-5% BSA in TBS-T on a rocker at 4°C overnight.
Following incubation with the primary antibody, membranes were washed in TBS-T (3 x
5 min) and then incubated for 1 hr with horseradish peroxidase (HRP)-conjugated rabbit
secondary antibody (1:1,000) in 3% nonfat dry milk in TBS-T. Next, membranes were
washed in TBS-T (1 x 10 min, 3 x 5 min), followed by enhanced chemiluminescence
reagent (ECL) (Pierce, Rockford, IL). @ Membranes were visualized with a
chemiluminescence imager (Syngene, Frederick, MD) and quantified with Image J
software (NIH, Bethesda, MD).

BLOOD AND SERUM MEASURES Non-esterified fatty acids (NEFA’s) were

measured in serum using a colorimetric assay (Wako Diagnostics, Richmond, VA).
Glycerol levels were determined in serum using a free glycerol determination kit (Sigma—
Aldrich, St. Louis, MO). Glucose levels in blood were measured using a glucometer
(LifeScan, Milpitas, CA). Insulin levels were measured in serum using an ELISA kit
(Millipore, Billerica, MA).

STATISTICAL ANALYSIS All data are expressed as means = SEM. Statistical

significance was determined using t-tests with Sigma Stat statistical analysis software
(Systat Software, Inc., San Jose, CA). T-tests were chosen for statistical analysis due to
the a priori derived specific and directional hypotheses. Specifically, the purpose of
these experiments was to determine if known lipolytic mechanisms in adipose tissue
failed to respond to a bout of exercise in the OVX mice. A P-value of < 0.05 was

considered significant.
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Results:

ANATOMICAL CHARACTERISTICS No significant differences in body weights were

detected between the SHAM and OVX groups. Previously, we have found a small
significant difference of ~9% and here we saw a non-significant difference of ~4% (297).
However, O/M fat mass was significantly greater in both the control OVX (referred to as
cont in tables/figures) and acute exercised OVX (referred to as ex in tables/figures)
groups compared to the control SHAM and acute exercised SHAM groups. When fat
mass was normalized to body weight there were significant elevations in both groups of
OVX mice compared to the SHAM mice. No significant differences in other tissue
weights (i.e. heart, liver, skeletal muscle) were detected (data not shown). No significant
difference in total run time was observed between the exercised OVX and SHAM groups
(Table 1A).

BLOOD/SERUM ANALYSES In line with our previously published data (297), serum

glycerol levels were significantly elevated in control OVX mice compared to control
SHAM mice (Table 1B). Here, an acute bout of exercise was performed to
physiologically stimulate lipolysis in the SHAM and OVX mice, with increases in serum
glycerol and NEFA acting as surrogate indicators of lipolytic activation. Glycerol levels
were significantly elevated in control OVX mice compared to control SHAM mice.
When compared to the control group, there was a non-significant 14% (28% when
normalized to O/M fat mass) increase in glycerol levels in response to exercise in the
OVX animals and a significant 34% (41% when normalized to O/M fat mass) increase in
the SHAM animals. No significant difference in serum NEFA levels was detected

between control SHAM and OVX mice (Table 1B). In contrast, the acute exercise bout
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resulted in significant elevations in serum NEFA levels in both SHAM and OVX groups
when compared to their control counterparts, with no differences detected across groups
in response to exercise. When compared to the control group, there was a 95% (119%
when normalized to O/M fat mass) increase in NEFA levels in response to exercise in the
OVX animals and a 34% (41% when normalized to O/M fat mass) increase in the SHAM
animals. The finding of an exercise-induced increase in NEFA levels without an increase
in glycerol levels in the OVX mice was surprising; however, this may be the result of a
reduction in futile cycling. Blood glucose levels were significantly elevated in the
control OVX mice compared to the control SHAM mice (Table 1B). The acute bout of
exercise resulted in significant reductions in blood glucose in both the SHAM and OVX
mice, with no difference observed between the two groups. No differences in insulin

levels were detected between any groups (Table 1B).

PROTEIN CONTENT IN O/M ADIPOSE TISSUE

ATGL In a previous study, we detected elevations in ATGL protein content in total cell
lysates isolated from the visceral adipose tissue of OVX animals. The elevation in ATGL
coincided with elevated levels of circulating glycerol (297). Further, recent data have
suggested that ATGL is a critical mediator of exercise-induced lipolysis (128). Thus we
sought to expand our previous findings to determine if ATGL distribution between the
cytosolic and fat cake fraction was altered in the OVX mice and to investigate whether an
acute bout of exercise would alter the location of ATGL in SHAM or OVX mice. In
agreement with our previous data, ATGL protein content was significantly elevated in the

cytosolic fraction in both groups of OVX mice compared to control SHAM mice. The
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exercised SHAM mice had significantly greater cytosolic ATGL protein content than the
control SHAM mice, however, no effect of acute exercise on ATGL protein content was
observed in OVX mice (Figure 2A). In addition, to determine if localization of ATGL
was altered between groups we calculated the percent of total ATGL that was present in
each fraction. However, we did not find any significant differences between groups

(Figure 2B).

CGI-58 CGI-58 is a known regulator of ATGL through direct protein interaction,
enhancing activation of ATGL (167). Therefore, we measured CGI-58 protein content to
determine whether the capacity for ATGL activation is altered by acute exercise or by
ovariectomy. As expected, CGI-58 protein content was primarily found in the fat cake
fraction compared to the cytosolic fraction in all groups, with no between group
differences detected. Thus, loss of ovarian function or performance of an acute exercise
bout did not alter CGI-58 protein content in O/M adipose tissue (Figure 3 A). In
addition, to determine if localization of CGI-58 was altered between groups we
calculated the percent of total CGI-58 that was present in each fraction. However, we did
not find any significant differences between groups (Figure 3B).

HSL Ser660 In the mouse, induction of HSL-mediated lipolysis is dependent upon
phosphorylation of Ser660, thus to determine if HSL was associated with the increased
levels of circulating glycerol we used a phosphorylation site specific antibody for HSL.
In O/M adipose tissue, we found elevated levels of HSL Ser660 phosphorylation in the
cytosolic fraction of exercised SHAM mice compared to control SHAM mice (Figure
4A). In the SHAM mice, the increase in HSL660 phosphorylation in the fat cake fraction

of exercised mice did not reach statistical significance (p=0.08). However, we found no
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changes in HSL Ser660 phosphorylation in the control OVX mice nor did we observe a
response to acute exercise (Figure 4A).

PLIN1 PLINT is exclusively localized to the lipid storage droplet and plays an important
role in the regulation of basal and stimulated lipolysis (105). We have previously shown
PLIN1 protein content in a total cell lysate to be reduced in O/M adipose tissue of mice
following ovariectomy (297). In the present study, we sought to determine if PLINI
protein content/localization in the fat cake fraction is altered in the OVX mice or by an
acute exercise bout. Since PLIN1 was not detected in the cytosolic fraction (Figure 1)
only the fat cake fraction is shown. Confirming our previous findings, PLIN1 protein
content in the fat cake fraction was significantly reduced in both OVX groups compared
to the SHAM mice. The acute exercise bout did not result in alterations in PLIN1 protein
content in SHAM or OVX mice (Figure 5).

PLINZ (also known as adipose differentiation-related protein (ADRP/ADFP) Genetic
ablation of PLINTI results in a significant upregulation of PLIN2 protein content on the
LD (269). However, the upregulation of PLIN2 does not confer the LD the same
protection from lipolytic degradation, nor does PLIN2 act as an effective means for
enhancing stimulated lipolysis (269). In our model, we observed both an elevation in
resting circulating glycerol and a decrease in PLINI protein content in OVX mice,
therefore we hypothesized that PLIN2 may be replacing PLIN1 on the LD. In both OVX
groups, there was a significant increase in PLIN2 protein content in the fat cake fraction
compared to the SHAM groups. No effect of acute exercise on PLIN2 protein content

was observed in SHAM or OVX groups (Figure 6).
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Discussion:

Here we demonstrate that in the OVX mice there are significant alterations in
critical cellular regulators of lipolytic function in O/M adipose tissue when compared to
SHAM mice. As with our own and others previous findings (68, 297), we observed an
increased in O/M fat mass in the OVX mice. The elevated fat mass in the OVX mice was
coupled with increased circulating glycerol and glucose levels under control conditions,
with no differences in insulin levels observed. An acute bout of exercise resulted in
significantly higher glycerol levels in exercised SHAM mice compared to control SHAM
mice, however, no significant effect of exercise on glycerol levels was observed in OVX
mice. This suggests that the OVX mice cannot further enhance the release of glycerol
from the adipose tissue during this exercise bout. In both SHAM and OVX mice, an
acute bout of exercise resulted in quantitatively similar reductions in blood glucose levels
compared to control counterparts, indicating an equivalent response from the two
different groups of mice. Cytosolic ATGL protein content was elevated in control and
exercised OVX mice compared to control SHAM mice. However, there was no increase
in ATGL protein content in the fat cake fraction in response to exercise in either group.
There was significantly more of the phosphorylated form of HSL (Ser660) in the
cytosolic fraction of exercised SHAM mice compared to control SHAM mice. However,
no increase in HSL Ser660 phosphorylation was observed in OVX mice in response to
acute exercise. Lastly, PLIN1 protein content in the fat cake fraction was reduced, while
PLIN2 protein content in the fat cake fraction was elevated, in OVX mice compared to

SHAM mice. These data demonstrate that signaling mechanisms that regulate basal and
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stimulated lipolytic function are impaired in OVX mice compared to SHAM mice,
suggesting a critical role for female sex steroids in the regulation of lipolytic function.

We, and multiple other investigators, have previously reported increases in
visceral fat mass coupled with elevations in basal circulating glycerol, and glucose levels
in OVX mice (68, 297). These metabolic changes qualitatively resemble changes
reported in post-menopausal women who are not taking hormone replacement therapy
(210). The elevation in circulating glycerol levels in the control OVX mice suggests that
lipolysis is elevated even under resting conditions. A similar finding has been confirmed
in adipocytes from humans (206). In addition, multiple other studies have reported
estrogens to reduce adipose tissue lipolytic function in females (272, 281). In particular,
a reduction in ovarian hormones results in increased basal lipolytic rate in adipocytes
isolated from human omental adipose tissue (272). The acute bout of exercise resulted in
a smaller, non-significant increase in glycerol levels in the OVX mice compared to the
SHAM mice. Further, NEFA levels were elevated in both the OVX and SHAM mice in
response to acute exercise, with a greater percent increase compared to the control group
in the OVX mice. Due to the observed alterations in serum glycerol and NEFA levels,
we explored potential alterations in localization of key lipolytic proteins in the SHAM
and OVX mice.

In adipose tissue, 95% of all lipolytic activity is controlled by the lipases HSL and
ATGL (239). When ATGL is genetically ablated in the mouse model, total TAG
hydrolase activity in white adipose tissue is reduced by 82% (111), while in contrast
overexpression of ATGL in adipocytes results in increased basal and beta-adrenergic

stimulated lipolysis (308). In our study we found increased ATGL protein content in the
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cytosolic fraction of O/M adipose tissue from OVX mice, which may explain the elevated
basal glycerol levels in the OVX mice. While the increase in glycerol release without an
increase in HSL phosphorylation may seem counterintuitive, multiple studies have
demonstrated that glycerol release can occur when ATGL is overexpressed (308), or
when HSL expression is absent. Specifically, Rydén et al. found inhibition of HSL
attenuates, but does not prevent, increases in glycerol release from stimulated adipocytes
(232). In addition, unstimulated glycerol release is also elevated under conditions of
PLINT1 ablation (305), suggesting that the combination of increased ATGL and decreased
PLIN1 is a potential contributor to the increased serum glycerol values in the control
OVX animals. During the acute exercise bout, we did not find a large increase in serum
glycerol values in the OVX animals compared to the SHAM animals. This could
potentially be explained by the low levels of HSL phosphorylation in the OVX mice
coupled with the low PLIN1 content since both HSL and PLIN1 work synergistically to
increase lipolytic rate. Alternatively, the reduced glycerol response in the OVX animals
during the exercise bout may have been a result of increased glycerol kinase activity,
which would prevent the release of glycerol into circulation. Glycerol kinase was
originally thought to be absent from adipose tissue, however multiple studies have
demonstrated an increase in glycerol kinase to occur in the obese state in animal models
as well as in humans (42, 260, 270). Albeit, at this time there is no evidence to indicate if
glycerol kinase is elevated in the OVX model and this needs to be tested. Finally, ATGL
also has acylglycerol transacylase activity (133), and can play a role in the formation of
TAG and DAG, thus contributing to futile cycling between TAG storage and breakdown.

It is possible that we are detecting indices of futile cycling in the OVX mice. Potentially,
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this may have been observed when NEFA levels increased in the OVX mice in response
to acute exercise without a substantial increase in serum glycerol levels. This suggests
that higher serum NEFA values may not be derived from an increase in lipolytic rate.
Thus, perhaps the exercise bout in the OVX mice reduced the acylglycerol transacylase
activity of ATGL thereby releasing fatty acids that may have undergone re-esterification
under the control conditions. While we do not have a measure to directly indicate futile
cycling, our findings may suggest that under conditions where adipose tissue lipolysis is
stimulated (i.e. exercise), there is a decrease in re-esterification in OVX mice and thus a
reduction in futile cycling. The dual role of ATGL in lipolysis and TAG formation may
explain how the OVX animals demonstrated increases in fat mass in spite of what
appears to be an elevation in basal lipolytic rate. We are currently conducting further
detailed studies in order to elucidate the effects of reduced female sex steroids and acute
exercise on ATGL function as well as the potential role of futile cycling in the regulation
of adipose tissue function by female sex steroids.

The increase in ATGL in the OVX mice is in line with observations in humans
(258). At the mRNA level, Watt et al. reported an increase in ATGL in visceral fat from
obese post-menopausal females and obese males. Further, Watt et al. did not detect a
change in mRNA or protein content of CGI-58, an activator of ATGL, which is in
agreement with our findings (258). We did not detect significant changes in ATGL
protein content in the fat cake fraction in either SHAM or OVX mice in response to the
acute bout of exercise. However, this is in agreement with other observations which have
also shown that ATGL localization to the LD is unaffected by isoproternol stimulation,

with the greatest proportion of ATGL protein residing in the cytoplasm (308). Thus, at
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this time it is clear that our understanding of ATGL function needs to be further clarified

in future studies.

HSL phosphorylation at the Ser660 site, the primary regulatory site for activation
(8), results in HSL translocation from the cytosol to the LD where it may contribute to
lipolytic breakdown of stored TAG (289). We found elevated levels of the
phosphorylated form of HSL (Ser660) in the cytosolic fraction (p=0.08 in the fat cake
fraction) from SHAM mice in response to the acute exercise bout. In contrast, no
significant change in HSL Ser660 phosphorylation was detected in OVX mice in
response to acute exercise. No difference in HSL phosphorylation (Ser660) was
observed between SHAM and OVX mice under basal conditions, suggesting that HSL is
not responsible for the elevated serum glycerol levels in the OVX mice. However, the
failure to increase HSL Ser660 phosphorylation may partially explain the inability of the
OVX mice to significantly increase glycerol release in response to an acute bout of
exercise. In adipocytes isolated from OVX mice and OVX mice supplemented with 173-
estradiol, D’Eon et al. showed no difference in total HSL between groups and suggested
that changes in HSL content were not responsible for the increased catecholamine
stimulated lipolysis in the mice supplemented with 173-estradiol (68). However, they did
not measure HSL phosphorylation status or localization of HSL, which is critical to
examining HSL activity. Our observation in OVX mice of an inability to increase HSL
Ser660 phosphorylation in response to an acute bout of exercise suggests that dysfunction
of upstream regulators of HSL play a role in altered lipolytic activation in adipose tissue

when female sex steroids are reduced.
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Lipolytic regulation is multi-faceted with important regulatory steps defined by
proteins that coat the LD’s within adipocytes. PLIN1 is the primary LD associated
protein involved in the regulation of adipocyte lipolysis (243). In the fat cake fraction
isolated from the OVX mice, we found significant reductions in PLIN1 protein content
and elevated PLIN2 protein content in O/M adipose tissue compared to the SHAM mice.
These changes in PLINI and PLIN2 protein content in the OVX mice would have
substantial effects on the regulation of lipolytic function. For example, the reduction in
PLINTI protein content may explain the lack of HSL response in OVX mice following the
acute exercise bout. In adipocytes, the presence of PLIN1 on the LD has been shown to
be critical for HSL translocation to the LD in order to promote catecholamine stimulated
lipolytic activity (194). Thus, in the OVX mice where PLINI content is significantly
reduced, activation and translocation of HSL may be impaired as a result. Other studies
have demonstrated an effect of female sex steroids on lipolytic function. For example,
reduced adipocyte PLIN1 content in OVX mice corresponds to impaired ex vivo
catecholamine activated lipolysis, suggesting reduced lipolytic function in adipose tissue
following OVX (68). Our data extend the findings of D’Eon et al by demonstrating that
reduced female sex steroid levels also impair lipolysis when activated in vivo by a
physiological stimuli (i.e. exercise). Although under most circumstances very little, if
any, PLIN2 is found in mature adipocytes, there are suggestions that during states of
increased FFA flux there is elevated content of PLIN2 associated with the LD’s (26).
Further, alternative explanation for PLIN2 appearing in the fat cake may be that PLIN2
can displace PLIN1 under conditions of extended lipolytic activation resulting in PLIN2

associating with LD’s formed during re-esterification of the FAs (109). Further, an
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increase in PLIN2 expression is observed in the PLIN1 knockout mouse, suggesting that
PLIN2 may be upregulated in circumstances where PLINI is reduced (269). Even
though PLIN2 is not typically found in mature adipocytes, due to the unique metabolic
phenotype of the OVX mouse there appears to be a plausible explanation for the
increased PLIN2 protein content.

