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Abstract
Premenopausal women are protected against cardiovascular disease (CVD) compared to age-matched
men.

The

cellular

and

molecular

mechanisms

underlying

the

transition

from

premenopause/perimenopause (CVD-resistance) to postmenopause (CVD-susceptible) in women is
unknown and is the focus of this project. The critical barrier impeding translational progress is the lack
of appropriate models to study menopause. Most studies have used surgical removal of ovaries as a
model of menopause; yet this technique poorly recapitulates the natural, physiological transition to
menopause that 90% of women experience. I have overcome this barrier with the VCD model of
menopause, which mirrors progressive ovarian failure and preserves the critical “perimenopause”
transitional period. Our finding that perimenopausal females remain protected underscores the
importance of studying the role of estrogen in CVD, across the transition from perimenopause to
menopause. Multiple molecular, genetic, and cellular mechanisms underlie protection against CVD in
non-cycling females, many of which put estrogen as the key mediator. We previously discovered that
the AMP-activated kinase (AMPK) signaling axis is activated by estrogen through direct binding of
estrogen receptors to the α-catalytic subunit of AMPK. I aim to utilize the AMPK signaling pathway to
determine if AMPK activation is necessary for prevention of CVD during menopause.

Introduction
Cardiovascular disease (CVD) is the leading cause of death in women, contributing to 1 out of every 3
deaths per year (25). However, only 54% of women can identify that CVD is their number one risk of
death (60). It is clinically proven that postmenopausal women are at a greater risk for CVD than agematched men. Our lab has shown CVD susceptibility increases between premenopause and
menopause, yet the underlying mechanisms during the transition are still unknown. This gap in
knowledge has been accredited to the complex cardioprotective role of estrogen, which is present
during pre- and peri- menopause but suppressed in menopause. The confounding evidence
surrounding estrogen in supplemental hormone replacement therapy (HRT) is most well-known due to
the controversial outcomes of the Women’s Health Initiative (WHI) HRT clinical trials. In the early 2000’s,
WHI released a statement that supplemental estrogen augmented the risk for CVD, stroke, and breast
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cancer and the trials were ceased. However, in 2017 the WHI followed up with patients of the trials and
observed no difference in CVD mortality between control and treatment groups, suggesting that they
may have prematurely discounted supplemental estrogen HRT as a treatment for CVD (43). Despite
this, several other trials, such as the Early vs. Late Intervention Trial with Estradiol (ELITE) and Kronos
Early Estrogen Prevention Study (KEEPS), have conflicting results and are collectively unable to reach
a cohesive conclusion about the role of estrogen in menopausal women as a therapy for CVD. Hormone
trials that had CEE (conjugated equine estrogen) and MPA (medroxyprogesterone acetate) were
beneficial to reducing cardiovascular disease while other estrogen pharmaceuticals were not.
Researchers are coming to accept that the effectiveness of estrogen HRT, and whether it reduces or
reverses CVD, is variable based on the timing of estrogen administration relative to age of menopause
onset, a concept known as the timing hypothesis. In general, it is thought that estrogen HRT is only
beneficial when using the correct pharmaceutical and if administered early.

Our lab acknowledges the sex-specific prevalence of CVD and is working to explore alternative
hormone replacement methods to help protect the aging heart of women and to prevent cardiac
remodeling. Specifically, we are focusing on a homeostasis enzyme regulator we have found in previous
research to play a role in muscle kinetics and that interacts with estrogen receptors, called AMPK.
AMPK is an energy regulator that takes part in several metabolic pathways in the body including
cardiovascular metabolism, and it can also enter the nucleus to directly alter transcriptional activity and
cardiac gene expression. However, its role in CVD has not yet been understood. We have previously
found via cell culture that natural AMPK activation is estrogen-dependent and has a signaling pathway
that is similarly suppressed in menopausal compared to premenopausal cardiomyocytes. We believe
that AMPK may contribute to the cardioprotective effect in premenopausal women and has the potential
to be used as an effective treatment for CVD. Furthermore, we have found a direct AMPK activator,
A769662, that binds AMPK and facilitates its activation in estrogen-deplete menopausal mice. We
believe that A769662 could be used in place of estrogen HRT to restore the AMPK signaling pathway
without augmenting risk for disease to serve as an effective CVD therapy.
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Therefore, my lab’s hypothesis is that AMPK signaling provides a cardioprotective effect when AMPK
is activated (when its catalytic alpha subunits are stabilized) and that AMPK signaling can mitigate
pathological cardiac remodeling if restored during menopause. We believe that specific histone
acetylation or deacetylation is in part responsible for AMPK activation and overall cardioprotection.
Because we are the first group to study pathological cardiac remodeling using the VCD model of
menopause, nothing is known about the cellular, molecular, and genetic basis for increased CVD
susceptibility as females transition across premenopause to perimenopause to menopause. In addition,
a greater understanding of the specific interactions between AMPK and transcriptional regulators is
needed. Our research aims to better understand these interactions by (1) defining the nuclear activity
between premenopausal and CVD-susceptible menopausal mice, (2) establishing that AMPK and
estrogen are still related in the mouse model via a dependent signaling pathway, and (3) creating a
proteomic profile of how AMPK is activated. Overall, our goal is to determine whether AMPK is able to
mitigate pathological cardiac remodeling and its potential as a therapeutic treatment for CVD.

Background
Cardiac remodeling is defined as the structural alteration in the dimensions, mass, or shape of the heart
that can be due to physiologic or pathologic processes (6). Physiologic cardiac remodeling is a
compensatory response due to natural stimuli, such as consistent and intense endurance or strength
training by an athlete. These different types of exercise can lead to different types of cardiac remodeling:
endurance increases cardiac output and stroke volume, both of which impose a volume overload on
the heart, while strength training causes sharp increases in systolic and diastolic pressure and
myocardial wall stress, generating a pressure overload (48). The volume overload results in eccentric
hypertrophy, where cardiomyocytes elongate by the addition of new sarcomeres in-series, which leads
to a dilated increase in left ventricle volume and relative wall thinning to allow for an increase in total
stroke volume (12). The heart responds to pressure overload by adding new sarcomeres in-parallel that
increases cardiomyocyte width to normalize wall stress, resulting in concentric hypertrophy. Concentric
hypertrophy produces an increase in left ventricle wall thickness and a reduction in left ventricle
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chamber volume. Eccentric and concentric hypertrophy can also both result from pathologic cardiac
remodeling, the main contributor to CVD, which is the development of a maladaptive response from an
adaptive response due to an underlying chronic condition, such as regurgitant valves or hypertension;
females more often tend to develop concentric remodeling in response to pathological stress (50).
Pathologic remodeling is generally irreversible due to an association with increased fibrillar collagen
synthesis by fibroblasts, which can lead to the loss of cardiomyocytes by apoptosis or necrosis and their
replacement with extracellular collagen and fibroblasts. The outcome is fibrosis, which is a strong
predictor for heart failure (48). Furthermore, concentric hypertrophy can often lead to hypertrophic
cardiomyopathy (HCM), in which the left ventricle wall has become so thick that there is an increase in
heart size and mass (28). This can result in stiffening of the left ventricle and narrowing of the inside of
the left ventricle, augmenting various forms of CVD. Thus, increases in collagen, heart mass, and
increased thickening of the left ventricle are generally used as indicators in mouse models of
pathological cardiac remodeling and CVD (36, 61).

Figure 1. Eccentric versus concentric cardiac remodeling (22). Eccentric cardiac remodeling exhibits dilation of the
left ventricle cavity, thinning of the ventricle walls, and elongation of cardiomyocytes. Concentric cardiac remodeling
is characterized by thickening of the left ventricle wall, decreased ventricular cavities, and an increase in
cardiomyocyte width.

Angiotensin-II, well known for being a major component of the Renin-Angiotensin System (RAS),
regulates blood pressure, cardiac contractility, cell communication, and is involved in signaling
pathways that control cardiac remodeling (45, 47). Many of the hemodynamic effects of Ang-II are due
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to systemic RAS, while the non-hemodynamic effects of Ang-II come from local and intracellular RAS
in organs such as the heart (3). In the heart, increases in Ang-II cause cardiomyocyte and ventricular
growth and stimulate collagen synthesis that leads to fibrosis and remodeling of the extracellular matrix,
whereas reduced Ang-II synthesis improves survival during heart failure and in some cases has shown
reversal of cardiac remodeling (10, 45). These findings demonstrate the role of Ang-II in pathologic
cardiac remodeling. Ang-II acts on the heart through Ang-II Type 1 (AT1) and Ang-II Type 2 (AT2)
receptors that are largely concentrated in the fibroblasts of the myocardium. AT1 and AT2 are counterregulatory G protein coupled receptors such that AT1 receptors become principal during pathological
states and AT2 receptors are predominant in physiological and adaptive states. Ang-II interactions with
AT2 receptors are cardioprotective by promoting vasodilation, decreased fibrosis, reduced
inflammation, and decreased cardiomyocyte size (3). On the other hand, Ang-II interactions with AT1
receptors are associated with vasoconstrictive (hypertensive), pro-inflammatory, fibrotic, and oxidative
stress inducing pathways that contribute to cardiac remodeling. Ang-II cardiac remodeling becomes
progressive during hypertension and oxidative stress. Chronic dosing of Ang-II in rodents is welldocumented for successfully inducing hypertensive cardiac remodeling and creating an animal model
of CVD. Therefore, to model and investigate CVD that occurs in women we will administer Ang-II to
female mice to induce states of CVD and cardiac remodeling.
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Figure 2. The renin-angiotensin system (RAS) and Ang-II type receptors (4). Renin, produced from the kidney,
cleaves AGT to form inactive angiotensin I, which is cleaved by ACE or chymase to activate Ang-II. AT1 and AT2
receptors have cardio-damaging and cardioprotective effects, respectively.

The natural process of menopause occurs at 40-58 years of age (population average is 51 years) and
is a transition that progresses in stages from premenopause to perimenopause to menopause (‘shortterm menopause’) to postmenopause (‘long-term menopause’) (46). Premenopause is the period that
starts after the beginning of menstruation when normal cycling pursues and estrogen levels, while
fluctuating between individual menstrual phases, remain relatively elevated. Perimenopause starts
when cycling lengthens and becomes irregular with increasing follicle-stimulating hormone (FSH) levels
and estrogen levels that fluctuate more frequently and dramatically (6). Typically, perimenopause
proceeds menopause by approximately 5-10 years. Menopause occurs as circulating estrogen levels
begin to consistently decrease, FSH levels are high, and bleeding halts but is accompanied by
symptoms of nausea, insomnia, dizziness, hot flashes, and fainting. Postmenopause is the period that
occurs 10-15 years after menopause where FSH levels remain high, levels of estrogen reach their
lowest point, and menopause symptoms become milder and level off. During menopause, the follicles
have been depleted by mitochondrion-mediated apoptotic mechanisms in a process known as atresia,
but the androgen-producing ovaries remain intact (28). Based on an average life expectancy of 80 years
of age, women can live approximately 30%-50% of their life in this menopause and postmenopause
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state, where susceptibility for CVD and other health conditions is high. In addition, studies have found
that risk factors for menopausal diseases start developing during the perimenopausal state (39). For
the purpose of isolating changes in nuclear activity that occur between cardioprotection and CVD
susceptibility, we will be focusing on nuclear changes between premenopause and menopause and
extend to postmenopause analysis in future studies.

The greatest obstacles that researchers studying menopause have previously faced is finding an animal
model that realistically defines perimenopause and that preserves the androgen-producing ovaries. A
majority of menopausal studies use oophorectomy (OVX), the removal of one or both ovaries, to
surgically and unnaturally induce menopause yet this model eliminates the perimenopause state (57).
To overcome this obstacle, our lab chemically induces menopause in mice using the VCD model of
menopause developed by our collaborator, Dr. Patricia Hoyer. VCD, or 4-vinylcyclohexene diepoxide,
is a derivative of a known environmental ovotoxicant, 4-vinylcyclohexene (VCH), that targets the
primordial and primary follicles to accelerate the natural process of atresia and menopause while leaving
the ovaries intact (Figure 3A) (28). The VCD model has been studied in-depth to determine a defined
timeline of the premenopause, perimenopause, menopause, and postmenopause state that can be
used to study natural mechanisms and outcomes of interventions during each state (Figure 3B). This
model allows us to investigate underlying proteomic differences between menopausal states and the
outcomes of preventative therapy interventions for CVD.
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Figure 3. The VCD model of menopause. (A) VCD targets the primordial and primary follicles to accelerate the
transition to menopause. The ovary is follicle-deplete but remaining ovarian tissue (theca cells) continue to secrete
androgens, like human natural menopause (7). (B) VCD-induced menopause cyclicity, estrogen levels, and FSH
levels are similar to human natural menopause, versus OVX-induced menopause that skips perimenopause and
exhibits an unnatural hormonal transition (1).