LIMITATIONS One limitation to our findings is that adipocyte lipolysis was not

directly measured. However, circulating glycerol levels are often used as an indicator of
lipolysis (111, 128, 129, 137, 181, 238), and coupled with the findings of D’Eon et al
(68) and our own (297) which demonstrate increased basal glycerol release from adipose
tissue isolated from OV X animals, it does appear that unstimulated lipolysis appears to be
elevated in the OVX animal.  Another limitation to our study comes from the
fractionation technique used to separate cytosolic and lipid droplet (fat cake) proteins.
We chose to use this technique in hopes of capturing the localization of ATGL and HSL
in our animals. Although isolation of the adipocytes from each group would have been
ideal, staining of primary adipocytes is extremely difficult due to the large size of the LD,
resulting in very little visible cytoplasmic volume (188). In addition, we were concerned
that the adipocyte isolation process might result in movement of the proteins independent
of the effects induced by exercise. Finally, we measured our targets in protein isolated
from whole adipose tissue rather than from isolated adipocytes. Since CGI-58 and
PLIN2 have been detected in the stromal vascular fraction of adipose tissue, we cannot be
completely certain that some of the protein signal was not coming from cells other than

the adipocytes themselves.
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As summarized in Figure 7, the data presented here provide novel evidence that a
reduction in female sex steroids results in impairment of stimulated lipolytic signaling
and alterations in PLIN protein content in O/M adipose tissue. Using a physiological
stimulus (acute exercise) to activate lipolysis, we determined that exercise fails to further
elevate circulating levels of glycerol, which appears to be a result of dysfunctional
lipolytic signaling. These data suggest that significant reductions in female sex steroid
levels not only alter lipid partitioning, but also compromise key lipolytic functions in the
adipose tissue. Thus, it is imperative that we begin to critically examine the role of sex
steroids in the regulation of adipose tissue dynamics to allow for the development of a
treatment to prevent metabolic disorders in females experiencing reduced ovarian

function.
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Tables:

Table 4.1 (A/B). OVX mice exhibit significant differences in anatomic and metabolic

parameters when compared to the SHAM mice. (N=6-7/group)

A Body Weight O/M Fat Mass FM/BW Run Time
(BW) (FM) (min)

SHAM 22.92+0.50 0.278+0.017 0.012+0.0008

cont

SHAM ex 22.47+0.69 0.264+0.024 0.012+0.0008 36.5+4.3

OVX cont 23.42+0.52 0.710+£0.061* 0.030+0.002*

OVX ex 23.60+0.50 0.632+0.084* 0.026+0.003* 38.84+9.99

* Indicates significantly different from SHAM cont

B Glycerol NEFA Glucose Insulin
(mg/ml) (mmol/L) (mg/dl) (ng/ml)

SHAM cont | 309.22+14.02 0.664 £0.066 137.17+3.36 0.627+0.230

SHAM ex 424.34+43.80 * 0.887+0.068* 111.29+£7.92* | 0.634+0.244

OVX cont 390.69+37.33 * 0.513+0.085 152.57+7.30*% | 0.460+0.219

OVX ex 417.884+21.07 * | 1.003+0.101° 100.71+7.84° | 0.390::0.089

* Indicates significantly different from SHAM cont
$ Indicates significantly different from OVX cont (P<0.05).
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Figures:

Figure 4.1

Cyt FC Cyt FC

- — Perilipin

Figure 4.1. Determination of appropriate isolation of cytosolic and fat cake fractions
from O/M adipose tissue. The expression of total ERK1/2, a cytosolic protein, appears
only in the cytosolic fraction (Cyt), while PLIN1, which is known to be localized to the
LD, appears only in the fat cake (FC) fraction.

105



Figure 4.2
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Figure 4.2 (A-B). ATGL protein content is upregulated in the cytosolic fraction from
O/M adipose tissue, but not the fat cake fraction, in OVX animals compared to SHAM
animals.

(A) ATGL protein content in different fractions isolated from O/M adipose tissue from
control and acute exercised SHAM and OVX mice. Abbreviations for x-axis are as
followed and consistently displayed on all of the remaining figures: SC C= sham control
cytosolic fraction, SC FC = sham control fat cake fraction, SE C = sham exercised
cytosolic fraction, SE FC = sham exercised fat cake fraction, OC C = OVX control
cytosolic fraction, OC FC = OVX control fat cake fraction, OE C = OVX exercised
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cytosolic fraction, OE FC = OVX exercised fat cake fraction. A representative ATGL
blot is shown below the graph. In addition, in this figure a coomassie stained gel is
depicted to demonstrate equal loading of the samples from each group. N=5/group
*Indicates significantly different from SC C (P<0.05).

(B) ATGL percent localization to the cytosolic and fat cake fractions. Within each bar,
the grey area indicates ATGL localization to the fat cake fraction and the black area
indicates localization to the cytosolic fraction. Abbreviations for x-axis are as followed
and consistently displayed on all of the remaining figures: SC = SHAM control, SE =
SHAM exercised, OC = OVX control, OE = OVX exercised.
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Figure 4.3
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Figure 4.3 (A-B). CGI-58 protein is mostly contained in the FC fraction and does not
differ between SHAM and OVX animals.

(A) CGI-58 protein content in O/M adipose tissue from control and acute exercised
SHAM and OVX groups. A representative CGI-58 blot is shown below the graph.
N=5/group

(B) CGI-58 percent localization to the cytosolic and fat cake fractions. Within each bar,
the grey area indicates CGI-58 localization to the fat cake fraction and the black area
indicates localization to the cytosolic fraction.

108



Figure 4.4
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Figure 4.4. Phosphorylation of HSL (Ser660) in the cytosolic fractions from O/M
adipose tissue is upregulated in response to acute exercise only in the SHAM animals and
not the OVX animals. A representative HSL Ser 660 blot is shown below the graph.
N=4/group

*Indicates significantly different from SC C (P<0.05).
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Figure 4.5
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Figure 4.5. PLIN1 protein content in O/M adipose tissue is significantly reduced in OVX
animals compared to SHAM animals. Since PLIN1 is localized to the LD and was not
detected in the cytosolic fraction, only the fat cake fraction is shown. A representative
PLIN1 blot is shown below the graph. N=5/group

*Indicates significantly different from SC FC and SE FC (P<0.05).
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Figure 4.6
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Figure 4.6. ADRP protein content is significantly elevated in O/M adipose tissue of
OVX animals compared to SHAM animals. Since PLIN2 is localized to the LD and was
not detected in the cytosolic fraction, only the fat cake fraction is shown. A
representative PLIN2 blot is shown below the graph. N=5/group

*Indicates significantly different from SC FC and SE FC (P<0.05).
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Figure 4.7
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Figure 4.7. Summary of lipolytic protein content in adipose tissue from SHAM and OVX
mice. OVX mice exhibit a reduction in PLIN1 protein content and an increase in ADRP
protein content on the lipid droplet. Further, an increase in cytosolic ATGL protein
content is observed in animals following ovariectomy.
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Chapter 5: Skeletal muscle lipid deposition in response to ovariectomy or omental
adipocyte co-culture is coupled with impaired insulin signaling and insulin-induced
glucose uptake.

The following is a manuscript in preparation based on my final dissertation work.
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Abstract

There is a known relationship between adiposity and insulin resistance, with increasing
fat mass resulting in a greater propensity for the development of peripheral insulin
resistance due to the development of tissue-specific lipotoxicity. Ovarian hormone
reduction results in increased adiposity and skeletal muscle insulin resistance, but at this
time the cellular relationship between these tissues remains poorly defined. The purpose
of this study was to examine the impact of isolated adipocytes co-cultured with single
skeletal muscle fibers collected from control (SHAM) and ovariectomized (OVX) mice
on insulin responsiveness. SHAM and OVX primary adipocytes from both omental and
inguinal adipose depots were isolated and co-cultured with primary skeletal muscle fibers
for 24 hours. OVX skeletal muscle fibers displayed greater lipid content, impaired
insulin signaling, and lower insulin-induced glucose uptake compared to SHAM fibers.
Skeletal muscle fiber lipid content was greater in SHAM fibers following co-culture than
in control SHAM fibers, and this lipid deposition was coupled with impaired insulin-
induced glucose uptake when adipocytes were of omental, but not inguinal origin. Co-
culture of OVX fibers with omental adipocytes resulted in higher lipid content, but no
further reduction in insulin-stimulated glucose uptake compared to OVX control fibers.
Together, OVX control fibers and SHAM fibers following omental adipocyte co-culture
displayed impaired insulin signaling and glucose uptake, as well as elevated skeletal
muscle fiber lipid content. These results demonstrate depot-specific effects of adipocyte
exposure on skeletal muscle glucose uptake and further implicate a role for lipotoxicity in

the pathogenesis of insulin resistance when ovarian hormones are reduced.
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Introduction:

Insulin resistance, type 2 diabetes, and cardiovascular disease are directly related
to an increase in fat mass (i.e. adiposity) (69, 78, 80). Both the type of adipose tissue
expansion and the location of excess fat storage (visceral versus subcutaneous) play roles
in determining the health consequences of increased adiposity. In females where ovarian
function is disrupted due to age-induced menopause or clinically-used oophorectomy,
there are changes in fat storage that are associated with increased risk for the
development of obesity-related conditions (125, 237). Specifically, there is increased fat
storage in the visceral region, which is associated with increased risk of developing the
metabolic syndrome. In addition, changes in peripheral tissue function occur that
facilitate increased prevalence of metabolic disease occur under these conditions (296,
297).

The location of fat storage strongly influences whether excess adiposity is
pathological, with increases in omental (i.e. visceral) fat storage associated with more
negative health consequences than increases in inguinal (i.e. subcutaneous) fat storage.
Elevated omental fat mass has been associated with insulin resistance independent of
total body weight, demonstrating the importance of body fat distribution in determining
metabolic health (219). In addition, omental adipose tissue is more lipolytically active
than inguinal (113, 123, 284), which contributes to elevated circulating fatty acid levels
and may result in ectopic fat storage in liver and skeletal muscle. Further, the
composition of fatty acids stored may vary by adipose tissue depot, with studies of obese
subjects reporting elevated saturated fatty acids in omental adipose tissue compared to

inguinal (91, 92). In response to changes in lipolytic activity, depot-specific fatty acid
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storage may impact the composition of fatty acids in circulation, ultimately having
differential effects on peripheral tissues. Lastly, the depot-specific release of endocrine
factors, termed “adipokines” may potentially link adipose tissue to other peripheral
organs and impact the risk for obesity-related conditions. For instance, more of the
insulin-sensitizing adipokines adiponectin and leptin are released from inguinal adipose
tissue than from omental adipose tissue. In addition, omental adipose tissue secretes
more pro-inflammatory cytokines than inguinal adipose tissue, particularly in the obese
state (217, 292). Together, these differentially secreted adipokines and inflammatory
cytokines play a major role in the pathological outcomes of adipose tissue expansion,
particularly in the development of peripheral insulin resistance.

In addition to the location of fat storage, the mechanism responsible for expansion
of adipose tissue mass, either an increase in adipocyte size or an increase in adipocyte
number, plays a critical role in the physiological phenotype of the fat pad and the
subsequent risk for metabolic disease. In particular, adipose tissue expansion due to an
increase in adipocyte size is correlated with increased risk of obesity-related conditions in
that large adipocytes are thought to promote insulin resistance due to their contribution to
mechanisms involved in lipotoxicity and/or inflammation-induced insulin resistance (84,
207). In contrast, adipose tissue expansion due to an increase in adipocyte number is
often associated with enhanced insulin sensitivity, which appears to be due to the greater
number of small adipocytes (52). Further evidence is also found in humans where
obesity is not always associated with peripheral insulin resistance (207), with adipocyte
size and adipose tissue distribution playing important roles in the relationship between

obesity and insulin resistance. For example, several studies have reported a subset of
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obese individuals who are termed metabolically healthy, with reduced ectopic lipid
deposition, inguinal adipose tissue expansion, and smaller adipocytes compared to their
obese, insulin-resistant counterparts (207, 257). Importantly, omental adipocyte size has
a strong correlation with peripheral insulin resistance, while this correlation does exist for
inguinal adipocyte size (207).

In sedentary individuals, the presence of ectopic fat in skeletal muscle (i.e. excess
lipid in the storage form of triacylglycerol) results in tissue dysfunction, impairing
processes such as insulin-stimulated glucose uptake (154, 158). Skeletal muscle accounts
for ~80% of post prandial glucose uptake, therefore, reduced insulin-stimulated glucose
uptake by skeletal muscle is a major factor contributing to insulin resistance (63, 65).
Based on the association between increased adiposity and the risk for diseases such as
type 2 diabetes, it would be logical to hypothesize that there may be interaction between
adipose tissue and skeletal muscle which mediates this relationship. Indeed, ectopic fat
deposition in skeletal muscle results in “lipotoxicity,” which is likely the result of
increased lipid products/intermediates and is associated with skeletal muscle insulin
resistance (160, 162). While an association between ectopic fat deposition and insulin
resistance has been demonstrated in humans and animal models, the mechanisms which
link changes in adipocyte characteristics to impaired insulin action in skeletal muscle
remain unknown.

This gap in our understanding of the relationship between adiposity and the
skeletal muscle response to insulin are of particular importance based on the absence of a
widely accepted treatment for women experiencing reduced ovarian function, a group

which is at increased risk for insulin resistance and type 2 diabetes. We have previously
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shown that OVX results in elevated basal lipolysis (297), impaired stimulated lipolytic
function (296), and increased lipid storage in skeletal muscle; however, the relationship
between these adipocyte alterations and skeletal muscle insulin resistance has not yet
been directly addressed. To this end, we utilized a novel co-culture system, in which
primary adipocytes and isolated skeletal muscle fibers were placed in close proximity.
We hypothesized that fibers from OVX animals would exhibit greater lipid content and
impaired insulin signaling and glucose uptake compared to SHAM fibers. In response to
co-culture, we hypothesized that exposure of either SHAM or OVX skeletal muscle
fibers to omental adipocytes would result in greater lipid deposition and further
impairment of skeletal muscle insulin signaling and glucose uptake compared to inguinal
adipocyte exposure. By elucidating the mechanisms which link adipocyte function to the
regulation of skeletal muscle metabolism it may be possible to develop new interventions

for ovarian hormone compromised women who at increased risk for metabolic diseases.
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Methods:

Animals: Three sets of SHAM and ovariectomized (OVX) mice were utilized for this
study. For all three sets, the OVX mice underwent a bi-lateral ovariectomy, a frequently
used method to disrupt the female sex steroid signaling axis (142). Our lab has
previously shown that this model decreases the levels of circulating estrogens by ~70%
within 48h (248) and we also find substantial reductions in uterine weight (~80%;
unpublished data). Further, previous research has shown that surgical removal of the
ovaries from mice does not result in changes in feeding patterns (31, 228, 295). The
SHAM group was subjected to a SHAM surgery where they were anesthetized, but did
not undergo ovariectomy. Mice were given ad libitum access to water and standard
rodent chow (Purina Laboratory Rodent Diet 5001: 23% protein, 4.5% fat, 6% fiber) and
were housed in a temperature-controlled room on a 12 h light/dark cycle. The first set of
mice was used to determine the time-course and depot-specific changes in adipocyte size
and adipocyte number in female mice following OVX (N=9 SHAM; N=9 OVX). Groups
of mice were sacrificed and adipocytes were isolated following 2, 4, and 8 weeks of
housing in standard cages. The second set of animals was used for skeletal muscle fiber
and adipocyte co-culture, subsequent insulin stimulation/western immunoblotting
experiments, and glycerol/NEFA analysis of co-culture media (N=10 SHAM; N=10
OVX). The third set of mice was used for skeletal muscle fiber and adipocyte co-culture
followed by BODIPY/DAPI staining and 2-NBDG experiments, as well as for cytokine
analysis of co-culture media (N=5 SHAM; N=5 OVX). All aspects of this study were
approved by the University of Maryland Institutional Animal Care & Use Committee

(IACUC) Review Board.

120



Adipocyte Isolation: Primary adipocytes were isolated from omental and inguinal adipose

tissue according to the Rodbell technique with slight modifications (227). Freshly
prepared Kreb’s Ringer Buffer (KRB, pH 7.4) (24.6 mM NaHCO;, 1.1 mM KH,POy,
130.2 mM NaCl, 4.7 mM KCI, 2.54 mM MgSQy, 3.27 mM CaCl,, 5 mM dextrose, 0.02
uM adenosine, and 4 mg/ml BSA) was equilibrated by bubbling with 95% 0,/5% CO,
for 10 minutes. Adipose tissue was removed and rinsed with KRB, then placed in a
conical tube with 1 mL KRB plus 10 puL of liberase blendzyme (Roche Applied Science,
Indianapolis, IN) per gram of tissue. The conical tube containing the adipose tissue was
then incubated in a shaking water bath at 37 C and 80 rpm for 45-60 minutes or until
adipose tissue was fully digested. Following digestion, fat was strained through 250 um
mesh, rinsed with KRB, and then left to sit until adipocytes had floated to the top of the
solution. The buffer below the adipocytes was removed using a syringe connected to
medical tubing. Fresh KRB buffer was added to the cells, and the KRB was removed
again once the cells had floated. This washing process was completed three times.
Finally, the cells were left suspended in ~2 mL of KRB and an aliquot was removed for
adipocyte size determination.

Adipocyte Size and Number: Approximately 20 pL of the adipocyte suspension was

placed on a glass slide within a ring of vacuum grease. Two separate aliquots of the
adipocyte suspension were used for imaging each sample. The adipocytes were imaged
under a standard light microscope at 10X magnification then Image J software was used
to measure adipocyte diameter (NIH Bethesda, MD). The distribution of adipocyte sizes
in each sample was determined and graphed by counting the number of cells in 10 um

increments from 30 um to >100 um. A minimum of 300 adipocytes per sample from
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each animal were measured for cell size determination. Adipocyte number was
calculated using the average values for adipocyte size according to previously described
methods (27, 228, 235). Briefly, the calculation was made from the fat pad weight
divided by the average adipocyte volume times the known value for adipocyte density.

Adipocyte BODIPY Staining: After the aliquots of cells were removed for size

determination, the remaining cells were incubated in 5 mL of KRB with 10 uL of
BODIPY 493/503 (1 pg/mL in DMSO) for 15 minutes. KRB buffer below the cells was
removed with a syringe and surgical tubing and 3 rinses were performed as described
above. Adipocytes were suspended in 2 mL of KRB buffer and approximately 10 pL of
the cell suspension was removed and placed on a glass slide for imaging. Cells were
imaged using a Nikon Eclipse Ti-U fluorescent microscope (Nikon Instruments, Melville,
NY).