5’ AMP-activated protein kinase (AMPK) is a major energetic enzyme that responds to an increased
AMP: ATP ratio in the body to regulate many metabolic processes, such as apoptotic pathways, glucose
and fatty acid metabolism, mitochondrial biogenesis, and oxidative metabolism (26). AMPK is a 134–
150 kDa heterotrimeric complex that interacts with substrates in the body through its 𝛼 (two isoforms)
catalytic subunit along with its 𝛽 (two isoforms) and 𝛾 (three isoforms) regulatory subunits; in the heart,
all isoforms of subunits are expressed except 𝛾3 and the 𝛼2𝛽2𝛾2 isoform, which is specific to the heart,
is upregulated during cardiac failure (41, 34). The 𝛼 catalytic subunit is composed of a catalytic kinase
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domain (KD), an autoinhibitory domain (AID) and a 𝛽𝛾-binding domain (15). Thus far, only two kinases
that phosphorylate AMPK leading to its activation have been identified: the upstream liver kinase B1
(LKB1) complex and calcium–calmodulin-dependent protein kinase kinase 𝛽 (CaMKK𝛽) (24). The LKB1
complex includes LKB1 and two accessory subunits, Ste20-related adaptor (STRAD) and mouse
protein 25 (MO25), both of which are required for LKB1 activity. During cardiac energetic stress events,
such as a myocardial infarction, the increase in the AMP:ATP ratio due to increased ATP consumption
allows AMP to allosterically bind to site 3 of the 𝛾 subunit, which causes a conformational change to the
KD and AID within the 𝛼2 catalytic subunit to permit phosphorylation of threonine 72 by the
LKB1/Mo25/STRAD complex to activate AMPK (known as phospho-AMPK-Thr172, phospho-AMPK, or
pAMPK) (48, 41). AMPK can then go on to phosphorylate other significant enzymes like acetyl CoA
carboxylase (ACC); phosphorylation inhibits ACC to promote fatty acid oxidation (31). AMPK activation
also results in a decrease in reactive oxygen species (ROS) and increased translocation of fatty acid
and glucose transporters to the plasma membrane of the cardiomyocyte to promote substrate utilization
for ATP production, improving cardiac function. In addition, AMPK can serve non-enzymatics roles,
such that it can directly enter the nucleus to regulate transcription factors, coregulators, and histone
activity, altering cardiac gene expression. In certain cases of CVD, such as HCM, transcriptional
changes occur that attenuate metabolic flexibility and potentially contribute to pathogenesis. AMPK
promotes cardiac gene transcription by specifically targeting and phosphorylating histone H2B at serine
36 to adapt to cellular stress (8). However, how and if AMPK directly interacts with other histones is
largely unknown. Recent studies have suggested that the acetylation of histone H3, which generally
occurs at regions surrounding transcription start sites of actively transcribed genes, and perturbations
to H3 epigenetics, such as those induced by pressure overload, may foster cardiomyocyte hypertrophy
versus reduced acetylation of H3 at lysine 9 (H3K9) and 14 (H3K14) that may attenuate pathological
hypertrophy (20, 49). Thus, a better understanding of the nuclear interactions of AMPK, such as a
possible interaction with histone H3, may contribute to a better understanding of how AMPK adapts to
cellular stress during CVD.
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Figure 4. Crystal structure of human 𝛼1𝛽2𝛾1 AMPK isoform complex (23). In this active conformation, when AMP is
bound to site 3, the catalytic module (above and left of dashed line) and nucleotide binding module (below and right
of dashed line) are pulled together by the 𝛼-linker to form a cleft that protects phosphorylated Thr172 and prevents
its dephosphorylation.

It has been shown that AMPK signaling demonstrates differential regulation between sexes, and AMPK
estrogen-dependent activation may be responsible for this. Both estrogen (E2) receptors, ER𝛼 and
ER𝛽, are found in the nucleus and cytoplasm and facilitate genomic and non-genomic functions,
respectively. Our lab previously described the binding of both estrogen receptors to AMPK at the 𝛽𝛾binding domain (Figure 5) but showed via cell culture techniques that estrogen-dependent activation of
AMPK is only dependent on ER𝛼, which facilitates AMPK phosphorylation by LKB1 (41). Activation of
AMPK based on interaction between AMPK𝛼2 and ER𝛼 has been confirmed by other studies as well
(39, 17). In the transition from premenopause to perimenopause to menopause, there is a gradual
decline of estrogen and AMPK signaling is lost in postmenopause. In addition, it has been found that
AT1 receptors are upregulated in estrogen-deplete states and from AMPK loss of signaling, augmenting
Ang-II cardiac remodeling (Figure 6). Though, upregulating AMPK signaling pathways restores
mitochondrial function to prevent reactive oxygen species (ROS) buildup from oxidative stress and
down-regulates AT1 receptor expression through eNOS/p53 pathways (19, 26). For this reason, we
believe both estrogen and AMPK play a protective role against CVD, and that the estrogen-dependent
activation of AMPK represents a specific gene program that is lost with the loss of AMPK signaling in
women during menopause, increasing their susceptibility to CVD.
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Figure 5. AMPK𝛼 catalytic subunit binds to ER𝛼 and ER𝛽 as a heterodimer at the 𝛽𝛾-binding domain (40). It is
suggested that the βγ-binding domain may act as a nodal point for fine-tuning of the E2-dependent AMPK
interaction via inhibition of ER𝛽 or through varying the amount of ERs at this domain to activate AMPK. AMPK𝛼 is
activated through phosphorylation at Thr172 by the LKB1 complex, which is activated through direct or allosteric
mechanisms.

Figure 6. Visualization of the effects of cardiac Ang-II on the heart during estrogen depletion and AMPK signaling
loss. As estrogen decreases and AMPK signaling is lost during the progression from premenopause to
perimenopause to menopause, there is an increase in cardiac remodeling driven by Ang-II and AT1 receptors.