Skeletal Muscle Fiber Isolation: Intact skeletal muscle fibers were isolated from the

flexor digitorium brevis (FDB) muscle according to previously described techniques
(184, 255). Briefly, surgically excised FDB muscles were incubated in dissociation
media (DM) containing DMEM, 1% penn/strep, and 2% FBS. FDB muscles were placed
in a 40 mm dish with 3 mL of DM plus 100 pl of liberase blendzyme (2.5 mg/mL stock;
Roche Applied Science, Indianapolis, IN) and then in an incubator (37°C, 5% CO,) for 2
hours. Following the 2 hour incubation, muscles were placed in a new 40 mm dish with
fresh co-culture media (DMEM + 1% pen/strep, 2% FBS, 0.5% BSA, and 2 mmol/L L-
carnitine) and triturated with a 1 mL pipette to dissociate the muscle into single FDB
myofibers. Following the trituration process, fibers were plated onto extra-cellular

matrix- (ECM; Sigma Aldrich, St. Louis, MO) coated 6 well plates such that each well
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contained a total of 3 ml of co-culture media plus fibers. Fibers were incubated for 2
hours to allow adherence to the ECM before beginning the co-culture experiment.
Co-culture: Adipocytes were isolated as described above with one slight modification.
Adenosine was not added to the KRB buffer to prevent external inhibition of adipocyte
lipolysis. Adipocytes and skeletal muscle fibers were co-cultured such that both cell
types were exposed to the same media, but could not physically interact with each other.
Fibers were placed into 6 well plates as described above and adipocytes were placed in
co-culture inserts which sat inside each well of the plate (Millipore, Billerica, MA). The
base of the co-culture wells containing the adipocytes consisted of a permeable
membrane with a pore size of 0.4 um. This pore size allowed for circulating factors
released from either cell type to pass through, but prevented cellular constituents from
moving between the two compartments. The co-culture combinations consisted of
SHAM skeletal muscle fibers without adipocytes, OVX skeletal muscle fibers without
adipocytes, SHAM skeletal muscle fibers with SHAM omental adipocytes, OVX skeletal
muscle fibers with OVX omental adipocytes, SHAM skeletal muscle fibers with SHAM
inguinal adipocytes, and OVX skeletal muscle fibers with OVX inguinal adipocytes.
Adipocyte number for a set volume of packed adipocytes was determined with a
hemacytometer in order to ensure that each co-culture well received the same number of
adipocytes. For each sample, 5 uL of packed adipocytes was mixed with 15 pLL of KRB
buffer. The resulting cell suspension was placed on a hemacytometer (Hausser Scientific,
Horsham, PA). The number of cells in the four corner squares, along with the center
square, was counted and the number of adipocytes per 5 puL of packed cells was

calculated. The resulting value was used to calculate the volume of packed adipocytes to
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be added such that each well of fibers was co-cultured with 300,000 adipocytes. From
preliminary experiments, 300,000 adipocytes was chosen based on glycerol and NEFA
release in the media not exceeding levels we have previously measured in mouse serum
(296, 297). The appropriate volume of packed adipocytes was added to the co-culture
wells after the fibers were allowed to adhere to the ECM for 2 hours. Adipocytes and
skeletal muscle fibers were co-cultured for 24 hours.

Insulin stimulation: Following the overnight co-culture, co-culture inserts containing the

adipocytes were removed from the 6-well plates. Next, 1.5 mL of media was removed
from each well and discarded, followed by the addition of 1.5 mL of serum-free DMEM.
This process was repeated three times in order to place the fibers in serum-free media
without exposing them to ambient air. Fibers were returned to the incubator for a 5 hour
period of serum-starvation. After 5 hours, one well from each condition (no adipocytes,
omental adipocyte co-culture, inguinal adipocyte co-culture) was stimulated with insulin,
with the other well from each condition serving as an unstimulated (basal) control. First,
1.5 mL of media was removed from each well and discarded, with the unstimulated wells
receiving 1.5 mL of fresh serum-free DMEM. The remaining three wells received 1.5
mL of DMEM plus insulin such that a final insulin concentration of 50 nM was attained.
The 50 nM concentration was chosen based on values reported in the literature (165, 166,
259), as well as on preliminary data collected using different concentrations of insulin to
stimulate C2C12 myotubes and skeletal muscle fibers. At a 50 nM concentration, it was
possible to detect increases in Akt phosphorylation (Ser473) via Western immunoblotting
and a 100 nM dose did not result in greater Akt phosphorylation than the 50 nM dose

(data not shown). Fibers were returned to the incubator and allowed to sit for 30 minutes
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prior to isolation of protein for subsequent Western immunoblotting. The 30 minute
insulin stimulation was chosen based on the literature, in which maximal GLUT4
translocation in skeletal muscle has been observed after 20-30 minutes of insulin
exposure (172), as well as on preliminary experiments where phosphorylation of insulin
signaling targets was reduced following a 60 minute stimulation period compared to 30
minutes (data not shown).

Protein Isolation: Following the co-culture and insulin stimulation, protein was isolated

from the skeletal muscle fibers in order to determine phosphorylation status and total
content of proteins involved in the insulin signaling response. Immediately after insulin
stimulation, media was removed and 300 pL of ice cold Mueller buffer (0.1% Triton —
X100, 4 mM EGTA, 10 mM EDTA, 15 mM NasP,0O,H,0, 100 mM [-glycerophosphate,
25 mM NaF, 5 mM Na3VO, and 1 protease inhibitor tablet/10 mL (Roche, Indianapolis,
IN)) was placed into the well with the fibers. A cell scraper was used to detach fibers
from the extracellular matrix, after which the Mueller buffer containing the fibers was
drawn off and placed in a 1.5 mL microcentrifuge tube and put on ice. A plastic dounce
(Kimble & Kontes, Vernon Hills, IL) was used to homogenize fibers in the 1.5 mL
microcentrifuge tubes while on ice for ~1 minute. To improve cellular fractionation,
tubes containing the fibers were placed in a -80C freezer overnight, after which samples
were thawed on ice, then vortexed and rocked at 4°C for one hour, with additional
vortexing every 15 minutes. After rocking, samples were vortexed and placed at -80 C
until further analysis.

Protein Assay: Protein concentration was determined for each sample according to the

BCA protein assay method (Thermo Fischer Scientific, Rockford, IL).
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Western Blotting: Following determination of protein concentration, equal amounts of

total protein were resolved on either 10% or 4-15% SDS-PAGE criterion gels (Biorad,
Hercules, CA) according to previously published methods (296-298). Membranes were
probed with antibodies for p-Akt (Ser473), total Akt, p-p38 (Thr180/Tyr182), total p38,
p-GSK-3B (Ser9), total GSK-3p3, HKII, GAPDH (Cell Signaling, Danvers, MA) and
GLUT4 (Abcam, Cambridge, MA). Images were quantified with Image J software (NIH,
Bethesda, MD) and all phosphorylated targets were normalized to their respective total
protein (i.e. p-Akt normalized to total Akt). In addition, total protein gels were run and
stained with Oriole fluorescent protein stain (Biorad, Hercules, CA). HKII and GLUT4
were normalized to myosin as previously described (187).

Glycerol and NEFA: Media samples were collected after 1 and 24 hours of co-culture.

Glycerol and NEFA levels in the media were measured from these samples according to
commercially available kits. Glycerol levels were measured using a free glycerol
determination kit from Sigma (Sigma Aldrich, St. Louis, MO) and NEFA was measured
using a kit from Wako Diagnostics (Wako Diagnostics, Richmond, VA).

Glucose Uptake: Glucose uptake was measured using the fluorescent p-glucose analog 2-

[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)amino]-2-deoxy-d-glucose (2-NBDG) (Invitrogen,
Grand Island, NY). 2-NBDG has been successfully used as an alternative to radio
labeled 2 deoxyglucose (2-DOG) in the measurement of glucose uptake in multiple cell
types (116, 166, 300, 310). The experiments conducted for optimization of 2-NBDG
uptake in skeletal muscle fibers are included in the appendices (See Appendix 1). For
this set of experiments, fibers were placed in 6-well plates without ECM, and co-culture

was conducted as described above. Following the 24-hour co-culture period, adipocytes
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were removed, and 600 pL aliquots of media plus fibers were plated into ECM coated
wells of a 24 well plate, resulting in 8 wells per co-culture condition. Fibers were
allowed to adhere for 1 hour, after which they were placed into serum free DMEM for a
serum starvation period of 5 hours. Following serum starvation, fibers were rinsed 3X
with Kreb’s Ringer buffer (135 mM NaCl, 10 mM NaHCOs;, 5 mM KCIl, 3 mM CaCl,, 2
mM MgSQy, 1.2 mM NaH,PO,) until all media was removed from the wells (without
exposing fibers to ambient air). For each co-culture condition, half of the wells (N=4)
underwent a 30 minute pretreatment with 50 nM insulin, while the other half served as
the unstimulated (basal) wells. During these 30 minutes, the plate was returned to the
incubator. After the 30 minute pretreatment, all wells were treated with 50 uM 2-NBDG
for 30 minutes, with the insulin treated wells receiving 50 nM insulin treatment along
with the 2-NBDG. During the 2-NBDG treatment, the plate was covered in foil and
underwent gentle agitation at room temperature. After 2-NBDG treatment, fresh Ringer
buffer was used to wash the wells (without exposing fibers to ambient air) 3X until no
excesses 2-NBDG remained. After rinsing, all Ringer buffer was removed and 100 pL of
ice cold cell lysis buffer (40 mM KCl, 20 mM Tris-base, 1% NP-40; pH 7.4) was added
to each well. The plate was again covered in foil and gently agitated for 10 minutes, at
which point wells were scraped and isolated lysates were placed into a black 96 well
plate. The 2-NBDG fluorescence was measured on a BioTek Synergy plate reader
(BioTek, Winooski, VT) at an excitation wavelength of 438 nm and emission wavelength
of 535 nm. An aliquot of the cell lysate was removed and run on an SDS-PAGE gel,
followed by incubation with Oriole fluorescent protein stain (Biorad, Hercules, CA). The

gel was visualized under UV light using a Kodak EDAC290 imaging system (Eastman
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Kodak, Rochester, NY) and the myosin band was quantified using Image J software
(NIH, Bethesda, MD) to normalize the 2-NBDG fluorescent signal from each well.

Skeletal Muscle Fiber Staining: Fluorescent staining of the skeletal muscle fibers was

conducted according to previously published techniques (255) using two different dyes.
BODIPY 493/503 was used in order to determine the neutral lipid content of the fibers
(Invitrogen, Cambridge, MA). In addition, 4,6-diamidino-2-phenylindole (DAPI) was
used to label nuclei (Invitrogen, Cambridge, MA). First, following the 24 hour co-culture
period, a 200 pL aliquot of fibers was placed onto an ECM coated well of a 6 well glass
bottom plate for each condition (MatTek, Ashland, MA). Fibers were allowed to adhere
for 1 hour, after which wells were rinsed with Ringer buffer to remove all media. After
rinsing, cells were incubated with Ringer buffer containing BODIPY 493/503 and DAPI
at concentrations of 1:1000, and 1:5000, respectively for 30 minutes. After 30 minutes,
the dyes were removed by rinsing fibers 3X with fresh Ringer buffer. Fibers were
imaged using a Zeiss AxioObserver Z1 fluorescent microscope with both 20X at 40X
long distance objective lenses (Carl Zeiss Microlmaging, Jena, Germany). A total of 5
fibers per co-culture condition were imaged for all animals. Z-stacking was performed
for all images such that it was possible to look at the fluorescent distribution throughout
the fiber. A 20X surface image and an image 6 um deep were used for quantification of
each fiber. For each image, BODIPY 493/503 signal was quantified at three different
points per fiber using Image J software (NIH, Bethesda, MD). No differences BODIPY
493/503 signal were detected between surface and 6 um sections, therefore the two were

averaged for the final data analysis.
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Cytokine/Adipokine Analysis of Media: Measurement of IL-10, IL-6, MCP-1, TNFa,

adiponectin and leptin was conducted by the Cytokine Core Laboratory at the University
of Maryland Baltimore using a Luminex Multianalyte System. Samples were measured
in duplicate and on the same plate within targets. I1L-10, IL-6, MCP-1, and TNFa were
all measured on one plate, while adiponectin and leptin were measured on a separate
plate. To start, 200 ulL of assay buffer was added per well of a 96 well filter plate
(Millipore, Billerica, MA). After 10 minutes of shaking, the plate was vacuumed and 25
uL of assay buffer was added to each well, followed by 25 uL of standard/sample. Next,
25 uL of a mixture containing the appropriate cytokine (1:50 dilution) conjugated to
beads was added to the wells and the plate was placed on a shaker at 4 C overnight. The
following day, the plate was vacuumed and 200 uL of wash buffer was added to each
well. The wash buffer was vacuumed off, and the washes were repeated two more times.
Following the last vacuum of wash buffer, 25 uL of detection antibody was added to each
well and the plate was then placed back on the shaker for 30 minutes. After the 30
minutes, three more rounds of washing were performed, followed by the addition of 150
uL of Sheath Fluid to each well. The plate was read using a Luminex 100 plate reader
and Softmax Pro Software, and then the data was calculated using BioRad software
(Biorad, Hercules, CA).

Statistics: Statistical analysis was conducted using a two way analysis of variance
(ANOVA), a one way ANOVA, or t-tests where appropriate. In all cases, Student-
Newman Keuls was used post-hoc to control for multiple comparisons. All analyses
were completed with Sigma Stat statistical software (Systat Software, Inc., San Jose,

CA). Statistical significance was accepted at an alpha level of p < 0.05.
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Results:

Anatomical Characteristics: Following 8 weeks of ovariectomy, the body weight of the
OVX animals was significantly greater than the SHAM group (Table 1). No differences
in absolute heart or liver mass were detected between groups. However, when
normalized to body weight, heart mass was significantly lower in the OVX animals
compared to the SHAM animals (Table 1). The mass of the omental and inguinal adipose
tissue was significantly greater in the OVX animals compared to the SHAM animals. In
addition, while no differences were detected between the omental and inguinal adipose
tissue masses in the SHAM animals, omental fat mass was significantly greater than
inguinal fat mass in OVX animals (Figure 1).

Adipocyte Size: The paracrine action of adipose tissue is influenced by the number and

size of the adipocytes contained within each depot. Although it is well recognized that
OVX results in increased visceral fat mass, there is little documentation concerning
changes in individual adipocyte size and/or number after the OVX surgery. Thus,
changes in adipocyte size and number were investigated in omental and inguinal adipose
tissue from SHAM and OVX mice at 2, 4, and 8 weeks after OVX and SHAM surgeries.

Omental: Average omental adipocyte size was found to be significantly greater in OVX
animals compared to SHAM animals 8 weeks following OVX surgery (Figure S1A). At
the 2 and 4-week post-ovariectomy time-points, the average omental adipocyte size was
not different between SHAM and OVX animals (Figure SIA). However, when adipocyte
size was plotted as a frequency histogram (Figure 2A-B), the data revealed a rightward
shift in the distribution of adipocytes from OVX animals, indicating an increasing

percentage of cells with a large diameter. In contrast, there was no change in the omental
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adipocyte size distribution in the SHAM animals across all time-points (Figure 2A). The
shift to the right in the OVX animals was already apparent at the 2 week post-OVX time-
point, with the rightward shift becoming more pronounced after 4 and 8 weeks (Figure
2B). No differences in omental adipocyte number were detected between SHAM and
OVX animals at any time-point (Figure S2A).

Inguinal: Average inguinal adipocyte size was significantly greater in the OVX animals
compared to the SHAM animals at both the 4 and 8 week time-points (Figure S1B). At
the 2 week time-point, no difference in average inguinal adipocyte size was observed
between SHAM and OVX animals. When adipocyte size was plotted as a frequency
histogram (Figure 2D-E), the data revealed a rightward shift in the distribution of
adipocytes from OVX animals. In contrast, there was relatively little change in the
inguinal adipocyte size distribution in the SHAM animals across all time-points (Figure
2D). The shift to the right in the OVX animals was apparent at the 4 and 8 week time-
points (Figure 2E). No differences in inguinal adipocyte number were detected between
SHAM and OVX animals at any time-point (Figure S2B).

Co-culture media analysis: In order to assess the levels of glycerol and fatty acids that the

skeletal muscle fibers were exposed to media was collected after 1 hour and 24 hours of
co-culture. To determine the relative amount that was specifically derived from the
cultured adipocytes, glycerol and NEFA values from the control media that was cultured
with skeletal muscle fibers only were subtracted from the glycerol and NEFA values
from the co-culture conditions.

Glycerol: For both SHAM and OVX omental and inguinal adipocytes, 24 hours of co-

culture resulted in glycerol levels that were significantly elevated compared to the 1 hour
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time-point. At the 1 hour time-point, OVX inguinal glycerol levels were significantly
lower than OVX omental, with the same tendency observed for SHAM co-culture.
Further, both SHAM and OVX inguinal glycerol levels were undetectable at the 1 hour
time-point. After 24 hours, OVX omental co-culture resulted in significantly greater
glycerol levels than OVX inguinal co-culture. The same tendency was observed for
SHAM omental co-culture compared to SHAM inguinal co-culture, however, this
difference did not reach statistical significance (p = 0.06) (Table 2).

NEFA: NEFA levels following inguinal, but not omental, co-culture were markedly
elevated in media from OVX compared to SHAM after 24 hours. At the 1 hour time-
point, NEFA levels were undetectable in SHAM omental and inguinal media, with levels
still undetectable in the SHAM omental media after 24 hours. While no significant
differences were detected between SHAM and OVX at the 1 hour time-point, there was a
tendency for 1 hour OVX omental NEFA to be greater than SHAM omental (p = 0.09).
Another tendency was observed for 24 hour OVX inguinal NEFA levels to be greater
than OVX omental (p = 0.1) (Table 2).

Lipid Content: The lipid content of skeletal muscle fibers was assessed using the

fluorescent dye BODIPY 493/503, which stains all stored neutral lipids (255). In the
control fibers, lipid content was 57% greater in the OVX group compared to SHAM,
which was statistically significant (Figure 4A). Co-culture of SHAM skeletal muscle
fibers with omental or inguinal adipocytes resulted in significantly higher lipid content
compared to the control condition (Figure 4B). Co-culture of OVX skeletal muscle fibers
with omental adipocytes resulted in significantly greater lipid content than OVX control

fibers. Further, the elevated fiber lipid content following OVX omental co-culture was
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185% greater than the fiber lipid content following SHAM omental co-culture. In
response to inguinal adipocyte co-culture, OVX fibers displayed significantly greater
lipid content than OVX control fibers. Interestingly, unlike SHAM co-culture, OVX
omental co-culture resulted in significantly greater skeletal muscle fiber lipid content
than inguinal co-culture (Figure 4D).

Glucose uptake: Glucose uptake in skeletal muscle fibers was assessed using the

fluorescent glucose analog 2-NBDG, which has been used successfully to measure
glucose uptake in multiple cell lines as an alternative to 2-deoxyglucose (116, 166, 300,
310). In the control fibers, 2-NBDG uptake in OVX fibers in the basal state was
significantly greater than that of SHAM fibers. In response to 50 nM insulin stimulation,
SHAM control fibers displayed significantly greater 2-NBDG uptake compared to the
basal state while OVX fibers did not demonstrate any response to insulin (Figure 5A).
Co-culture with adipocytes isolated from the omental region completely prevented
insulin-induced 2-NBDG uptake in the SHAM skeletal muscle fibers. In addition, there
was a tendency for insulin-induced 2-NBDG uptake following omental co-culture to be
lower than insulin-induced 2-NBDG uptake in control fibers (p = 0.078). However, in
SHAM skeletal muscle fibers co-cultured with inguinal adipocytes, the greater uptake of
2-NBDG in response to insulin was preserved. There was another tendency for higher
insulin-induced 2-NBDG uptake following inguinal co-culture compared to insulin-
induced 2-NBDG uptake following omental co-culture in SHAM fibers (p = 0.076)
(Figure 5B). In control fibers from OVX animals, 2-NBDG uptake in skeletal muscle
fibers exposed to insulin was not greater than the basal uptake of 2-NBDG, indicating a

failure of the muscle fibers to respond to insulin. Neither omental nor inguinal adipocyte
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co-culture had a significant impact on basal or insulin-induced 2-NBDG uptake (Figure
50).

Western Immunoblotting of skeletal muscle fibers: In OVX skeletal muscle fibers, and in

SHAM fibers following omental adipocyte co-culture, insulin-induced uptake of 2-
NBDG was lower than that observed in SHAM control fibers. In order to assess the
impact of OVX and adipocyte co-culture on the insulin signaling pathway, multiple
signaling proteins were assessed using western immunoblotting.

Akt phosphorylation (Ser473). Phosphorylation of Akt is a critical step in insulin
stimulated GLUT4 translocation (96), with phosphorylation on the Ser473 site required
for complete activation of Akt (251). In response to insulin, Akt activation results in
subsequent phosphorylation of downstream targets, such as AS160, to facilitate GLUT4
translocation (159) and GSK-3f to promote glycogen storage (53). Exposure to 50 nM
insulin for 30 minutes resulted in significantly greater Akt phosphorylation (Ser473)
compared to the basal condition in SHAM control fibers. Significantly greater Akt
phosphorylation (Ser473) was also observed in response to insulin in the OVX fibers;
however, the magnitude of the difference between basal and insulin-stimulated Akt
phosphorylation was significantly attenuated by 58% compared to SHAM fibers (Figure
6A). In SHAM fibers, the insulin-induced phosphorylation of Akt was preserved
following omental and inguinal co-culture, however, the magnitude of the response was
blunted in both co-culture conditions compared to SHAM control fibers (Figure 6B). In
OVX fibers, insulin-induced Akt phosphorylation was preserved in both omental and

inguinal adipocyte co-culture conditions.  As opposed to the SHAM fibers,
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phosphorylation of Akt in response to insulin was not lower in the fibers exposed to
adipocyte co-culture than in the OVX control fibers (Figure 6C).

GSK-3p4. GSK-3p acts as a negative regulator of glycogen synthesis by inhibiting the
activity of glycogen synthase (GS). In response to insulin, phosphorylation on the Ser9
residue inhibits GSK-3 activity, thus removing inhibition on GS and facilitating the
synthesis of glycogen (265). In both SHAM and OVX control fibers, fibers exposed to
insulin displayed significantly greater phosphorylation of GSK-3p (Ser9) than basal
fibers (Figure 7A). In SHAM fibers co-cultured with either omental or inguinal
adipocytes, there was a tendency greater phosphorylation of GSK-3B in insulin-
stimulated fibers compared to unstimulated fibers (p = 0.07). However, while the
response to insulin was still intact in the SHAM fibers, there was a tendency for the
magnitude of insulin-stimulated GSK-3f phosphorylation to be lower following inguinal
co-culture compared to control (p = 0.07) (Figure 7B). In OVX control fibers and fibers
co-cultured with omental adipocytes, GSK-3B phosphorylation was higher in insulin-
stimulated than in unstimulated fibers. OVX inguinal adipocyte co-culture completely
blunted insulin-induced GSK-3 phosphorylation and was significantly lower than both
the control and omental co-culture conditions (Figure 7C).

GLUTA4. In skeletal muscle, the primary transporter for glucose uptake is GLUT4 (309).
Upon stimulation, GLUT4 translocates to the plasma membrane where it facilitates
glucose uptake into the cell. No difference in GLUT4 protein content was detected
between SHAM and OVX control fibers (Figure 8A). In SHAM skeletal muscle fibers,

there was no effect of adipocyte co-culture on GLUT4 protein content (Figure 8B). The
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same was observed for OVX skeletal muscle fibers, with no differences in GLUT4
content detected between conditions (Figure 8C).

HKII. Hexokinase (HK) catalyzes the conversion of glucose to glucose-6-phosphate upon
glucose entry into the cell. Multiple isoforms of HK exist, with HKII the primary
isoform detected in skeletal muscle (110, 141). No difference in HKII content was
detected between SHAM and OVX control skeletal muscle fibers (Figure 9A). In fibers
isolated from SHAM animals, neither omental nor inguinal adipocyte co-culture resulted
in a change in HKII protein content compared to control fibers (Figure 9B). However, in
fibers from OVX animals, both omental and inguinal co-cultured fibers displayed lower
HKII protein content compared to control (Figure 9C).

p38. p38 is a member of the family of mitogen activated protein kinases (MAPK), which
are responsive to various stress stimuli. In the insulin signaling pathway, activation of
p38 may increase serine phosphorylation of IRS-1, resulting in inhibition of insulin
signaling transduction (10, 70). In the basal state, OVX control fibers exhibited a
tendency for greater p38 phosphorylation (Thr180/Tyr182) compared to SHAM control
fibers (p = 0.07), however, no difference was observed in the insulin-stimulated state
(Figure 10A). Following co-culture with omental or inguinal adipocytes, SHAM fibers
exhibited a tendency for higher basal p38 phosphorylation than control fibers (p = 0.07)
(Figure 10B). In OVX fibers, no differences in p-38 phosphorylation were observed in
the co-culture groups compared to control (Figure 10C).

Cytokine Analysis of Media: In order to assess the release of cytokines from cells in the

co-culture system, IL-6, MCP-1, IP-10, TNF-a, adiponectin, and leptin were measured in

co-culture media after 24 hours. These factors were selected due to their reported roles to
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facilitate or inhibit insulin signaling. Adiponectin concentration was significantly higher
in SHAM omental and SHAM inguinal co-culture compared to SHAM control, as well as
in OVX omental and OVX inguinal co-culture compared to control. However, no
differences were observed between omental and inguinal co-culture, or between SHAM
and OVX. No differences were detected in MCP-1 concentrations between any
conditions. Further, no significant differences were detected between conditions for IL-
6; however, there was a tendency for OVX omental co-culture to be greater than OVX
control (p=0.06). The concentrations of IP-10, TNF-a, and leptin were below the range
of detection (Table 5.3).

2-NBDG Correlation: Plotting of the insulin-induced increase in 2-NBDG uptake for

control fibers against the insulin-induced increase in 2-NBDG uptake in fibers following
omental adipocyte co-culture revealed a moderate negative correlation (R* = 0.67). This
relationship demonstrates that the more insulin-responsive the control fibers from an

animal are, the more detrimental the response to co-culture with omental adipocytes.
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Discussion

Here we have demonstrated that compared to SHAM animals, OVX animals
exhibit greater intramuscular lipid content and impaired insulin-induced glucose uptake
in isolated single muscle fibers from skeletal muscle of adult female mice. An inherent
deficit in insulin-induced phosphorylation of Akt (Ser473) was observed in OVX fibers
compared to SHAM, as well as a tendency for higher basal phosphorylation of p38
(Thr180/Tyr182). Further, utilizing a novel co-culture model, exposure of the skeletal
muscle fibers from OVX animals to omental or inguinal adipocytes isolated from the
same OVX animals did not further exacerbate the decrement in insulin-induced glucose
uptake. Both SHAM omental and inguinal adipocyte co-culture resulted in greater
skeletal muscle fiber lipid content and reductions in insulin signaling compared to SHAM
control fibers, however, only omental co-culture impaired insulin-induced glucose
uptake. In addition, SHAM skeletal muscle fiber co-culture with both omental and
inguinal adipocytes resulted in lower insulin-induced Akt phosphorylation and a tendency
for higher basal p38 phosphorylation compared to SHAM control fibers. In OVX
skeletal muscle fibers, inguinal adipocyte co-culture impaired insulin-induced GSK-3f3
phosphorylation (Ser9), while both omental and inguinal co-culture lowered HKII protein
content compared to OVX control fibers. Lastly, adiponectin concentrations were
elevated to a similar degree in both omental and adipocyte co-culture media from SHAM
and OVX animals compared to control media from fibers alone, while no significant
differences in MCP-1 or IL-6 were detected between any conditions. These data suggest

a critical role for ovarian hormones in the regulation of skeletal muscle insulin action, as
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well as provide insight into the effect of adipocyte exposure on insulin action in skeletal
muscle.

When ovarian hormones are reduced, alterations in body composition and body
fat distribution occur, placing females at an increased risk for the development of obesity-
related conditions such as insulin resistance. Following ovariectomy in mice, we
observed a higher body weight compared to SHAM mice, which in part was mediated by
greater adipose tissue mass (Table 1). These data are in agreement with previous reports
from our lab and that of others (68, 228, 296, 297). Further, there was a disproportionate
elevation in omental fat mass relative to inguinal fat mass, indicating that OVX results in
a shift in overall adipose tissue distribution (Figure 1). This accumulation of omental
adipose tissue is also observed in human females experiencing reduced ovarian function
(41, 125) which is of particular concern given the relationship between omental adiposity
and the onset of the metabolic syndrome, insulin resistance, and cardiovascular disease
(40).

In OVX animals, we found the expansion of both omental and inguinal adipose
tissue to be mediated by adipocyte hypertrophy (Figure 2 A-F), with adipocyte size
becoming significantly greater than SHAM eight weeks following surgery. As a point of
reference, while adipocytes from OVX animals were significantly larger than SHAM
adipocytes at the eight-week time-point they were not as large as adipocytes in the ob/ob
genetic mouse model of obesity, and in obesity induced by a high-fat diet. For example,
Libinaki et al. report average epididymal adipocyte diameter of 138 um in mice
following 32 weeks of high-fat feeding, and an average diameter of 127 um in ob/ob

mice (180). In contrast, on a standard chow diet, we observed an average omental
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adipocyte diameter of 81 um and inguinal adipocyte diameter of 65 pm in OVX mice at
the eight week time-point. Others have reported adipocyte hypertrophy in the OVX
model; however, these studies only investigated adipocyte size at a single time-point after
ovary removal, and have not measured hypertrophy in the omental depot (68, 228). As
omental fat mass is a significant component of the relationship between adiposity and
metabolic disease in post-menopausal women (155), investigation of this depot in the
OVX model is of critical importance. Thus, our findings provide novel insight into the
impact of OVX on the time-course of adipocyte hypertrophy following OVX and on the
impact of OVX on specific fat depots. Regardless, visceral adipose tissue expansion via
adipocyte hypertrophy is more likely to result in insulin resistance than adipose tissue
expansion mediated by increased adipocyte number, which may be insulin-sensitizing
(147). We found no evidence for changes in adipocyte number in OVX mice compared
to SHAM (Figure S2 A/B). It has been proposed that large amounts of adipocyte
hypertrophy result in fatty acid overflow and ectopic lipid deposition in skeletal muscle
and liver as adipocytes reach their maximal storage capacity (278). Our previously
published data found greater fatty acid release from visceral adipose tissue from OVX
animals compared to SHAM animals, suggesting a possible overflow effect (297). Thus,
our finding of omental and inguinal adipocyte hypertrophy in OVX mice provides critical
evidence towards identifying mechanisms to help explain the increased risk for
development of insulin resistance in the OVX animals.

In order to further investigate the relationship between OVX-mediated alterations
in adipocyte function and the onset of insulin resistance in skeletal muscle, we developed

a novel co-culture system whereby primary adipocytes and primary skeletal muscle fibers
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were placed in the same culture well. Specifically, isolated primary skeletal muscle
fibers were adhered to the bottom of culture plates, while primary adult adipocytes were
floated in the same wells but within co-culture inserts. These inserts contained a
permeable membrane with a 0.4 um pore size, thus allowing for exchange of circulating
factors between the two cell types, but preventing physical interaction. To assess the
lipolytic state within the co-culture system, media levels of glycerol and NEFA were
measured. The glycerol and NEFA concentrations from the OVX co-culture suggested
incomplete lipolysis was occurring, as demonstrated by a five fold greater concentration
of NEFA relative to glycerol compared to SHAM animals (Table 2). The potential for
incomplete adipocyte lipolysis in the OVX co-culture condition is supported by our
previous data in which we found that OVX animals display elevated adipose triglyceride
lipase content, which catalyzes release of the first fatty acid in triglyceride lipolysis,
without a change in hormone sensitive lipase, which catalyzes the second step of lipolysis
(308). Further, differences in glycerol and NEFA from omental and inguinal co-culture
point to depot-specific lipid regulation of adipocytes. Specifically, after 24 hours of co-
culture, glycerol levels were higher in OVX omental than inguinal co-culture media, with
the same tendency observed for SHAM (p=0.06). This observation is in-line with other
studies which have found elevated lipolytic rate in omental adipocytes compared to
inguinal adipocytes (123). While some studies have reported elevated basal lipolytic rate
in omental adipocytes from post-menopausal females compared to pre-menopausal
females (272), we did not observe a significant difference in glycerol between SHAM
and OVX co-culture media at the 24 hour time-point. It is clear that the lipolytic state of

the co-culture system is impacted both by ovarian hormone status and by adipocyte depot
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of origin. However, due to the potential for NEFA to be either re-esterified by
adipocytes, or to be taken up and by the skeletal muscle fibers, NEFA levels alone do not
provide a clear indication of lipolytic dynamics across co-culture conditions.

In order to assess the lipid content of skeletal muscle fibers we stained them with
a fluorescent dye specific for neutral lipid. Lipid content was significantly greater in
control skeletal muscle fibers from OVX animals than from SHAM (Figure 4A). The
higher lipid content in control fibers from OVX animals compared to SHAM is in-line
with unpublished observations from our laboratory and has recently been reported by
another group (135), suggesting ovarian hormone reduction impacts ectopic lipid
deposition in skeletal muscle. Both omental and inguinal co-culture of SHAM fibers
resulted in similar skeletal muscle fiber lipid content that was significantly greater than
that of SHAM control fibers (Figure 4B). Thus, in SHAM co-culture, the statistically
equivalent NEFA levels observed following omental and inguinal co-culture was
paralleled by similar muscle fiber lipid content. However in OVX, muscle fiber lipid
content was significantly greater following omental co-culture compared to the control
and inguinal co-culture conditions (Figure 4C). As NEFA levels were significantly
elevated in OVX inguinal media, but lipid content was not elevated to the same degree,
for unknown reasons it appears OVX fibers did not readily take up and store fatty acids
from inguinal adipocytes compared to omental. Studies have reported depot-specific
differences in fatty acid composition that may be altered in the obese state (91, 92). In
particular, obese individuals present with elevated saturated fatty acids in omental
adipose tissue compared to inguinal (91, 92). Therefore it is possible that the inguinal

adipocytes from OVX animals release a specific fatty acid species that is not efficiently
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taken up by the skeletal muscle fibers compared to other species of fatty acids that may
be released from omental adipocytes. Together, these findings demonstrate that both
OVX and adipocyte co-culture result in skeletal muscle fiber lipid deposition, which is of
particular concern due to the relationship between skeletal muscle lipid content and
insulin resistance in the sedentary state.