Interestingly, it has been proposed that histone deacetylase (HDAC) inhibitors may promote the
cardioprotective effect of estrogen. Recent studies have shown HDAC 1, 4, 5, and 9 to directly interact
with ER𝛼 and to downregulate its cardiac transcriptional activity whereas inhibiting HDAC 5 and 9
resulted in robust ER𝛼 transcriptional activity and suppressed cardiac hypertrophy (30, 39, 50).
Moreover, genetic and pharmacological manipulation of HDACs and histone acetyltransferases (HATs)
in rodent models of heart failure have revealed roles for these enzymes as positive and negative
regulators of pathological cardiac growth (58). Bromodomain and extra-terminal (BET) proteins, known
as acetyl-lysine ‘reader’ proteins, can bind to acetylated lysines of histones and are thought to play a
role in E2-induced transcription and development of hypertrophy in cardiomyocytes. In studies that have
inhibited BET proteins using the small molecule, JQ1, E2-induced transcriptional activation was blocked
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(via stalling of RNA polymerase II at the promoter region), cardiac hypertrophy was blocked, and there
was improved cardiac function in mice subjected to pressure overload (58, 56). BRD4, a member of the
BET family expressed in adult cardiomyocytes, has been found to respond to hypertrophic signals via
increased expression and recruitment to the ANF promoter that is associated with increased
phosphorylation of RNA polymerase II (58). This is similar to the recruitment of p300, an
acetyltransferase required for proper heart development, to the ANF promoter during pressure overload
that is associated with an increase in H3K9 acetylation (44). BRD4 stimulates elongation activity at the
promoter to help trigger E2-induced gene activation, indicating a critical role of BRD4 and other BET
proteins in estrogen transcriptional regulation of genes (56).

These studies establish the potential role of HDACs, HATs, and BETs, all of which are regulators of
histone acetylation and deacetylation activity, as mediators of estrogen-dependent transcriptional
activity and cardioprotection. Based on the direct interactions between ER𝛼 and AMPK, we believe that
specific histone acetylation or deacetylation may also be in part responsible for AMPK activation and
overall cardioprotection. Ultimately, a better understanding of the regulation of and transcriptional
contributions by estrogen and AMPK is needed to further insight of their cardioprotective role. This will
allow for a greater appreciation of specific changes at the gene level that occur during the transition to
menopause, in CVD, and with the loss of AMPK signaling.

To better understand the role of AMPK and its activation in relation to pathological states, several AMPK
activators have been studied. The most prominent of these is 5-aminoimidazole-4-carboxamide riboside
(AICAR), which was originally used in 1980 during a heart surgery as a method to preserve blood flow
and has been used clinically to protect against cardiac ischemia and reperfusion injuries (3). AICAR is
an adenosine analog that can be taken up and used by most cell types to generate AICAR
monophosphate (ZMP), a AMP-mimetic that binds AMPK at the same place on the 𝛾 subunit as AMP
to systemically activate AMPK (28). AICAR has many effects in the heart, such that it can increase
myocardial glucose uptake, promote an anti-inflammatory state by increased nitric oxide production,
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and stimulates production of IL-6, a cytokine that has been credited with having cardioprotective and
anti-apoptotic effects (6, 17, 36). In addition, from a preliminary exploration of AICAR our lab has seen
that it attenuates pathological cardiac hypertrophy by reducing cardiac cell size (the manuscript is
currently in review). However, ZMP is a less potent activator of AMPK than AMP, is unable to change
the AMP: ATP ratio or alter oxygen uptake, and it activates many other AMP-dependent enzymes as
well. While AICAR, both through AMPK activation and on its own, contributes to cardiac mechanisms,
it is regarded as a non-specific activator of AMPK as it does not bind a particular AMPK isoform and
has many other targets and independent effects.

Another

AMPK

activator

that

has

been

explored

is

carbonyl

cyanide-4-

(trifluoromethoxy)phenylhydrazone (FCCP), an ionophore discovered in 1962 that is a mobile hydrogen
ion carrier (27). FCCP acts as an uncoupling agent of the electron transport chain and oxidative
phosphorylation by transporting hydrogen ions through the mitochondrial membrane before they can
be used to provide energy for oxidative phosphorylation; this in effect depolarizes the mitochondrial
membrane, disrupts ATP synthesis, and elevates AMP. The pathological energy stress created through
the increased AMP: ATP ratio rapidly leads to increases in phospho-AMPK-Thr172 (19). This effect is
dose and time dependent and is further potentiated (about three times more) in the presence of estrogen
whereas without estrogen it is short-lived. Such an activator is interesting for studying the estrogenAMPK response during energetically stressed states but does not serve an ideal purpose for AMPK
activation in an estrogen-deplete model, such as menopause. In addition, like AICAR, the main
uncoupling mechanism of FCCP implies many independent functions besides AMPK activation and a
lack of specific AMPK activation.

The AMPK activator of focus in this paper is A769662, a small non-nucleoside thienopyridine molecule
developed in 2006 by Abbott Laboratories and Cool, et. al. (13, 51). Unlike AICAR and FCCP, A769662,
even at low concentrations in vivo and in vitro, binds with high specificity to AMPK, preferentially to
𝛼2𝛽1 isoforms. A769662 directly binds to phosphorylated Ser108 of the 𝛽1 subunit to allosterically
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activate AMPK through profound conformational changes in the glycogen binding domain (GBD) of the
𝛽 subunit and the KD of the 𝛼 subunit that stabilize the protein (dynamics in the activation loop and
GBD are reduced and dynamics at the AMP-binding site of the 𝛾 subunit are increased) (38). Studies
have found that mutation of Ser108 to alanine makes AMPK virtually insensitive to activation by
A769662 (39, 52). Notably, A769662 does not activate AMPK via Thr172 phosphorylation (which is
required for AMP-dependent activation) or by increasing cellular AMP: ATP ratios to alter cardiac
energetics, but rather promotes AMP activation through its conformational changes that protect and
render the phosphorylated Thr172 resistant to dephosphorylation (32). The effects of A769662 include
many of the metabolic effects expected with AMPK in vivo, such as increased fatty oxidation in normal
mouse models and decreased plasma glucose and triglycerides levels in obese mouse models (33). In
addition, the use of A769662 has been shown to be protective against ischemia-reperfusion injury, to
decrease infarct size, and to inhibit hypertrophy in susceptible mice models; however, under AMPKdeplete conditions these effects do not occur, showing that A769662 functions are AMPK-dependent,
which further supports the direct interaction of AMPK with A769662 (21, 32). Based on the specificity
of A769662 for AMPK, it seems to be a suitable activator for the purpose of our study.

Methods
VCD Model of Menopause
Female C57BL/J6 mice were kept on a 12 hour light (6 .a.m. to 6 p.m.) to 12 hour dark (6 p.m. to 6
a.m.) cycle and were fed normal mouse chow (0.25% NaCl; Harlan Teklad, 7013) with water freely
available. To induce menopause, 12-week-old females were given daily intraperitoneal injections of
VCD (160 mg/kg; Sigma, V3630; n=9) or a negative control sesame oil (n=12) for 20 consecutive days.
To confirm premenopause (normal cycling), perimenopause (irregular cycling), and menopause (noncycling), estrous cycles were monitored daily at the same time of day until the menopause state was
confirmed. A normal estrous cycle in mice typically lasts 4-5 days and is characterized in Figure 7 by
proestrus (1 day), estrus (1-2 days), metestrus (1 day) and diestrus (2-3 days), while non-cycling is a
state of constant diestrus preponderated by small leukocytes; leukocytes play a phagocytic role in
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removing the debris of epithelium that have sloughed off from the uterine lining during menstruation (8,
17). Mice are considered to be in menopause after 15 consecutive days of diestrus. Cycles were
collected and monitored using a vaginal cytology protocol. An eyedropper was filled ¾’s of the way with
a saline solution (9g NaCl, 1 L sterile water) and was inserted into the vaginal canal, in which the solution
was flushed into the canal and sucked back into the eyedropper. The solution was then transferred to
a labeled slide, mounted, and visualized under a microscope using 20X magnification.

Figure 7. Vaginal cytology on different days of rodent estrous cycle (12). (A,B,C) Proestrus cells can have a strandlike or granular appearance and often are clumped together. (D,E) Estrous is characterized by keratinized cells that
classically are needle-like but can also be seen as rounded with jagged edges. (F) Metestrus is a combination of
needle-like cells, rounds cells, and the first presentation of small leukocytes. (G,H) Diestrus is predominated by
small leukocytes and can have a few larger round epithelial cells.

Ang-II Induced Hypertension and CVD
To model pathological cardiac remodeling, the female C57BL/J6 mice were infused for two weeks with
Ang-II after VCD-treatment. Under isoflurane-induced anesthesia, Ang-II (Sigma, A9525) filled osmotic
minipumps (Alzet, model 1004) that deliver a daily concentrated, hypertensive dose of 800 ng at a rate
of 0.25 uL/hr were implanted subcutaneously above the right shoulder on day 20 (premenopause), day
34 (perimenopause), or day 56 (menopause). High-resolution cardiac ultrasound was performed using
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Visual Sonics Vevo 2100 high-resolution imaging system (Visual Sonics, Toronto, ON, Canada) to
measure cardiac chamber dimensions and left ventricular wall thickness. Mice were put under
anesthesia using 1% isoflurane with oxygen while body temperature was maintained using a heated
platform and respiratory rates and electrocardiograms were monitored. The chest of mice were
dipilatated with a chemical hair remover and two-dimensional M-mode echocardiographic images were
obtained from the parasternal short-axis views at the level of the midventricles. Left ventricular posterior
wall dimensions (LVPWd) and left ventricle internal diameter during end diastole (LVIDd) were
measured by tissue doppler and used to calculate relative wall thickness during diastole [RWTd =
2*(LVPWd/LVIDd)]. Data were analyzed off-line using Vevo 2100 analytic software and obtained in
triplicate and averaged. In addition, blood pressure and heart rate were monitored in both Ang-II treated
mice (n=12) and control mice that did not receive the Ang-II osmotic pump (n=9) using a non-invasive
tail cuff (Hatteras Instruments, MC4000). Measurements were collected at four time points: prior to VCD
treatment, during Ang-II infusion, 7 days after Ang-II infusion, and 14 days after Ang-II infusion. Baseline
systolic blood pressure and systolic blood pressure 14 days after Ang-II infusion (right before harvest)
were used to calculate and collect the difference in systolic blood pressure (dSBP) for all groups.

During harvest, left ventricle tissue was fixed and incubated at 4 C in formalin containing neutralizing
(10%) agent overnight. The next day formalin was then removed by washing twice with 1X PBS for 30
minutes in a cold room shaker, before being incubated in methanol overnight (for 1-2 days, changing
methanol daily). Methanol was then used again to wash tissue to ensure complete dehydration before
washing twice in xylene for 45 minutes to an hour, at which point the tissue became clear and
translucent. The tissue was finally washed trice with and incubated in parafilm wax (55-65 C) until
picrosirius red staining, which is highly specific for collagen, could occur. Once ready for staining, the
tissue was de-waxed and hydrated and stained in picrosirius red (Sigma-Aldrich; 36-554-8) for one
hour. The tissue was washed twice in acidified water (5 mL acetic acid, 1 L dH20) and vigorously shook
and blotted with damp filter paper until the water was completely removed. Three washes with 100%
ethanol were used to re-dehydrate the tissue, at which point it was cleaned in xylene and mounted in
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mount medium. The tissue was then magnified (20X) and illuminized with polarized light. Picrosirius red
stains the tissue a contrasting yellow and red, where large collagen fibers (i.e. type I) appear red/gold
and thinner collagen fibers (i.e. type III) appear white/light green.

AMPK Influence on Proteomic Profile
To assess AMPK influence on the nuclear dynamics of cardiomyocytes, in vivo AMPK activator
A769662 (APEXBIO; 30 mg/kg) was dosed via intraperitoneal injection on day 20 (perimenopause) or
day 56 (menopause) for two weeks or a negative control saline was injected. All experimental groups
(Table 1) were harvested after the two week treatment period of either Ang II, AMPK , or both. Figure
8 shows the timeline of VCD injection and menopausal stages, AMPK and Ang II dosing, and harvesting
points.

Table 1. Experimental groups for premenopause, perimenopause, and menopause females based on VCD, Ang II,
or A769662 administration.
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Figure 8. Timeline of the VCD model of menopause based on 20-day VCD injection protocol. Ang II, AMPK, or
controls were administered on day 34 (perimenopause) or day 56 (menopause), and both perimenopause and
menopause LV tissue was collected two weeks after the final dosing of Ang II, AMPK, AII+AMPK, or controls.