Excess skeletal muscle lipid deposition in the sedentary state has been shown to
impair insulin signal transduction and facilitate the onset of insulin resistance. Thus, we
sought to determine if direct exposure of OVX skeletal muscle fibers or SHAM fibers to
adipocyte co-culture conditions resulted in impaired insulin-induced glucose uptake. In
fibers from SHAM animals, insulin stimulation significantly increased glucose uptake in
control fibers, but this response was significantly impaired in control fibers from OVX
animals. Our finding of lower insulin-induced glucose uptake in skeletal muscle fibers
from OVX mice is in-line with other studies reporting reduced glucose uptake in whole
skeletal muscle of OVX animals compared to ovary intact controls (220, 233).
Interestingly, glucose uptake in the basal state was higher in skeletal muscle fibers from
OVX animals than from SHAM animals. In the OVX model, others have reported no
difference in basal glucose uptake compared to SHAM animals (115); while in the ob/ob
model of obesity basal skeletal muscle glucose uptake is reduced compared to control
animals (54). As serum starvation has been reported to reduce basal rates of glucose
transport into muscle (150), it is possible that the higher basal glucose uptake in OVX
fibers compared to SHAM reflects and inability to metabolically adapt to changes in
substrate availability. In SHAM skeletal muscle fibers, omental adipocyte co-culture

blunted the increase in insulin-induced glucose uptake. In the control OVX skeletal
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muscle fibers, and SHAM fibers following omental adipocyte co-culture, the impaired
insulin-induced glucose uptake was associated with elevated muscle fiber lipid content.
Currently, two prevailing hypotheses exist for explaining lipid-mediated impairment of
skeletal muscle glucose uptake in response to insulin. The Randle hypothesis (Glucose-
Fatty Acid Cycle) postulates that increased fatty acid oxidation in response to elevated
fatty acid exposure impairs glucose flux through glycolysis resulting in attenuated
glucose uptake (221). In addition and more recently, the theory of lipotoxicity suggests
that impaired capacity for fatty acid oxidation results in the accumulation of lipid
products such as diacylglycerol (DAG) and ceramide (131, 174), which can impair
insulin-induced glucose uptake in skeletal muscle by interfering with insulin signal
transduction (45, 131). With the exception of the SHAM inguinal co-culture, the data in
this study demonstrate reductions in insulin-induced glucose uptake in the muscle fibers
when lipid storage is high which suggests that lipotoxicity is a potential contributor. In
support of this in the OVX model, others have shown reduced activity of mitochondrial
enzymes in skeletal muscle of OVX animals (22, 38), and additionally we have observed
impaired mitochondrial oxygen consumption in skeletal muscle fibers of OVX mice
compared to SHAM (unpublished data). These impairments in lipid substrate
metabolism may lead to rerouting of fatty acids toward DAG and ceramide synthesis
(131, 174). Therefore, it is possible that skeletal muscle lipid deposition in the OVX state
impairs insulin signaling due elevated fatty acid availability that is not matched by fatty
acid oxidation capacity, resulting in lipotoxicity. However, we can only speculate that
lipotoxicity may be occurring in the OVX fibers, as we do not have data on DAG and

ceramide content. It appears that reduced capacity for fatty acid oxidation by OVX mice
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is mediated by reduced estrogen levels since D’Eon et al. reported 17B-estradiol
treatment of OVX mice resulted in select upregulation of genes associated with fat
oxidation (68). In contrast to the other conditions, SHAM fibers co-cultured with
inguinal adipocytes did not exhibit impaired insulin-induced glucose uptake in spite of
intramuscular lipid content equivalent to SHAM fibers following omental co-culture.
This suggests that in the metabolically healthy SHAM condition, lipid content alone was
not enough to predict skeletal muscle insulin resistance, an observation that is supported
by findings reporting the presence of high skeletal muscle lipid content in both insulin-
sensitive exercise-trained and insulin-resistant obese individuals (98, 199). It is possible
that differences in the species of fatty acids released from omental versus inguinal
adipocytes impacted the outcome of co-culture on skeletal muscle glucose uptake. For
example, when skeletal muscle is exposed to saturated fatty acids, the biosynthesis of
DAG and ceramide is elevated compared to muscle exposed to mono- and poly-
unsaturated fatty acid exposure (174), therefore greater saturated fatty acid content of
omental compared to inguinal adipocytes could be responsible for the divergent insulin
responses in co-cultured SHAM fibers. Further, in fibers from OVX animals no effect of
co-culture on glucose uptake was observed. Thus, fibers from the OVX animals display
inherent insulin resistance, and may have adapted to the elevated levels of NEFA
exposure in vivo such that no additional impairment is observed in response to adipocyte
co-culture.

Based on the alterations in glucose uptake observed in SHAM and OVX fibers,
we investigated the phosphorylation status of key regulators of insulin-induced glucose

uptake in skeletal muscle. In response to insulin stimulation, Akt is phosphorylated by
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PI3K at the Serd473 and Thr308 residues, both of which are critical for maximal Akt
activity and insulin-stimulated glucose uptake via GLUT4 translocation (7). In control
OVX fibers, the magnitude of Akt phosphorylation (Ser473) in response to insulin was
reduced compared to SHAM fibers. This corresponds with the observations for insulin-
induced glucose uptake, with impairment in control OVX fibers compared to control
SHAM fibers. It is also in agreement with others reporting reduced insulin-stimulated
Akt phosphorylation and glucose uptake in OVX skeletal muscle (220). In SHAM fibers,
insulin-induced Akt phosphorylation (Ser473) was lower following omental and inguinal
co-culture compared to SHAM control. As hypothesized, SHAM omental co-culture
resulted in impaired insulin-stimulated Akt phosphorylation coupled with attenuated
glucose uptake. Interestingly, insulin-induced glucose uptake was not lower following
SHAM inguinal co-culture compared to SHAM control in spite of impaired insulin-
induced phosphorylation of Akt in the SHAM inguinal co-culture condition. Thus, it is
possible that inguinal adipocyte exposure results in activation of an alternate insulin-
sensitive pathway in SHAM skeletal muscle fibers, or perhaps a pathway completely
independent of insulin. For example, activation of AMP-activated protein kinase
(AMPK) is critical in mediating contraction-induced glucose uptake via phosphorylation
of AS160 or TBCIDI1/TBC1D4, which is also downstream of Akt and ultimately
facilitates GLUT4 translocation to the plasma membrane (For review: (294)).
Precedence exists for activation of AMPK independent of muscle contraction with recent
reports demonstrating AMPK activation by the insulin-sensitizing adipokines adiponectin
and leptin (33, 193). Thus, it is possible that adipokines released in greater quantities

from inguinal SHAM adipose tissue (i.e. adiponectin, leptin) mediated the insulin

146



response via activation of AMPK, potentially facilitating GLUT4 translocation and
glucose uptake downstream of Akt. However, we found no differences in adiponectin
concentrations across conditions and leptin was undetectable in the co-culture media,
suggesting that these adipokines were not mediating the depot-specific differences
observed in SHAM co-culture. In OVX muscle fibers, the impaired Akt phosphorylation
in response to insulin is likely mediated by skeletal muscle lipid deposition, however it is
unclear what factors contribute to the depot-specific disconnect between Akt
phosphorylation and glucose uptake following SHAM co-culture.

Another insulin-sensitive signaling protein, glycogen synthase kinase-3f (GSK-
3B), which sits downstream of Akt and plays an important role in the cellular fate of
glucose was examined. In response to insulin stimulation, GSK-3 is phosphorylated on
the Ser9 residue by Akt, removing cellular inhibition of glycogen synthase and
facilitating glycogen storage (265). In our study, ovarian hormone reduction did not
impact GSK-3f phosphorylation (Ser9), as basal and insulin-stimulated phosphorylation
was similar between OVX and SHAM control fibers. Following inguinal, but not
omental adipocyte co-culture, OVX fibers displayed lower insulin-induced GSK-3f3
phosphorylation than control fibers. This same tendency was observed in SHAM
inguinal co-culture, however it did not reach statistical significance (p=0.07). Others
have shown reduced, GSK-3B phosphorylation in skeletal muscle when exposed to
excess circulating lipid. Specifically, intralipid infusion in rats results in impaired
insulin-stimulated GSK-3f phosphorylation in quadriceps muscle (85). As glucose may
either be stored or metabolized upon uptake, it is possible that co-culture impacted the

fate of glucose in a depot-specific fashion; however, further investigation is necessary to
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determine the impact of co-culture on the cellular metabolism of glucose in skeletal
muscle fibers.

In addition to the regulation of glycogen storage, phosphorylation of downstream
substrates of Akt in response to insulin results in GLUT4 translocation to the plasma
membrane, facilitating the uptake of circulating glucose (286). Here we have found no
effect of either OVX or of adipocyte co-culture on the protein content of GLUT4. Some
studies have reported reduced GLUT4 protein content in OVX skeletal muscle (233),
while others have found no effect of OVX (115, 212). Reduced skeletal muscle GLUT4
translocation in rats following ovary removal has been reported by Rincon et al. (225),
thus it is possible that impaired GLUT4 translocation, rather than total protein content,
may explain alterations in glucose uptake in OVX fibers and in SHAM fibers following
omental adipocyte co-culture. Therefore, measurement of total GLUT4 content is a
limitation to our study, and future investigation of GLUT4 translocation should be
performed to fully elucidate the impact of both OVX and adipocyte co-culture on glucose
uptake.

In addition to GLUT4, HKII, the primary isoform in muscle, plays an important
role in skeletal muscle glucose uptake, phosphorylating glucose to glucose-6-phosphate
upon entry into the cell. The Randle hypothesis (Glucose-Fatty Acid Cycle) postulates
that increased fatty acid oxidation in response to elevated fatty acid exposure impairs
glucose flux through glycolysis by reducing hexokinase and/or phosphofructokinase
function resulting in attenuated glucose uptake (221). We found reduced HKII protein
content in OVX fibers following co-culture with both omental and inguinal adipocytes,

but no effect of OVX alone, or of adipocyte co-culture on SHAM fibers. This finding is
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likely important since heterozygous ablation of HKII in mice suppresses whole body
insulin action and insulin-stimulated skeletal muscle glucose uptake (87). Further, in
both obese and type 2 diabetic states, skeletal muscle expression of HKII is reduced in
humans (55). In another co-culture model, reduced HKII mRNA expression in primary
myotubes following adipocyte co-culture has also been reported (157). Interestingly, we
only found significantly lower HKII protein content in OVX co-culture condition,
suggesting a differential effect between SHAM and OVX. This difference in the HKII
response to co-culture could be dictated by differential fatty acid release from the OVX
adipocytes or increased skeletal muscle susceptibility to co-culture in the OVX group.
Others have shown that long chain fatty acid acyl-CoA exposure impairs HKII activity in
skeletal muscle. Specifically, exposure of human skeletal muscle to palmitoyl-CoA
resulted in a 75% reduction in HKII activity compared to control (273). Further, in
cardiac muscle, long chain acyl-CoA’s are inhibitory to HK activity, while medium chain
acyl-CoA’s activate HK (261), providing support for adipocyte fatty acid composition to
play a role in the outcome of co-culture on HKII. The lower HK protein content in OVX
fibers following co-culture compared to OVX control would implicate the Randle
hypothesis in mediating lipid-induced insulin resistance. In addition, a key part of the
Randle hypothesis is the intracellular elevation in citrate levels which is the result of
increased fat oxidation (221). We have observed higher citrate levels in OVX skeletal
muscle compared to SHAM skeletal muscle (unpublished data), which would potentially
support the Randle Cycle in the OVX animals. However, in our hands under OVX
control conditions we have not observed increased lipid oxidation, thus it is likely that the

Randle cycle may only be visible under the co-culture conditions. However, in spite of
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the lower HKII protein content, we did not observe lower insulin-induced glucose uptake
in OVX fibers following co-culture compared to OVX control fibers. It is possible that a
co-culture period of greater than 24 hours would have impaired glucose uptake in OVX
co-cultured fibers compared to OVX control fibers. At this time, additional evidence
would be necessary to confirm if the Randle hypothesis of lipid-induced insulin
resistance is present in the OVX co-culture model. Regardless, it is clear based on the
OVX-dependent response of co-culture system that it is important to take into account
changes in both ovarian hormones and adipocyte phenotype in the study of lipid-
mediated insulin resistance in women.

In addition to changes in content of insulin signaling targets, activation of
multiple signaling pathways in the obese state may impair insulin signal transduction.
The MAPK family member p38 is a stress activated kinase with a role in signal
transduction for multiple processes such as apoptosis, differentiation, proliferation, gene
expression, and a more recently described role in insulin signaling (250, 306). The role
of p38 in insulin signaling is controversial, with some studies reporting a positive role for
p38 activity in insulin-stimulated glucose uptake (250), and others suggesting p38
activity to be inhibitory to insulin signal transduction (120). We found a tendency for
elevated p38 phosphorylation (Thr180/Tyr182) in control fibers from OVX animals
compared to SHAM animals (p=0.07). In contrast, the only other study which has
investigated phosphorylation of p38 in the OVX model reported no difference in basal
p38 phosphorylation between SHAM and OVX in soleus muscle (220). Further, there
was a tendency for p38 phosphorylation to be higher in SHAM fibers following omental

and inguinal co-culture than in SHAM control fibers (p=0.07), thus pointing to an effect
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of co-culture on activation of p38. In support for this hypothesis, two novel adipokines,
chemerin and pigment epithelium derived factor, have recently been reported to activate
p38 in cultured primary human skeletal muscle cells (82, 241). In OVX control and co-
cultured fibers, as well as in SHAM co-cultured fibers, the tendency for greater p38
phosphorylation was mirrored by higher muscle fiber lipid content compared to SHAM
control. The potential for lipid to activate p38 is supported by the finding that lipid
infusion in mice results in increased p38 phosphorylation in skeletal muscle that is
coupled with skeletal muscle insulin resistance (146). In addition, with the exception of
SHAM inguinal co-culture, insulin-induced glucose uptake was impaired in all conditions
which exhibited a tendency for elevated p38 phosphorylation. This relationship is in-line
with studies reporting elevation of p38 phosphorylation in skeletal muscle of type 2
diabetic individuals (153) and playing an inhibitory role in the regulation of insulin
signaling (120). According to the theory of lipotoxicity, when skeletal muscle fiber lipid
content is elevated, p38 activation may impair insulin signal transduction via IRS-1
serine phosphorylation (120). OVX control skeletal muscle fibers had impaired insulin-
induced glucose uptake and a tendency for greater p38 phosphorylation compared to
SHAM control fibers, which may implicate lipotoxicity in the reduced insulin
responsiveness in the OVX model. Our findings demonstrate that alterations in skeletal
muscle lipid content in response to OVX and to adipocyte co-culture of SHAM fibers are
associated with elevated phosphorylation of p38 in the basal state, and subsequently may
contribute to impaired insulin-induced glucose uptake.

Together, many of our findings suggest that the in vitro effects of skeletal muscle

adipocyte exposure are dependent upon the in vivo environment from which they were

151



derived. For example, in control OVX fibers, insulin-induced glucose uptake was
reduced compared to SHAM, and co-culture did not result in further reduction. Thus, it
is possible that glucose uptake impairment in the control OVX fibers was already
maximal due to the elevated skeletal muscle lipid content resulting from high levels of
circulating fatty acid exposure in vivo. Following OVX omental co-culture, skeletal
muscle fiber lipid content was significantly higher than both OVX control fibers and
OVX fibers which were exposed to inguinal adipocytes; however, no differences in
insulin-induced glucose uptake were observed between these conditions. While this
would suggest further lipotoxicity is not occurring in the OVX fibers in response to co-
culture we can’t rule out the possibility that 24 hours was not a long enough duration for
adipocytes to impair insulin-induced skeletal muscle fiber glucose uptake in the OVX
condition, and that co-culture for a longer period of time may further impair glucose
uptake in OVX fibers. Further, it is possible that a factor other than lipid may be
contributing to impaired skeletal muscle insulin responsiveness in the OVX fibers. The
potential influence of the in vivo environment on the effects of co-culture is supported by
the relationship between insulin-induced glucose uptake in control fibers and insulin-
induced glucose uptake following co-culture (Figure 10). In both OVX and SHAM mice,
animals with control fibers having the greatest insulin-induced glucose uptake exhibited
the largest attenuation in insulin-induced glucose uptake in response to omental adipocyte
co-culture and vice versa.

Taken together, OVX results in skeletal muscle lipid deposition and impaired
insulin responsiveness, suggesting a role for lipotoxicity in mediating the onset of insulin

resistance when ovarian hormones are reduced. Based on studies utilizing ARKO and

152



ERKO knock out mice, as well as in vivo stimulation of the estrogen receptor, there is
evidence that reduced estrogens may be the link between ovarian dysfunction and skeletal
muscle insulin resistance (101, 118, 138, 267). However, since OVX results in multiple
hormonal changes (i.e. FSH, inhibin, androstenedione, etc.) we can’t rule out the
contribution of other circulating factors to impaired insulin responsiveness in our model.
In addition to the findings in OVX fibers, the effects of omental adipocyte co-culture on
SHAM fibers also implicate ectopic lipid deposition in the development of insulin
resistance. Further elucidation of the interaction between ovarian hormones, adiposity,
and the skeletal muscle response to insulin is crucial considering the increased prevalence
of insulin resistance and type 2 diabetes and the absence of a widely accepted treatment

for females with reduced ovarian function.
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Tables:

Table 5.1. Eight weeks following ovariectomy, OVX mice exhibit a significant
increase in total body weight, but no change in absolute heart or liver mass.
Relative to body weight, heart mass is significantly reduced in OVX animals. N =

15/group.

SHAM (N = 15) OVX (N = 15)
Body Weight (g) 22.18 +0.44 2533 +0.57*
Heart (g) 0.129 + 0.003 0.125 + 0.003
Liver (g) 1.02+0.04 1.03+0.07
Heart/Body Weight 0.0058 = 0.00016 0.00495 = 0.00013*
Liver/Body Weight 0.0458 + 0.0013 0.0408 = 0.0033

Data are presented as means + SEM.
* Indicates significantly different from SHAM (p < 0.05).
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Table 5.2. Glycerol and NEFA levels from co-culture media after 1 and 24 hours.
All values are presented as the difference from the respective control condition. N = 10

per group.

Glycerol (ng/mL) NEFA (mmol/L)
1 hour 24 hours 1 hour 24 hours
SHAM omental | 20.69 + 10.36 | 72.17 + 13.08 * UD UD
SHAM inguinal UD 40.36 + 15.78 * UD 1.1E-05 + 0.01

OVX omental 21.2+14.18 | 8541 +13.53* | 0.02+0.01 0.009 £ 0.008

OVX inguinal UD § 41.08 £12.57 * $/ 0.021 £ 0.01 | 0.041 £0.01 # "

UD = undetectable

* Indicates significantly different from respective 1 hour value.

$ Indicates significantly different from respective OVX omental time point (p < 0.05).
# Indicates significantly different from both 1 and 24 hour SHAM omental.

~ Indicates significantly different from both 1 and 24 hour SHAM inguinal (p < 0.05).
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Table 5.3. Cytokine concentrations in media following 24 hours of co-culture

(pg/mL). N = 5/group.

SHAM SHAM SHAM OovX OovX OovX
Control | Omental | Inguinal | Control | Omental | Inguinal
IL-6 354.7+ 507.4 £ 4954 + 268.1 + 748.8 + 4599 +
183.1 168.1 127.0 130.3 261.6 168.7
MCP-1 | 2875.7+ | 25712+ | 2506.6 + | 2628.0+ [ 23393+ | 2238.42
479.2 364.0 112.4 837.2 278.8 +223.5
Adipo 4633+ | 21655+ | 1691.0+ | 4164+ | 2260.7+ | 1981.5+
35.8 196.6 * 240.2 * 14.6 280.8 * 3143 *
IP-10 UD
TNF-a UD
Leptin UD

UD = undetectable; Adipo = Adiponectin
* Indicates significantly different from respective control
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Figures:

Figure 5.1
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Figure 5.1: Both omental and inguinal fat mass are elevated in OVX mice eight
weeks following surgery, with the omental fat mass increasing to a greater extent
than the inguinal fat mass. Black bars indicate omental fat, grey bars indicate inguinal
fat mass. N = 15/group.

* Indicates significantly different from SHAM.

$ Indicates significantly different from OVX omental (p < 0.05).
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Figure 5.2
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Figure 5.2 (A-F): OVX mice exhibit a rightward shift of both omental and inguinal
adipocyte size distribution, indicating a greater number of large adipocytes
compared to SHAM mice. Light grey bars represent the 2 week mice, dark grey bars
represent the 4 week mice, and black bars represent the 8 week mice.

(A) Omental adipocyte size distribution for SHAM mice at the 2, 4 and 8 week time-
points.

(B) Omental adipocyte size distribution for OVX mice at the 2, 4 and 8 week time-points.
(C) Isolated SHAM and OVX omental adipocytes stained with Bodipy 493/503 at the 2,
4, and 8 week time-points.

(D) Inguinal adipocyte size distribution for SHAM mice at the 2, 4 and 8 week time-
points.

(E) Inguinal adipocyte size distribution for OVX mice at the 2, 4 and 8 week time-points.
(F) Isolated SHAM and OVX inguinal adipocytes stained with Bodipy 493/503 at the 2,
4, and 8 week time-points.
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Figure 5.3

1
A) 0.9 I
0.8

0.7
0.6
0.5
0.4
0.3
0.2
0.1

BODIPY 493/503 RFU

SHAM control OVX control

B)

SHAM
4.5

3.5

2.5

BODIPY 493/503 RFU

1.5

0.5

Control Omental Inguinal

0

SHAM Control SHAM Omental

SHAM Inguinal

161



D) > oVX

BODIPY 493/503 RFU

0‘5 -
0

Control Omental Inguinal

E)

OVX Omental

OVX Control

OVX Inguinal

Figure 5.3 (A-E): BODIPY 493/503 stain for neutral lipid content of skeletal muscle
fibers. Data are presented as relative fluorescence units (RFU). Both surface and center
(6um deep) slices were quantified, with no differences in staining between the two.
Therefore, the surface and center slices were pooled in the data presented above. N = 25
fibers/group (5 fibers/animal for each condition).

(A) Skeletal muscle fiber BODIPY 493/503 fluorescence was elevated in control fibers
from OVX animals compared to SHAM control fibers.

* Indicates significantly different from SHAM control (p < 0.05).
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(B) Bodipy fluorescence in SHAM skeletal muscle fibers is elevated in response to both
omental and inguinal adipocyte co-culture to a similar extent.

* Indicates significantly different from control (p < 0.05).

(C) Representative images of BODIPY 493/503 in SHAM skeletal muscle fibers. Images
shown are maximum intensity projections (MIPs) obtained from z-stacks of the fibers. In
the images, BODIPY appears as green and DAPI nuclear stain appears blue.

(D) Bodipy fluorescence in OVX skeletal muscle fibers is elevated in response to
omental, but not inguinal co-culture.

* Indicates significantly different from OVX control.

$ Indicates significantly different from OVX omental (p < 0.05).

(E) Representative images of BODIPY 493/503 in OVX skeletal muscle fibers. Images
shown are maximum intensity projections (MIPs) obtained from z-stacks of the fibers. In
the images, BODIPY appears as green and DAPI nuclear stain appears blue.
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Figure 5.4 (A-C): Basal and insulin-induced (50 nM) uptake of the fluorescent
glucose analog 2-NBDG in skeletal muscle fibers. Data are presented as relative
fluorescence units (RFU) divided by total myosin protein content. N = 5/condition.

(A) The 2-NBDG response to insulin-stimulation was completely attenuated in OVX
control fibers compared to SHAM control fibers.

* Indicates significantly different from SHAM control.

$ Indicates significantly different from SHAM control + I (p < 0.05).

(B) Insulin-induced 2-NBDG uptake by SHAM skeletal muscle fibers is inhibited by
omental adipocyte co-culture, but not by inguinal adipocyte co-culture.

* Indicates significantly different from control.

$ Indicates significantly different from inguinal (p < 0.05).

(C) OVX fibers display impaired insulin-induced 2-NBDG uptake that was not altered by
either omental or inguinal adipocyte co-culture.
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Figure 5.5
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Figure 5.5 (A-C): Phosphorylation of Akt (Ser473) in skeletal muscle fibers under
basal and insulin-stimulated conditions (50 nM). Data are presented as
phosphorylated Akt divided by total Akt. N = 10/condition.

(A) Akt phosphorylation in response to insulin-stimulation was significantly reduced in
OVX control fibers compared to SHAM control fibers.

* Indicates significantly different from SHAM control

$ Indicates significantly different from OVX control

# Indicates significantly different from SHAM control + I (p < 0.05).

(B) In SHAM fibers, co-culture with both omental and inguinal adipocytes attenuates the
phosphorylation of Akt in response to insulin to an equal extent.

* Indicates significantly different from respective basal condition.

$ Indicates significantly different from Control + I (p < 0.05).

(C) In OVX skeletal muscle fibers, neither omental nor inguinal adipocyte co-culture
blunted the phosphorylation of Akt compared to the control condition.

167



Figure 5.6
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Figure 5.6 (A-C): Phosphorylation of GSK-3p (Ser9) in skeletal muscle fibers under
basal and insulin-stimulated conditions (50 nM). Data are presented as
phosphorylated GSK-3f divided by total GSK-3p. N = 10/condition.

(A) No difference in GSK-3f phosphorylation under basal conditions or in response to
insulin stimulation was observed between SHAM and OVX control skeletal muscle
fibers.

* Indicates significantly different from respective control condition (p < 0.05).

(B) In SHAM fibers, insulin stimulation increased GSK-38 phosphorylation in all
conditions. The phosphorylation of GSK-3p in response to insulin was significantly
reduced in fibers following inguinal adipocyte co-culture compared to control.

* Indicates significantly different from respective basal condition.

$ Indicates significantly different from Control + I (p < 0.05).

(C) Both control and omental co-culture fibers from OVX animals exhibited an increase
in GSK-3f phosphorylation in response to insulin that was attenuated in fibers following
inguinal adipocyte co-culture.

* Indicates significantly different from respective basal condition.

$ Indicates significantly different from Control + 1.

# Indicates significantly different from Omental + I (p < 0.05).
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Figure 5.7
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Figure 5.7 (A-C): GLUT4 protein content in skeletal muscle fibers. Data are
presented as GLUT4 divided by total myosin content. GLUT4 protein content is not
changed by insulin stimulation; therefore data is shown for the basal conditions only.
N=10/condition.

(A) No difference in GLUT4 content was detected between SHAM and OVX control
muscle fibers.

(B) GLUT4 content in SHAM skeletal muscle fibers is not altered by omental or inguinal
adipocyte co-culture. For the representative blot shown below the figure, C = control, O
= omental adipocyte co-culture, and I = inguinal adipocyte co-culture.

(C) GLUT4 content in OVX skeletal muscle fibers is not altered by omental or inguinal
adipocyte co-culture. For the representative blot shown below the figure, C = control, O
= omental adipocyte co-culture, and I = inguinal adipocyte co-culture.
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Figure 5.8
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Figure 5.8 (A-C): HKII protein content in skeletal muscle fibers. Data are presented
as HKII divided by total myosin content. HKII protein content is not changed by insulin
stimulation; therefore data is shown for the basal conditions only. N=10/condition.

(A) No difference in HKII protein content was observed between SHAM and OVX
control fibers.

(B) In SHAM skeletal muscle fibers, neither omental nor inguinal co-culture resulted in a
significant change in HKII protein. For the representative blot shown below the figure, C
= control, O = omental adipocyte co-culture, and I = inguinal adipocyte co-culture.

(C) In OVX skeletal muscle fibers, both omental and inguinal co-culture resulted in a
significant reduction in HKII protein. For the representative blot shown below the figure,
C = control, O = omental adipocyte co-culture, and | = inguinal adipocyte co-culture.

* Indicates significantly different from control (p < 0.05).
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Figure 5.9
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Figure 5.9 (A-C): Phosphorylation of p38 (Thr180/Tyr182) in skeletal muscle fibers
under basal and insulin stimulated conditions (50 nM). Data are presented as
phosphorylated p38 divided by total p38. N=10/condition.

(A) There was a tendency for phosphorylated p38 to be elevated in OVX control fibers
compared to SHAM control fibers in the basal condition.

(B) In SHAM skeletal muscle fibers, no significant differences in phosphorylation of p38
were detected between conditions.

(C) In OVX skeletal muscle fibers, no significant differences in phosphorylation of p38
were detected between conditions.
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Figure 5.10
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Figure 10: A moderate negative correlation was detected between control insulin-
induced 2-NBDG uptake and insulin-induced 2-NBDG uptake following omental co-
culture (R*=0.67). The greater the insulin response to increase 2-NBDG uptake in
control fibers, the worse the response following omental adipocyte co-culture. Light grey
points indicate OVX while black points indicate SHAM.
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Figure S1 (A/B)
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Figure S1 (A/B). Average omental (A) and inguinal (B) adipocyte size data from
SHAM and OVX mice 2, 4, and 8 weeks following surgical ovariectomy or SHAM
surgery. At the 8 week time point, both omental and inguinal adipocyte size was
significantly greater in OVX animals compared to SHAM.

* Indicates significantly greater than SHAM (p < 0.05).
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Figure S2 (A/B)
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Figure S2 (A/B). No differences in omental (A) or inguinal (B) adipocyte number
were detected between OVX and SHAM animals at any of the time-points. Black
bars represent SHAM animals and grey bars represent OVX animals.
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Chapter 6: Summary and Future Directions
Summary:

The studies contained within this dissertation have provided insight into
alterations in metabolic regulation that occur under conditions of reduced ovarian
hormone function. Specifically, the combined results of these three studies have
demonstrated that ovarian hormone reduction results in significant visceral adiposity as a
result of adipocyte hypertrophy, impaired lipolytic regulation of the adipocytes, and
impaired skeletal muscle insulin responsiveness. Further, the data suggest that in the
OVX animals there may development of lipotoxicity in the skeletal muscle, which is
facilitated by lipid overflow from the dysfunctional adipocytes. In the first study a role
for ovarian hormones in adipose tissue metabolism was demonstrated, as OVX was
associated with impaired adipose tissue lipolytic regulation and elevated basal lipolysis
compared to SHAM animals. In addition, many of the negative changes in adipose tissue
lipolytic regulation and circulating metabolic parameters following OVX were
completely attenuated by 17B-estradiol supplementation and partially attenuated by
voluntary wheel running (Study #1). The data in study one suggested in OVX animals
there was increased basal lipolysis coupled with a poor response to a drug that would be
expected to induce lipolysis. Thus, in study two we addressed the ability of a
physiological stimulus (i.e. acute exercise) to induce activation of lipolytic signaling in
the SHAM and OVX mice. As expected, OVX mice exhibited impaired lipolytic
activation during acute exercise, a state which should stimulate lipolysis. Specifically, in
response to acute exercise adipose tissue HSL phosphorylation (Ser660) was higher than

the control (sedentary) group in SHAM, but not in OVX animals. This acute exercise-
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stimulated HSL phosphorylation was coupled with higher circulating glycerol levels in
SHAM exercised compared to SHAM sedentary mice, but this acute exercise effect on
glycerol levels was not observed for OVX animals (Study #2). The impact of OVX on
adipose tissue lipolytic regulation demonstrated in Studies #1 and #2 supports a major
role for adipose tissue in mediating the onset of metabolic diseases following ovarian
hormone reduction. As adipose tissue phenotype is critical to whole body lipolytic
regulation a third study was conducted to examine alterations in adipocyte size and
number in mice following OVX. The adipose tissue expansion observed in OVX mice
was determined to be mediated by increased adipocyte size, a change which may
contribute to elevated basal lipolysis.  Specifically, it is well documented that
hypertrophic adipocytes are susceptible to lipid overflow, thus the observed adipocyte
hypertrophy provides support that ectopic lipid deposition may occur when ovarian
hormones levels are reduced. Further, we investigated the time-course of adipocyte
alterations following OVX in both omental and inguinal adipose tissue depots. We found
that OVX adipocyte size in omental and inguinal adipose tissue depots was significantly
larger than SHAM 8 weeks following ovary removal. Determining the time-course of
negative physiological changes, such as adipocyte hypertrophy, following OVX was
critical for the next studies where we sought to examine the interaction between the
adipocytes and skeletal muscle using a novel co-culture system. In isolated single
skeletal muscle fibers, elevated lipid content, attenuated insulin signaling, and impaired
insulin-induced glucose uptake were observed in fibers from OVX animals compared to
SHAM. In OVX muscle fibers, co-culture did not further impair insulin-induced glucose

uptake, while in SHAM fibers omental, but not inguinal co-culture attenuated glucose
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uptake in response to insulin (Study #3). The findings of Study #3 suggest that the initial
ectopic lipid deposition in skeletal muscle following OVX is lipotoxic, resulting in
impaired insulin signal transduction and subsequent insulin-induced glucose uptake.
Thus, this provides a direction for future investigation into the mechanisms which
mediate the onset of insulin resistance in response to ovarian hormone dysfunction. The
combined results of these studies have provided insight into changes in adipose tissue and
skeletal muscle metabolic properties that may contribute to the onset of insulin resistance
following a reduction in ovarian hormones (See Figure 6.1 below). These findings are of
particular importance given the absence of a treatment for women with reduced ovarian

hormones to prevent the onset of metabolic disease.

Limitations: One limitation to Studies #1 and #2 is that adipose tissue lipolysis was not
directly measured; rather, glycerol levels were used as an indicator of lipolysis.
However, while direct measurement would have been ideal, many other studies have
utilized circulating glycerol levels to assess lipolysis (111, 128, 129, 137, 181, 238).
Further, the first two studies measured content of lipolytic proteins in whole adipose
tissue rather than isolated adipocytes. Thus, the possibility that macrophages and
preadipocytes in the whole adipose tissue homogenate contributed to lipolytic protein
content can’t be ruled out, as both CGI-58 and ADRP in particular are observed in these
cell types in addition to mature adipocytes. In addition, Study #1 and Study #2
investigated lipolytic regulation in whole adipose tissue, while Study #3 was conducted

utilizing isolated adipocytes. In order to directly integrate the findings of the three
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studies it would have been ideal for all to have been conducted utilizing isolated
adipocytes.

For Study #3, the methods used to measure GLUT4 and HK are a potential
limitation to the study. Particularly, we measured total content of GLUT4, rather than
GLUT4 translocation. Reduced skeletal muscle GLUT4 translocation in rats following
ovary removal has been reported by Rincon et al. (225). Thus it is possible that GLUT4
translocation, rather than total content, plays an important role in the attenuated insulin-
induced glucose uptake in OVX skeletal muscle fibers and SHAM fibers following
omental co-culture. Additionally, activity of HK is influenced by complex allosteric
regulation, and thus total content of HK does not necessarily provide an indication of the
functional consequences of OVX and adipocyte exposure. Lastly, the signaling data
collected for Study #3 is all downstream of the insulin receptor, thus leaving open the
possibility for reductions in insulin receptor sensitivity to be mediating the attenuation in
insulin-induced glucose uptake observed in OVX skeletal muscle fibers and in SHAM

fibers exposed to omental adipocytes.
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Figure 6.1. Physiological changes following OVX which contribute to skeletal muscle
insulin resistance. Following ovariectomy, adipocyte expansion results in elevated
adipose tissue ATGL content, coupled with changes in lipid droplet coat proteins,
specifically an increase in PLIN2 and reduction in PLIN1. As adipocyte hypertrophy
occurs, these changes in proteins which regulate lipolysis result in increased glycerol and
fatty acid release from adipocytes into circulation as basal lipolytic rate is elevated.
Ultimately, uptake of these fatty acids from circulation into skeletal muscle results in
impaired insulin signal transduction and attenuated insulin-induced glucose uptake,
facilitating the onset of insulin resistance.

PLIN1 = Perilipin, PLIN2 = adipose differentiation related protein, ATGL = adipose
triglyceride lipase, GLUT4 = glucose transporter 4, FA = fatty acid; black circles indicate
lipid droplets.

Future directions: Though these studies have provided novel insight into alterations in
adipose tissue and skeletal muscle which occur following OVX, additional questions
remain which require further investigation. Specifically, we have demonstrated that

adipose tissue expansion and adipocyte hypertrophy are associated with impaired insulin-
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induced glucose uptake in skeletal muscle of OVX mice; however, it is unclear whether
this association is driven by a direct effect of OVX on adipose tissue, skeletal muscle, or
both. In addition, we and others have investigated a role for 17B-estradiol in mediating
the metabolic changes which occur following OVX, however, the collective role of the
multiple ovarian hormones which are altered by OVX has yet to be investigated. Further,
we found lower insulin-induced skeletal muscle glucose uptake in fibers with high lipid
content; however, the mechanisms which mediate the relationship between lipid content
and insulin responsiveness remain to be determined. Lastly, depot-specific differences in
the outcome of adipocyte co-culture on insulin-induced glucose uptake in SHAM fibers,
and ovarian hormone status-specific differences in the outcome of co-culture on
hexokinase content suggest that determination of the specific fatty acid species stored

within adipocytes is critical.

Tissue specific effects of OVX — do changes in adipose tissue drive skeletal muscle insulin
resistance? In multiple models of ovarian hormone dysfunction, adipose tissue expansion
and insulin resistance have been reported. In our hands, ovariectomy of female mice
results in expansion of omental and inguinal adipose tissue, as well as skeletal muscle
lipid deposition that is coupled with impaired insulin signaling and insulin-induced
glucose uptake. However, as the physiological systems within the body are complex, and
ovarian hormones signal through receptors which are found in most tissues within the
body, elucidation of mechanisms which are directly impacted by ovarian hormone
reduction in the OVX model is extremely difficult. Specifically, it is unclear whether the
onset of insulin resistance following OVX is due to changes in adipose tissue which then

negatively impact skeletal muscle metabolism, to direct effects of ovarian hormone
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reduction on skeletal muscle, or to a complex interplay between both tissues.
Development of a tissue-specific estrogen receptor knock out is crucial in addressing the
order of events which result in insulin resistance when ovarian hormones are reduced.
For example, adipose tissue-specific knock out of the estrogen receptor may result in
similar adipose tissue expansion, adipocyte hypertrophy, and elevated basal lipolysis to
what we have observed in the OVX mouse. If these changes in adipocyte phenotype and
function are paralleled by skeletal muscle lipid deposition and insulin resistance, it would
implicate impaired estrogen action on adipose tissue as the primary factor contributing to
the development of skeletal muscle insulin resistance when ovarian hormone dysfunction

occurs.