Solubilization and Western Blot Analysis
Left ventricle (LV) tissue was collected and solubilized via urea denaturation following either mechanical
cell disruption (AMPK𝛼 and pAMPK) or a histone prep protocol (H2B and BRD4). For mechanical cell
disruption, 20 mg of LV tissue was weighed out over liquid nitrogen and placed into a non-frosted glass
tube tissue homogenizer. 1 mL of relax buffer and 10% Triton solution was added to the tube and a drill
bit was assembled to homogenize tissue and solution for 1-2 minutes (or until tissue thoroughly
disrupted). The sample was transferred to a 1.5 mL epi tube and spun at 16,000 x g. After discarding
the supernatant, sample was resuspended in relax buffer, vortexed for 1 minute, and the spinning of
sample and discarding of supernatant was repeated. The pellet was then washed again with relax
buffer, supernatant was discarded, and the sample was resuspended in 100 uL relax buffer.

For the histone preparation, 20 mg of LV tissue was weighed out over liquid nitrogen, placed into a nonfrosted glass tube tissue homogenizer, and homogenized using an A pestle. 1 mL 1 x PBS was added,
30 strokes of pestle A and pestle B were applied to further homogenize the sample, and sample was
transferred to 1.5 mL epi tube. The sample was then spun at 1,000 x g at 4 C for 10 minutes, supernatant
was discarded, and 5x pellet volume of Extraction Buffer 1 (10 mM HEPES pH 7.0, 10 mM KCl, 1.5 mM
MgCl, 0.34 M sucrose, 0.5% NP40) was added with 5 mM sodium butyrate and 5 mM nicotinamide.
The sample was lysed at cold room temperature on rotator for 10 minutes. After, sample was spun at
2,000 x g for 10 minutes at 4 C, supernatant was discarded, and 5x pellet volume of Extraction Buffer
2 (same as Extraction Buffer 1 without NP40) was added. Sample was spun at 2,000 x g for 5 minutes
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at 4 C, supernatant was discarded, 1 mL of No-Salt Buffer (3 mM EDTA, 0.2 mM EGTA) was added,
sample was vortexed intermittently for 1 minute (10 sec on, 10 sec off), and left on cold room rotator for
30 minutes. Sample was spun at 6,500 x g for 5 minutes at 4 C, supernatant removed, 10x pellet volume
of 0.4 N H2S04 was added, and sample was left on rotator for 2 hours minimum or overnight. In the
morning, sample was centrifuged at 16,000 x g for 10 minutes at 4 C and histone supernatant was kept
while pellet was discarded. Cold TCA solution (100% wt/vol., 500 g TCA, 227 mL dH20) was added to
supernatant drop by drop to a final TCA concentration of 33% and tube was inverted several times to
mix solution and incubated on ice for 30 minutes. Samples were centrifuged at 16,000 x g for 10 minutes
at 4 C, supernatant was discarded, and sample was washed with 500 uL of 100% ice-cold acetone
spun at 16,000 x g for 5 minutes at 4 C three times (to ensure removal of TCA, a very strong acid).
Histone pellet was air dried at room temperature for 20 minutes. Pellet was resuspended in 100 uL or
80 uL (if needed more concentrated sample) of molecular dH20 and transferred to a fresh 1.5 mL epi
tube.

Following both mechanical cell disruption and histone prep, sample yields were quantified using a
RCDC assay and based on the assay an appropriate amount of urea solution was added to solubilize
sample for loading 15 ug (cell lysate) or 10 ug (histone lysate) of sample to hand-cast SDS-PAGE
electrophoresis gel. The composition of the hand-cast running gels are as follows: (12% acrylamide)
3.3 mL dH20, 4.0 mL acrylamide, 2.5 mL 1.5 M Tris (pH 8.8), 100 uL 10% SDS, 100 uL 10% APS, and
6 uL TEMED or adjusted accordingly (8% acrylamide). The composition of the hand-cast stacking gel
was 2.775 mL dH20, 850 uL acrylamide, 1.25 mL 0.5 M Tris (pH 8.85), 50 uL 10% SDS, 50 uL 10%
APS, and 5 uL TEMED. Gels were run using mini gel or Criterion system on ice and in cold running
buffer (2.5 mM Tris, 19 mM glycine, and 0.35 mM SDS). Proteins were transferred to polyvinylidene
fluoride (PVDF) membrane using the Trans-Blot system (Bio-Rad) and total protein was measured with
Ponceau S stain (Sigma). Primary antibodies were used to probe for pAMPK (1:1,000; rabbit; Cell
Signaling), AMPK𝛼 (1:1,00; rabbit; Cell Signaling), ACC (1:1,000; rabbit; Cell Signaling), pACC
(1:1,000; rabbit; Cell Signaling), H2B (1:1,000; rabbit; Cell Signaling), H3K9 (1:1,000; rabbit; Cell
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Signaling) and BRD4 (1:10,000; rabbit; Santa Cruz Antibodies) along with a 1:15,000 secondary
antibody conjugated with infrared fluorescent dye for detection. The infrared western blots were
analyzed using the Odyssey Infrared Imaging System (Li-Cor Biosciences). pAMPK was used to identify
activated AMPK, AMPK𝛼 was used to identify total AMPK, ACC was an indicator of total ACC, pACC
represented inactivated ACC likely targeted by AMPK, nuclear histone H2B was used to indicate
adaptation to cellular stress, nuclear acetylated histone H3K9 was used as a marker of cardiac
hypertrophy, and nuclear BRD4 was also used as an indicator of cardiac hypertrophy; results were
normalized to total protein ponceau and AMPK𝛼 (total AMPK).

Statistical Analysis
We used two-way ANOVA with GraphPad Prism Software v6 (GraphPad Software, La Jolla, CA) to
analyze the data and recognize significant (p ≤ 0.05) differences between experimental groups. Results
are presented as means ± SE.

Results
Pathological Cardiac Remodeling during Ang-II Infusion and VCD Model of Menopause
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Figure 9. Myocardial collagen increased following Ang-II infusion and was significantly exacerbated in menopausal
females (n=7; *p<0.05).

Picrosirius red staining was used to identify both collagen type I (red/gold) and type III (white/light green)
in pre-, peri-, and menopause cardiac tissue. The prevalence of both types of collagen in Figure 9 (A)
is not well-seen in pre- and peri-menopause females without Ang-II infusion while some picrosirius
staining can be seen in aged menopausal females. Ang-II infusion results in a greater prevalence of
collagen, particularly collagen type I, for all females. The increases in collagen between no Ang-II
infusion (control) and Ang-II infusion were significant for pre- and peri-menopause females (B), while
menopause females displayed a significant increase in percent collagen without Ang-II infusion and an
exacerbated phenotype with Ang-II (C). In addition, this increase in collagen in menopause females
treated with Ang-II was also significantly greater than premenopause females treated with Ang-II (C).