Are the negative metabolic changes induced by OVX driven by reduced estrogens, or is
there a complex interplay of multiple ovarian hormones that should be considered?
While the use of a tissue-specific estrogen receptor knock out would prove useful in
determining the direct consequences of estrogen reduction, the function of other
hormones which are altered when ovarian function is compromised should be considered.
Specifically, changes in follicle stimulating hormone (FSH), inhibin, and androstenedione
levels occur in ovary compromised women and animal models with ovarian dysfunction.
However, most studies have only investigated a role for the reduction in 17B-estradiol
levels in the metabolic consequences associated with ovarian dysfunction. While these
studies have provided insight, to completely understand the physiological consequences
and to develop an intervention to prevent the onset of disease following ovarian
dysfunction, the entire milieu of hormones which are influenced by ovarian status must

be investigated. For example, it is possible that a change in the estrogen to androgen
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ratio, rather than an effect of estrogen alone, is important in the regulation of adipose
tissue following ovarian hormone reduction. The androgen receptor is highly expressed
in preadipocytes in the visceral region, and may facilitate preferential deposition of fat in
the visceral depot (i.e. omental) relative to subcutaneous depots (73, 74). It is therefore
important to note that the androgen to estrogen ratio is elevated in post-menopause
women relative to pre-menopausal women, with post-menopausal women exhibiting
expansion of visceral adipose tissue (132). Particularly, the levels of free testosterone in
post-menopausal women are highly correlated to visceral adipose tissue mass (132),
further suggesting that hormonal factors other than estrogens should be considered in the

study of metabolic changes in the ovary compromised state.

Does lipotoxicity mediate the effects of OVX and adipocyte exposure on skeletal muscle
insulin responsiveness? In obese individuals, the capacity for oxidation of fatty acid (FA)
in skeletal muscle is impaired. The reduced capacity for FA oxidation results in rerouting
of FAs down other metabolic pathways, such as DAG and ceramide synthesis (131, 174).
Build-up of DAG and ceramide has been implicated in the onset of insulin resistance in
skeletal muscle by interfering with insulin signaling transduction (236). For instance,
ceramide may inhibit activation of Akt (45), while DAG may activate protein kinase C
(PKC) and nuclear factor kappa B (NF-kB) signaling, both of which interfere with IRS-1
activation (45, 131), thus impairing glucose uptake and contributing to the onset of
obesity-induced insulin resistance. Here we have demonstrated an association between
skeletal muscle lipid content and impaired insulin-induced glucose uptake; however, the

mechanisms which mediate this association are yet to be determined. Further, DAG and
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ceramide formation have not been investigated skeletal muscle following ovarian
hormone reduction.

Lipid exposure has been shown to increase phosphorylation of p38, which may
subsequently impair insulin signaling by facilitating IRS-1 serine phosphorylation (120).
p38 has been implicated in lipotoxicity when ectopic lipid deposition in skeletal muscle is
elevated in the sedentary state. It is thus of interest that we observed a tendency for
greater p38 phosphorylation in OVX skeletal muscle fibers compared to SHAM, as well
as a tendency for p38 to be elevated in SHAM fibers following adipocyte co-culture. To
investigate a mechanistic role for p38 in attenuating insulin-induced glucose uptake it
would be possible to utilize the same experimental design employed for Study #3, but
with the addition of a p38 inhibitor. This would allow us to determine if activation of
p38 in response to skeletal muscle lipid deposition is responsible for impaired glucose
uptake. Specifically, inhibition should prevent the effect of omental adipocyte co-culture
to attenuate insulin-induced glucose uptake in SHAM fibers, and may possibly reverse
the impaired glucose uptake in response to insulin observed in OVX fibers.

Recently, treatment of primary human myotubes with a cAMP/PKA agonist
concurrently with palmitate was reported to prevent the detrimental effects of palmitate
exposure on substrate metabolism (256). Specifically, treatment with the cAMP/PKA
agonist promoted complete lipid oxidation, as well as remodeling of lipid droplets for
efficient storage of fatty acids. These findings support recent evidence that IMTG is not
inherently lipotoxic; rather lipid-induced mitochondrial dysfunction which contributes to
the build-up of other lipid-based products is responsible for the relationship between

IMTG and insulin resistance. Thus, to investigate the role of lipotoxicity and
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mitochondrial dysfunction in insulin responsiveness of OVX fibers and of SHAM fibers
following omental adipocyte co-culture it would be interesting to employ the same co-
culture model, with the addition of a cAMP/PKA agonist. Potentially, this cAMP/PKA
agonist treatment could facilitate efficient storage and utilization of skeletal muscle lipid,
thus preventing the rerouting of fatty acids toward DAG and ceramide synthesis,
supporting the hypothesis that lipotoxicity mediates OVX and adipocyte co-culture

induced impairments in insulin-induced glucose uptake.

Do depot- and ovarian hormone status-specific differences in adipocyte fatty acid
composition exist which are critical in determining the impact of fatty acid exposure on
skeletal muscle insulin responsiveness? Lastly, based on the results of Study #3,
investigation of adipocyte fatty acid composition is of critical importance in determining
OVX and adipocyte depot-specific responses observed in the co-culture model.
Specifically, in SHAM skeletal muscle fibers, omental and inguinal adipocyte co-culture
both impaired insulin signaling at the protein level, and resulted in skeletal muscle lipid
deposition, but only omental co-culture impaired insulin-induced glucose uptake. And
further, no differences in concentrations of known insulin-sensitizing adipokines were
observed between omental and inguinal co-culture media. These findings strongly
suggest a role for species of fatty acids that are found in larger quantities in adipocytes
from one depot or another to impact the outcome of skeletal muscle lipid deposition on
insulin-responsiveness. Further, skeletal muscle fiber HK protein content was lower
following OVX, but not SHAM, adipocyte co-culture as compared to control fibers.

Thus, it is also possible that changes in adipocyte fatty acid species occur in response to a
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reduction in ovarian hormones, and that upon exposure, HK is sensitive to these fatty
acids. Studies have reported depot-specific differences in fatty acid composition that
may be altered in the obese state (91, 92). In particular, obese individuals present with
elevated saturated fatty acids in omental adipose tissue compared to inguinal (91, 92).
Together, our data and the current literature demonstrating depot- and obesity specific
differences in fatty acid composition suggest that further investigation into depot and

OVX specific adipocyte fatty acid composition of adipocytes is necessary.

Together, the findings presented within this dissertation, coupled with the future studies

addressed above may provide insight into mechanisms which regulate metabolic tissue

function and are altered by ovarian hormones. The elucidation of these mechanisms is

critical such that an intervention may be developed to prevent the onset of disease in

women experiencing ovarian hormone dysfunction.
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Figure Al. Optimization of 2-NBDG: dose response. N = 2 wells/condition. Insulin
stimulation was with a 50 nm dose for 30 minutes to match the stimulation for the protein
experiments. Insulin stimulated fibers were pretreated with insulin for 15 minutes prior
to incubation with 2-NBDG plus insulin for 30 minutes (50 nm). Based on the literature,
5, 10, 50, 100, and 200 pum doses of 2-NBDG were tested, with the 50 um dose
previously reported in single muscle fibers studies. No insulin response was observed
with the 5, 10, 100, and 200 um doses.

* The samples without insulin for the 50 pm dose failed and are not included in the
figure. Based on other preliminary experiments, the 50 um dose was chosen for
subsequent analyses as it was possible to detect an insulin response.
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Figure A2. The effect of different insulin doses on 2-NBDG uptake was tested, with
fibers exposed to either 0, 10, 50, 100, or 200 nm insulin. Fibers were pretreated with
insulin for 15 minutes prior to incubation with 2-NBDG plus insulin for 30 minutes (50
nm). N =3 wells/condition. Based on the ability to detect an insulin response, as well as
on matching the insulin dose to that used for the protein analyses, a 50 nm insulin dose
was selected for the 2-NBDG assay.
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Figure A3. Time course of 2-NBDG uptake in skeletal muscle fibers. =8
wells/condition. Insulin stimulated fibers were pretreated with insulin for 15 mlnutes
prior to incubation with 2-NBDG plus insulin for 30 minutes (50 nm).

(A) Basal and insulin stimulated 2-NBDG uptake were measured following 5, 30, and 60
minutes of incubation with 2-NBDG. The 30 minute time point was selected due to the
ability to detect an insulin effect.

(B) The increase in 2-NBDG uptake in response to insulin was visually apparent at the 30
minute time point, but not at the 5 minute time point. The nuclei are shown in blue
(DAPI), while 2-NBDG appears green.
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Figure A4. Treatment with both LY294002 and Cytochalasin B (CB) result in
inhibition of insulin stimulated uptake of 2-NBDG in skeletal muscle fibers. N =8
wells/condition. Insulin stimulated fibers were pretreated with insulin (50 nm) and either
LY?294002 (20 uM) or CB (25 uM) for 30 minutes prior to incubation with 2-NBDG plus
insulin and inhibitor for an additional 30 minutes (50 nm).
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Figure AS. Fatty acid treatment attenuates insulin stimulated 2-NBDG uptake in
skeletal muscle fibers. N = 8 wells/condition. Fibers were exposed to a mixture of 250 uM
oleate plus 250 uM palmitate for 24 hours. Insulin stimulated fibers were pretreated with
insulin for 30 minutes prior to incubation with 2-NBDG plus insulin for and additional 30
minutes (50 nm).
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Institutional Animal Care and Use Committee Approval

UNIVERSITY OF

MARYLAND

CRADUATE STUDIES AND BESEARCH
Instivutional Animal Care & Use Committee

W. Ray Stricklin
1ACUC Chair
wrstrickeumd.edu

Phone: (301)405-7044

June 17,2010
Dr. Espen Spangenburg

Department: Kinesiology
University of Maryland

espeniumd.edu
Phone: (301)405-2450

Dr. Spangenburg.

This letter is to inform you that on June 17, 2010, the members of the
Institutional Animal Care & Use Committee (IACUC) reviewed and approved the
protocol for:

The Role of Ovary in Metabolic Function

R-10-40

Please note that an approved protocol is valid for three (3) years unless there is a
change in the protocol. Thus, this protocol is valid until June 17, 2013. Federal laws
indicate that protocols must be reviewed yearly. Thus, in order to keep your approved
protocol active you MUST submit a protocol renewal/update by the first of the month of
the anniversary of your approval (June 2011 & June 2012). All work extending beyond
the approval date of the protocel must be submitted to the IACUC as a new protocol.

Sincerely,

)N b e

W. Ray Stricklin
Asst. Dean, College of Ag. & Natural Resources
Chair, [ACUC

CC: Doug Powell, Amanda Underwood
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**¥ For IACUC Use only ***
Protocol #
Approval Date
Expiration Date
IBC #
Application for
ANIMAL STUDY PROTOCOL — RESEARCH

University of Maryland, College Park, MD
Attention: Protocols are due to the [ACTC Manager by the first of the month. The IACTC generally does not meet i August.
Incorporate all protocol related information. For general mstmetions, see www umdresearchumd edn/TACTC or ehiek on Link.

Section &  Administrative Data: (Link)
1. Title of Project: The role of the ovary in metabolic function
2. Estumated Start Date- 6/1/2010 Estimated Completion Date: 05/31/2013

3. Type of Protocol. Complete each line.
a. Imtial submission [ X] 3 Y1 Renewal [] Modification [ ]
b, Previous protocol number 1f 3 Yr renewal or Modification: NA []
c. Field Study: YES[] NO[X] IfYES, attach required permits or provide
documentation that permits are not required.
d. Location of Research: College Park: YES [X] NO []; Other-than UMD: YES[]
NO [X]
e. Locationifresearch 1s conducted away from UMD: NA [ X]
4. Prnncipal Investigator.

MName Espen E Spangenburg, Fh.D. Department: Kinesiology
UMD Address: 2134A SPH Office phone: 5-2483 Lab phone: 5-4579
Fax: 5-5578 E-mal: espen@umd.edu  University Title: Assistant Professor

5. Key Personnel List name, role®, university address, phone and e-mail
Lindsay Wohlers (G3) 2128 SPH Bldg kacampbe@umd. edu 301-405-4579
Kathryn Campbell (GS) 2128 SPH Bldg lwohlers@umd.edu 301-405-4579

* Indicate role of personnel as CO (co-mwves tigator), €5 {collaborating sclentist), PD (post-doctoral)
U5 (undsrgraduate stadent), G5 (graduate student), T (technician).

6. Has or will this proposal be submitted through ORAA? YES [X] NO []
If applicable -
a. ORAA Proposal ID number(s): unknown
b. Title of associated proposal(s) or award(s). unknown not submitted vet
c. Name of the PI on the proposal or award application: Espen E. Spangenburg
d. Other key personnel supported under this proposal or award: [] NA

7. Funding for animal procurement and care: DRF and submitted grants
(1.2, existing grant, pending grant, submutted grant, departmental, DRF, not yet determined,
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not applicable)
Type of Grant (1 e. NIH, NSF, Other etc): not yet determined

Section B. Animal Requirements: (Link)

1. Animals List species, age or weight at use, sex; strain, stock, common or scientific name;
source; holding location (bldg) and total number.

Species: Mouse
Age atuse: 2 months to 20 months
Sex: Male and Female
Strain: C57/BLG
Stock:
Common or Scientific Name: Mus musculus
Source: Harlan
Holding Location (bldg): CARF
Total Number: 672

2. Descrnption of Amimal Usage.

a) Approximate number of ammals used each year: Detailed explanation appears
below. Experiment | will be done over the course of 2 years Experiment 2 will be
completed in vear 2 and expenment 3 in year 3.

b) Approximate mavimum number of animals on hand at any given time: ~130. This
will only happen one time  Otherwise we anticipate less than 100 animals to be
housed at CARF.

c) Approximate mazimum number of weeks any single animal may be housed: no
more than 12 weeks

3. Number of animals by species that will be used in this study that are currently assigned to
other protocols: none

4. Anmimal Accountability.
a  Approximate number of rodent pups to be suthanized prior to weaning: NA [X]
b. Approximate number of chicks to be used or suthamized immediately post-hatch:
NA [X]

Section C. Transportation: (Link) NA [X]

Section D. Lay Summary: (Link)
State yvour study objectives and goals as they relate to the proposed use of ammals. Write for
nonspecialists and limit to 300 words.

Loss of ovarian function in females 15 associated with the development of abdominal
obesity, increased risk of type 2 diabetes, and the metabolic syndrome. Currently, we have poor
understanding of how the ovary affects metabolic function of penipheral tissue. Therefore, the
primary goal of this study 1s to delineate metabolic mechanisms that are altered when ovarian
function 15 lost in female muce of vanious ages. In addition, a secondary goal will be to determine
if physical activity can be used in a therapeutic sense to overcome the metabolic changes that
occur with lost ovanan function. Loss of ovanan function wall be induced by either surgical
ovariectomy or thoroughly weelkly fulvestrant treatment. Further, two models of exercise will

-
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performed using voluntary runmng wheels or a specifically designed rodent treadmill. The purpose
of using the two models of exercise 15 to have an acute bout of exercise (treadmill) and exercise
traiming (wheel runming). Male mice will also measured to determune 1f any sex differences exist
between the female mice that have undergone ovary ablation or fulvestrant treatment. It is
expected that data obtamned from these studies wall improve our understanding of the influence of
the ovary on mechanisms that regulate metabolic function of peripheral tissue and in addition
provide additional data on the use of exercise as a therapeutic interventions for women who are
experiencing loss of ovarian function.

Section E. Rationale for Animal Use: (Link)
1. Justify why animals are required over non-animal alternatives

Due to the invasive nature of the protocol and the amount of tissue required human studies are not
possible. One of the major tissues of interest in this study 15 the visceral fat pad, which cannot

be obtained in humans without a highly specialized surgeon and an extremely invasive surgical
procedure. Cell culture 15 also not an option since it 15 not possible to mumic age or exercise using
cell culture models.

2. Justify appropriateness of species selected:

Mice are an appropriate species because we have shown in preluminary and published
studies that using different means to disrupt the ovarian function in the mouse results

in metabolic changes typically seen 1n humans that are post-menopausal or undergoing
treatment for breast cancer. Other species of aumals are not always swtable. For example,
unlike the mouse, rats become hyperphagic with removal of the ovary which would add a
cofounding element to our study design if we used the rat. In addition, mice are naturally
strong runners in that will exercise for fairly long durations (5-10km/might) with no
intervention, so mice are advantageous to our study design

3. Justify number of anmimals to be used

We have determined 1n a prion power measure that the minimum number per group needed
to maintain statistical power (0.80) for each experiment is 12 animals For a complete
breakdown of each group see section F (see below). We have broken down the whole
proposal into three independent experiments for ease of reading. In experiment 1, we
determuine the effect of age (expenment 1) and ovary status on vanous biochemical based
metabolic measures in adipose, liver, and skeletal muscle tissue. In addition, we will
determuine the effects of exercise across each age and treatment group. We will house

the animals in cohorts, thus we will not have all the groups in CARF at once but instead

do the study in smaller groups. In expenment 2, we determine the effect of ovary status
on cellular and molecular mechanisms that regulate lipid metabolism in multiple tissues.

In experument 3, we will 1solate primary cell lines from each group to determune the
mechamstic function of the targets identified in experiments | and 2 on metabolic function
in an ex vive fashion. The total number of animals to be used 15 672,
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4. Justify duplicative research: NA [X]
Section F. Expenmental Design and Amimal Procedures:

1. Brnefdescription of experimental design and ammal procedures including summary table(s)
of experimental groups and the number in each group: (Link)

Owary dysfunction will be induced either through surgical removal of the ovaries or through
weelly injections of fulvestrant. Ovanectomy is the most common model used to study the role
of the ovary in women’'s health.  All of the ovariectomy surgeries will be done at Harlan and

the amimals will then be shipped to UMD, Fulvestrant is an estrogen receptor antagomst that
results in inhibition of estrogen receptors in peripheral tissue without ablation of the ovaries It
15 approved for treatment of breast cancer in humans. Weekly injection of mice with fulvestrant
results in increases in abdominal obesity and ovary dysfunction (see below for specifics on
treatment protocol). The male mice are included as controls to determine if ovanectomy surgery
or fulvestrant treatment causes the female mice to adopt a metabolic phenotype similar to male
mice.

Exercise training will be accomplished through voluntary wheel running. Mice will run 5-10km/
mght 1f exposed to a running wheel We have 40 running wheels currently in CARF.

The acute exercise protocol will be done on a mouse specific treadmill. The animals wnll be
placed on a treadmill and run at 15 m/min for 30 mins. This is an easy protocol for the mice and
we do not anticipate any major 1ssues. There 15 a mild electrical stimulus to encourage the animals
to run. If we encounter a mouse that refuses to run (sits at the back of the treadmull for longer than
15-20 secs), we will remove it from the study.  In our hands, we very rarely have mice that are
not capable of running at this speed or duration. If the mice are removed from the study due to
failure to run the mice will be enthanized as described in Section J.

Three different experiments will be conducted to determine the metabolic effect of lost ovary
function or estrogen receptor signaling on metabolic function of penpheral tissue. See table | for
detail explanations (see below). We have divided the total number of animals into three distinct
expeniments. We need to do this because each szpeniment requires us to process the in completely
different fashion. In experiment 1, we will perform GTT and ITT measures. In addition, we
collect the necessary tissue and snap freeze the tissue. These tissues will be used for metabolomics
and biochemical measures. In experiment 2, we collect the necessary tissue and snap freeze the
tissue for cell signaling and gene expression measures. We are only planning to perform one age
and one time point for these experiments until we can better establish our mechanistic targets.
Once they are identified we will follow up 1n subsequent proposal to address the mechanisms
across age and time  Finally, in experiment 3, we 15o0late the tissue from each group and isolate
prmary cell lines from the adipose tissue, liver tissue and skeletal muscle tissue. Using the targets
we indentify in experiment 2, we will use these cultured cells to determine the critical nature of
each target for the regulation of metabolic function Due to the amount of tissue and completely
different processing techniques required for each set of expeniments, we will be required to repeat
portions of the study three different imes.

The summary table appears on the next page
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Experiment1  Experiment Experiment 3

6mo 18 mo 6mo & mo subtotal
Grong |- Coatrol Female 12 12 12 12 43
Group - Coatrol Female and Overiectomy Surgery (2 weeks) 12 12 pL3
Group 2- Coatrol Female and Ovariectomy Swrgerv (3 wezks) 12 12 24
Group 2- Coatrol Female and Ovaniectomy Surgery (8 wesks) 12 12 12 12 43
Group 3- Control Female and 2 weeks of Fulvestrant Treatment 12 12 b2}
Group 4- Control Female and 4 wesks of Fufvestrant Treatment 12 12 L]
Group §- Control Female and & wasks of Fulvestrant Treatment 12 12 12 12 a8
Group 6- Conol Male 12 12 12 12 %
Group T- Exercised Female 12 12 12 12 a3
Group 2- Chromie Exercise Female and Ovanactomy Sorgery (2 weelks) 12 12 L]
Group 2- Chronic Exercise Female and Ovaricctomy Surgery (4 weeks) 12 12 pLs
Group 2- Chronic Exercise Female and Overiactomy Sorgery (8 weeks) 12 12 12 12 43
Group 9- Chronic Exercise Female and 2 wesks of Fulvectrant Treatment 12 12 L3
Group 10- Chronic Exercise Female and 4 weeks of Fulvestwant Treatment 12 12 24
Group 11- Chronic Exercise Female and § weeks of Fulvestrant Treatmeat 12 12 11 12 a2
Group 12- Acute Excrcise Female and Ovanectomy Surgery 12 12 12 12 45
Growg 13- Acute Exercise Female and § weeks of Fulvestrant Treanment 12 12 12 12 43
Group 14- Exercised Male 12 12 12 12 a8
subtotal | 26 | ;s | o [ um
total §72

2. Administered substances other than aesthetics and analgesics. NA[] (Link)
a. List substance, dose or concentration, route, volume, frequency, site, and needle size.

Fulvestrant Treatment: Animals will be subjected to fulvestrant (Faslodex, Sigma) treatment will
be intraperitoneal (IF) injected weekly at a dose of 10 mgfkg of body mass The treatments will
continue for 2, 4 or 8 weeks. IP injections will be admimstered using a stenle %2 inch 29 gange
needle and solutions will be sterilized before use. We have previously found that this dose 15 well
tolerated in that mice show no oviward symptoms of discomfort or stress. In addition, they eat and
drink in normal fashion resulting in maintenance of their body weight during treatment.

Glucose Tolerance Test (GTT) Procedures: Circulating levels of blood glucose will be measured
using a standard glucometer 1n a subset of animals from each group (w=7/group). We will remove
food but maintain access to water 8-12 hours before the experiment. Prior to the start of the GTT
the next monmung, we will weigh the mice and nick the tail with a stenile scalpel blade at the very
end to remove roughly 0.25 cm of the tail A new stenle scalpel blade will be used for each mouse
tested. Baseline blood glucose will be measured using a glucose meter (AlphaTRAK, Abbott
Labs). A ~3 uL droplet1s required for each measurement. Stenlized D-glucose (200 mg/ml, 1.p.)
warmed to 37°C will be injected at 2 mg/g body weight in normal saline. Blood glucose will be
measured again at 30, 60, and 120 minutes by gentle massage of the tail and spothing the blood
onto the glucometer strip. The first drop of blood 15 discarded to ensure accurate analysis of blood
glucose Mice are monitored throughout for excessive bleeding or other adverse conditions. If for
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any reason an adverse reaction 1s detected the test wall be discontinued and the campus vetennanan
will be contacted. Following the final test, food is returned and mice are monitored for 2 hours to
assure complete recovery. Wewill keep a written log of all times food is removed and returned
to the animals.

Insulin Tolerance Test (ITT) Procedures: Circulating levels of blood glucose will be measured
using a standard glucometer in a subset of anumals from each group (n=7/group). We wll remove
food for 6 hrs prior to experiment but maintain access to water Prior to the start of the ITT the
next mormung, we will weigh the mice and nick the tail with a stenile scalpel blade at the very end
to remove roughly 0.25 cm of the tail A new sterile scalpel blade will be used for each mouse
tested. Baseline blood glucose will be measured using a glucose meter (AlphaTRAK, Abbott
Labs). A ~3 uL droplet1s required for each measurement. Animals will then receive 0.75U/kg
body weight (approzimately 11 units) of bovine insulin (Sigma) via intraperitoneal injection.
Intraperitoneal injections will be administered once using a stenle 1/2 mch 29 gauge needle.
Blood glucose will be measured again at 30, 60, and 120 minutes by gentle massage of the tail and
spotting the blood onto the glucometer stnip. The first drop of blood 15 discarded to ensure accurate
analysis of blood glucose Mice are monitored throughout for excessive bleeding or other adverse
conditions. If for any reason an adverse reaction 15 detected the test will be discontinued and the
campus veterinarian will be contacted. Following the final test, food 15 returned and mice are
momtored for 2 hours to assure complete recovery. We will keep a written log of all times food
isremoved and refurned to the animals.

b List and provide justification for any non-pharmaceutical grade substances including
anesthetics, analgesic and 1njectable euthanasia solutions that will be used. NA [X]

All anesthetics (1 e 1soflurane) are pharmaceutical grade.
3. Blood collected from live animals. NA[ ] (Link)
a. List method, site, volume and frequency.
Blood wall be collected for glucose tolerance tests and insulin tolerance tests via tail
smip. These tests require sampling of a single drop of blood over time following an
intraperntoneal injection of glucose or insulin. See above response in #2 for specifics of
testing procedures.
b. Identify 1f terminal bleed. N/A
c. Will amimals be anesthetized (local or general) for blood collection? YES [ ] NO [X]
If YES, add to table under Section H.
4. Describe methods of restraint: NA [X] (Link)

5. Survival surgery: NA [X] (Link) All ovanectomy surgenes will be performed at Harlan
and the animals will be shipped to UMD upon recovery from the surgery.

a. Describe the surgical procedure:
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b. Describe aseptic methods

c. List who wall perform the surgery and their qualifications:

d. Descnibe post-operative care and who will provide 1t: We will momtor the amimals and
if we see any situations where the animal appears to sick, not eating/drinking, or stressed we
will immediately contact the campus veterinanian

e. Has major survival surgery been performed on any animal prior to being placed on
this study? YES [X] NO [] Ifyes justify: The ovariectomy model 1s the most
commonly used animal model to replicate menopause in the women. [t 1s well
tolerated by the mice and will be performed by experts at Harlan before being shipped
to UMD. We momtor the ammals and 1f we detect any changes in food or water
consumption we contact the campus veterinarian immediately

f  Will more than one major survival surgery be performed on any anmimal while on this

study? YES [ ] NO [X] Ifyes, justify
6. Describe anticipated resultant effects: (Link)

The anticipated resultant effects of this study are that ovariectomy and fulvestrant
treatments will result in peripheral metabolic alterations that increase visceral adipose tissue
mass The end results of fulvestrant treatment are anticipated to be similar to that ovariectomy,
however, the underlying mechanisms may differ. We expect to find an upregulation of cellular
or molecular mechamsms that regulate fat storage in the adipose, hiver, and muscle tissue after
ovanectomy and fulvestrant treatments. In addition, we sxpect that exercise traimng wall
prevent the accumulation of lipid by either inhibition of mechanisms that regulate lipid storage
or by increasing the ability of the penipheral tissue to oxidize lipid. Finally, we anticipate that
the acute exercise bouts will allow us to identify the signals that initiate the therapeutic events
of exercise

7 Describe experimental and humane endpoints: (Link) Include description of pain
scoring, by whom, how often, intervention cnitena and method to intervene.

All amimals wall be euthanized and specific tissues will be collected from the amimal. None of the
experiments will result in any pain or distress for the animal  1f animal appears to be in pain, we
will remove 1t from the study and contact the campus vetennarian.

8. Locations (Link)
lAnimal Procedure Building(s) [Room(s)
INon-survival Surgery

Survival Surgery

Euthanasia SPH 2128
Tissue Harvesting ISPH 2128
Echavior Testing
[maging

7
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Other Expenimental Procedures: GTT and ITT ISPH 2128

Treadmull unning ISPH 2128

Section G. Pain and Distress

1. Categorize based on the most severe procedure to which they will be subjected. (Link)

Procedure Species Number Category I ICategory 11 Category II1
of animals [Minimal, trensient or [Pain or distress [Pain or cistress
o pain or distress)  pelieved hot relieved)
by appropriate means)
Tissue Collection Louse 672 X
Tail Nicks Mouse 186 X
Fulvestrant MMouse 168 X

2. Literature Search for Alternatives to Painful or Distressful Procedures: (Link) Requred
for procedures under Category 11 and III to determine 1f other methods are available that
could reduce or eliminate pain or distress.

a. Sources used (atleast 2} PubMed; Google Scholar
b Date search completed: 04/10/10

Years covered: 1900-2010

]

d  Key words used: anesthesia mice isoflurane safety

e Summary of the outcome of the search including a statement that no acceptable
alternatives were found or why alternatives cannot be used

We anesthetize all our animals (n=672 for the entire study) with 1soflurane (induction 4-
5%, maintenance 2-3%) and remove all of the necessary tissues (visceral fat, liver, skeletal
muscle, and heart) while the animal 15 anesthetized Other alternatives found mclude using
injectable cocktails. These are less advantageous for us due to the accumulation of needles
and a number of these drugs are regulated by the DEA, wlule 1soflurane 15 not. In addition, by
using 1soflurane we can control the depth and reduce the handling of the mice to ensure lower
stress levels In addition, we do notuse CO2 inhalation because a number of our expenimental
measures require blood flow to remain intact for as long as possible before the tissue 15
removed. Thus, no acceptable alternatives were found for our chosen form of anesthesia

Section H. Anesthesia and Analgesia: (Link)

1. List agent, procedure requinng agent, dose, route, and frequency

Anesthesia will be performed by inhalation 0f 4-5% i1soflurane induction. After the
induction, the isoflurane 15 lowersd 2-3%.

2. Provide details on fasting prior to anesthesia, methods of monitoring anesthesia, and
care duning anesthesia recovery if not mentiunged im Section F- NA[]
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Food will be removed 4-5 hours prior to anesthesia The animals will be initially induced in an
induction box and then 1soflurane exposure will be maintained by using a mouse specific nose
cone. The level of induction will be monitored by reflex responses to toe pinches throughout the
entire process of the tissue removal. No response to a toe pinch would indicate a sufficient level
of induction, if the animal exhibits a toe pinch response we not perform any procedures until the
amumal reaches a suitable anesthetic plane.

Section I. Biological Materials for Use in Animals: (Link)

1. Will ammals be exposed to any of the following matenals? This information will help to
prevent introductions of infectious agents to University ammals.

Animal tissue, fluids or cells YES [ ] NO [X]

2 If YES, explamn:

3. Has the matenial been tested for munne pathogens? YES[ ] NOJ[ ]
Section J. Amimal Disposition and Euthanasia: (Link)

1. Will animals be euthamzed? YES [X] NO [ ]

2. Method of euthanasiaz NA [ ] List agent, dose, and route.

Animals will be anesthetized viainhalation of 4-5% 1soflurane gas and mamntained under 2-
3% isoflurane. When animals have reached and appropriate plane of anesthesia (as determined
by lack of toe pinch reflex), we will remove numerous tissues (heart, liver, skeletal muscle,
brain, and adipose tissue) from the mice and snap freeze the tissues It is important that we use
anesthesia since we need the tissues to be blood flow intact.  Thus, the anumal will be
euthanized by exsanguinations, which 15 a necessity since we remove the heart and diaphragm
for subsequent biochemical measures.

3. Method to ensure death: NA [ ]

The tissues to be removed following anesthetization include the heart and diaphragm, such that
the animals will be euthanized through exsanguination. The animals will remain anesthetized
throughout the entire procedure.

4. Justification for conditionally acceptable or unacceptable methods: NA [X]

5. Method to dispose of euthanized ammals: NA [ ]
Final disposal of euthanized animals will be performed viaincineration through CARF.

6. Final disposition of ammals 1f not euthanasiaz NA [X]

Section K. Hazardous Agents: (Link)
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1. Identify all hazardous agents that will be administered to amimals.

Checl all List agents & Registration Document # (1f
that apply applicable)

Radionuclides

Biological Agents

Hazardous Chemicals

Fecombinant DNA including
recombinant microorganisms and
transgenic animals

2. Study conducted at Animal Biosafety Level: NA [X]
3. Describe precautions and procedures: NA [ X ]
4. Has approval been obtained from the Division of Environmental Safety: Yes[ ] No[ ]

5. Identify any agents administered and expected concentrationfactivity that will be expelled in
animal waste: MNA [ X]

6. Identify any agents administered and expected concentrations/activity that will be in animal
tissues when the amimal 15 euthamzed/disposed: NA [X]

Section L. Special Concerns or Reguirements: (Link) None| ]
1. Describe deviations from standard housing and amimal care: None [X]
1. Describe special equipment requirements: None [ ]
WVoluntary runming wheels cages will be used in certain expenments. These cages have already
been purchased by Dr. Spangenburg and used in previous studies approved by the UMD

IACUC. The cages are already housed at CARF. The other equipment 15 1n the Spangenburg
lab.

3. Descrnibe deviations from standard diet including amount and frequency: None [ ]
Prior to glucose tolerance testing and insulin tolerance testing food and bedding will be
removed for 6-12 hours before the test. Upon completion of the test the food wall be
immediately returned to them

4. Describe water restrictions: None [X]

5. Descrnibe phenotypes and care of any ammals which may be associated with morbidity or
shortened lifespan. None [X]

6. Justify any deviations from the Guide for the Care and Use of Laboratory Animals None
10
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[l
7. Other: None [X]

Section M. Traimng (Link) To be completed for each person named 1n this protocol including the
PL

Name: Espen E Spangenburg, Ph. D.

Ammal activities performed on this protocol: Will assist wath tissue removal and oversee the
experiments

Credentials: BS, MS, Fh. D

Experience working with each species: since 1995

Expenience with anumal procedures listed above: greater than 10 years

Training the individual will receive none

Year completed UMD PI/Amimal User training: 2006

Name: Lindsay M. Wohlers

Animal activities performed on this protocol: Will monitor animals throughout the study, perform
all imjections and tissue removal

Credentials: BS, MS

Expenence working with each species: since 2007

Experience with animal procedures listed above: 2007

Traming the individual will receive: No new traiming 15 necessary

Year completed UMD PI/Animal User training: 2007

Wame: Kathryn M. Campbell

Animal activities performed on this protocol: Will monitor animals throughout the study, perform
all imjections and tissue removal

Credentials: BS MS

Expenience working with each species: 2008

Experience with animal procedures listed above: 2008

Traming the individual will receive: No new traiming 15 necessary

Year completed UMD PI/Animal User training: 2008

Section N. Principal Investigator Certifications and Acknowledgments:

1. Tacknowledge responsibility for the conduct of these procedures and the care of these animals.

2. T'will conduct this work with animals in accordance with the protocol as approved by the
IACUC and the campus animal care and use guidelines. I will obtain approval from the JACUC
before imtiating any changes in the protocol.

3. I certify that I have determuned that the research proposed herein is not unnecessarily duplicative of
previously reported research.

4.1 certify that all individuals worltng on this proposal who have significant animal contact are
participating in the Laboratory Animal Handler’ s Medical Surveillance Program

4

5. T'wall maintain appropriate ammal records (e.g census, health, veterinary care, surgery, diagnostic,

11
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treatment, etc.)

6. For Category II and III proposals, [ certify that ] have reviewed the pertinent scientific literature,
the sources and/or databases (2 or more) as noted in Section G, and have found no alternatives to any
procedures described herein which may cause more than a momentary pain or distress whether it is
relieved or not

=]

I certify that the individuals listed in Section A are authorized to conduct procedures involving
animals under the proposal and have attended traiming. (Link) Training may include but not be
liruted to the biology, handling and care of the species, aseptic surgical techniques, research methods
that limit the use of animals or nimnmuze distress, proper use of anesthetics and analgesics, and
procedures for reporting ammal welfare concems

Principal Investigator: Signature Date

Section O. Concurrences:  Protocol number (leave blank) (Link)

0.1. Department Chair certification of approval of resources.
Name: Signature Date:

0.2. Division of Environmental Safety Eepresentative:
Required for studies utilizing hazardous agents. Required prior to approval but not at submission.

Name: Signature Date:

Name: Signature Date:

0.3, Facility Manager or Veterinarian certification of resource capability

Name: Signature Date:

Facility

Section P. Approval:
Certification of review and approval by the JACUC chairperson.

Name: Signature Date:

ARAC Approved — October 8, 2008
Revised —
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