Figure 10. Signs of cardiac remodeling are evident in Ang-II infused and menopausal females. (A,B) Relative wall
thickness at end diastole (RWTd) measured by echocardiography increases in Ang-II infused mice. (C) Increases in
heart weight relative to body weight is significant in menopausal females compared to controls. For all graphs n=10
and *p<0.05.
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Echocardiograph data in Figure 10 (A,B) show that relative wall thickness at end diastole (RWTd)
increases due to Ang-II infusion for pre-, peri-, and menopause females, demonstrating pathological
cardiac remodeling in all groups. Cardiac remodeling via changes in RWTd was greatest for
premenopause females followed by menopause and then perimenopause females. However, cardiac
remodeling due to the menopausal transition alone was greatest for menopause females, which had a
significant increase in heart weight when normalized using body weight that was not present for
premenopause females (C). Both left ventricular wall thickening and increasing cardiac mass are
indicative of pathological concentric hypertrophy, which increases CVD susceptibility and patient
mortality.

Dysregulation of AMPK Signaling during Menopause

Figure 11. AMPK signaling is dysregulated in menopause. Top panel: western blot for AMPK𝛼 (AMPK total), pAMPK-Thr172 (activated AMPK), ACC (total), and pACC (inactivated ACC) at baseline and following Ang-II infusion
in pre-, peri-, and menopause females. (A-D) Quantification of AMPK𝛼 (AMPK total), pAMPK/AMPK (p-AMPKThr172 normalized to AMPK𝛼), ACC (total), and pACC/ACC (pACC normalized to ACC total) from western blot
using two-way ANOVA (n=5; *p<0.05).
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Figure 11 (A) shows that total AMPK is consistent and relatively unchanging between and within all
groups during control (saline infusion) and Ang-II infusion, demonstrating that pathological (Ang-II)
stimuli and menopause do not alter AMPK expression at the gene level. Although not significant, there
were observable and conflicting changes to active AMPK among the premenopause and menopause
groups; premenopause females showed an increase in active AMPK normalized to total AMPK while
menopause mice showed a dysregulation in AMPK signaling when treated with Ang-II (B). Interestingly,
total ACC, one of the direct downstream targets of AMPK, varied significantly between groups with the
greatest expression of ACC occurring in perimenopause females but there was no variation within
groups from control to treatment with Ang-II (C). In addition, there was no significant differences
between groups in phosphorylated ACC (pACC) relative to total ACC and only minor observable
increases in relative pACC were present in pre- and peri-menopause females in response to
pathological stimuli.

A769662 is a Potential AMPK Activator for Mitigating Pathological Cardiac Remodeling

Figure 12. Cardiac fibrosis is mediated during pathological (Ang-II) stimuli in 4-month-old menopause (OVX) female
mice (n=5) by AMPK activator, A769662.
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The purpose of the picrosirius red staining data collected in Figure 12 was to obtain a preliminary
understanding of whether AMPK activator, A769662, was a suitable candidate for mitigating
pathological cardiac remodeling. Menopause (OVX) mice that were readily available from previous
experiments were used to harvest and stain cardiac tissue. Both collagen type I (red/gold) and collagen
type III (white/light green) are present in Ang-II treated menopause females (analogous to Figure 9)
but any sign of fibrosis is virtually absent with the introduction of A769662. The ability of A769662 to
reverse collagen synthesis, fibrosis, and pathological cardiac remodeling in estrogen-deplete,
menopause(OVX) females demonstrates a promising use in the VCD model and for the duration of the
study.

Figure 13. Cardiac hypertrophy is mediated by A769662 during pathological (Ang-II) stimuli in 4-month-old
menopause (OVX) female mice (n=6; *p<0.05 control (OVX) vs Ang-II; **p<0.05 Ang II + OVX vs Ang II + OVX +
A769662).

To further verify that A76962 was a working and feasible activator protective against cardiac remodeling,
in Figure 13 we measured heart weight normalized to body weight in menopause control (OVX alone),
Ang-II, menopause (OVX) + Ang-II, and menopause (OVX) + Ang-II + A769662 females. Relative heart
weight was significantly greater in Ang-II treated premenopause females than in OVX menopause
females, demonstrating that pathological stimuli exacerbates cardiac remodeling more than aging and
menopause alone does. A further observable increase was noticeable in Ang-II treated menopause
(OVX) females, in which the effect of pathological stimuli during menopause was compounding.
However, when A769662 was introduced to Ang-II treated menopause females, there was a significant
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decrease in relative heart weight that brought heart weight levels back down; heart weight in menopause
(OVX) + Ang-II + A769662 females was less than that of Ang-II treated premenopause mice, but not
necessarily back to heart weight levels in normal menopause females. Still, this shows A769662 to be
protective against cardiac remodeling brought about by pathological stimuli and to restore AMPK
signaling in OVX menopause females.

Impact of AMPK Activator A769662 on Ang-II and VCD Model during Menopause

Figure 14. Cardiac hypertrophy and hypertension is attenuated by A769662 during pathological (Ang-II) stimuli in
VCD menopause model (n=6). (C,D) *p<0.05 for all controls vs. all Ang-II treatment groups. (E) *p<0.05 for Ang-II
treated pre- and peri-menopause vs. Ang-II + A769622 for pre- and peri-menopause females.
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Our next step was to implement A769662 in the VCD menopause model and see if outcomes similar to
the menopause (OVX) females occurred for heart weight measurements (C,D). We also furthered our
assessment of the effectiveness of A769622 in mitigating pathological cardiac remodeling in the VCD
menopause model by using echocardiography to measure left ventricle internal diameter during end
diastole (LVIDd) (A) and left ventricle internal diameter during end diastole (LVIDd) to calculate relative
wall thickness during diastole [RWTd = 2*(LVPWd/LVIDd)] (B), along with measuring the difference in
systolic blood pressure (dSBP; based on difference from baseline to harvest) (E). Figure 14 (A,B)
revealed relatively similar LVIDd and RWTd data amongst all groups and treatments, with no significant
changes. This may be due to an inaccurate capture of diastolic measurements or that the power of the
study (i.e. number of animals) needed to be increased. (C,D) show that both raw heart weight and
normalized heart weight for all groups is attenuated by pathological (Ang-II) stimuli, as similarly seen
by the menopause (OVX) data; however, A769662 did not significantly decrease heart weight in the
VCD menopause model for any group, although there were observable decreases in heart weight
between control versus A769662 groups and Ang-II treated versus Ang-II + A769662 treated groups.
The significant increase in heart weight due to Ang-II treatment was accompanied by an observable
increase in dSBP with Ang-II treatment when compared to controls (E). Perhaps unexpectedly (based
on C,D) but not necessarily surprisingly, A769662 significantly decreased dSBP in pre- and perimenopause females under pathological (Ang-II) stimuli (E). Yet, this significant decrease in dSBP was
not observed for menopausal females.

Epigenetic Modifications and Trends during Menopause
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Figure 15. Pathological (Ang-II) stimuli and A769662 both modify nuclear prevalence of transcriptional regulators.
Top panel: western blot for PONC (ponceau; total protein), H3K9, and H2B at baseline (control; CON) and
following A769662 treatment, Ang-II infusion, and Ang-II + A769662 for pre-, peri-, and menopause mice. Middle
panel: western blot for PONC (ponceau; total protein) and BRD4 at baseline (control; CON) and following A769662
treatment, Ang-II infusion, and Ang-II + A769662 for pre-, peri-, and menopause mice. (A-C) Quantification of H2B,
BRD4, and H3K9 from western blot using two-way ANOVA (*/+p<0.05).

Figure 15 shows the dynamics of transcriptional regulators H2B, H3K9, and BRD4 under pathological
(Ang-II) stimuli and during A769662 treatment. The most frequent trend for transcriptional regulators
was a significant difference between groups during Ang-II treatment. For instance, there was a
significant increase in H2B and H3KB levels in premenopausal females compared to menopause mice
during Ang-II treatment (H2B: *p=0.0187; H3K9: *p=0.0002). In addition, H3K9 levels in premenopausal
females were significantly greater than H2B detected in perimenopause females during Ang-II treatment
(+p=0.0183). On the other hand, BRD4 exhibited a significant increase in perimenopausal females
compared to both pre- and menopause mice during Ang-II treatment (*p=0.034). In general, BRD4
levels were observably greater in perimenopause females compared to other groups across all
treatments. The only transcriptional regulator that exhibited a significant modification within the same
group was H2B, which was significantly increased in Ang-II + A769662 perimenopause females
compared to Ang-II perimenopause mice (+p=0.0046). For both H2B and H3K9, there were observable
decreases in transcriptional regulator levels among Ang-II + A769662 premenopause females versus
Ang-II treated premenopause females. No significant or observable modifications occurred in Ang-II +
A769662 menopause versus Ang-II menopause females.
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Figure 16. Dysregulation in expression of a set of proteins during the transition to menopause. The heat
map displays a protein expression profile from premenopause to perimenopause to menopause where red indicates
increased protein expression and blue represents no protein expression.

Two of the three overarching goals of this project were to determine the changes in nuclear activity
between CVD- resistant (premenopausal) and CVD-susceptible (menopausal) females and to create a
proteomic profile of post translational modification due to progression of disease during menopause.
Figure 16 shows our attempts to better and more largely understand protein expression during the
transition to menopause to work towards reaching these two goals. The heat map displays an unknown
set of proteins identified by Perseus software that fluctuate their expression throughout menopause, but
overall display similar expression in pre- and peri-menopause but a very different expression during
menopause. This set of highly correlated proteins may be either responsible for or impacted by the
transcriptional changes and the loss of estrogen-dependent AMPK signaling underlying menopause.

Discussion
The purpose of this study was to establish a model of CVD in the VCD model of menopause that could
be used to analyze changes in nuclear activity during the transition to menopause and better understand
A769662 efficacy in AMPK signaling and activation to evaluate the potential use of AMPK as a
therapeutic treatment for CVD. To verify cardiac remodeling in the pathologically-stressed heart, pre-,
peri-, and menopause (OVX) mice were treated with Ang-II, which has a known role in pathological
cardiac remodeling, and measurements of collagen (Figure 9), RWTd, and heart weight normalized to
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body weight (Figure 10) were collected. Collagen synthesis was upregulated by both estrogen loss in
menopause and Ang-II treatment relative to controls, and Ang II + menopause (OVX) exacerbated
fibrosis (Figure 9). The prevalence of collagen type I over collagen type III is believed to be a typical
indicator of ventricular dysfunction and is considered deleterious (11). Collagen type I has been found
to increase myocardial stiffness, which is characteristic of pathological concentric remodeling and heart
failure (59). Furthermore, Ang-II treatment significantly increased RWTd in all experimental groups while
menopause alone caused a significant increase in heart weight relative to body weight (Figure 10).
Both increases in left ventricular wall thickness and cardiac mass support a model of pathological
concentric remodeling and demonstrate cardiac hypertrophy under pathological stimuli and with the
loss of estrogen.

Next, AMPK signaling was assessed under pathological stimuli and during menopause using total
AMPK (AMPK𝛼), activated AMPK (p-AMPK-Thr172), total ACC, and inactivated ACC (pACC) (Figure
11). AMPK is sensitive to energetic changes and cellular stress in the heart and when activated can
phosphorylate ACC, inactivating it and promoting fatty acid oxidation for triglyceride consumption by the
heart. Other than an increase in total ACC in perimenopause females that was relative to other
experimental groups across treatments, quantification of protein levels yielded no significant
differences. Total AMPK remained consistent while an observable increase in activated AMPK was
apparent for perimenopause + Ang-II and an observable decrease in activated AMPK was apparent for
menopause + Ang-II. This demonstrates that AMPK expression is not altered by changes in estrogen,
menopause, or pathological stress, but its activation likely is. The increase in activated AMPK in
premenopause mice under pathological stimuli may be an initial compensatory adaptation to stress to
maintain AMPK functionality, while AMPK activation is blocked in menopause. The observable
decrease in activated AMPK is quite obvious, and thus while not significant lends reasonable
consideration that AMPK signaling is dysregulated by menopause and pathological stimuli. However,
this is weakly supported by our results and would need to be verified as significant in future studies.
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To first test A769662, the AMPK activator, as a suitable candidate for protection against CVD, we again
collected measurements of collagen and heart weight normalized to body weight under pathological
(Ang-II) conditions (Figure 12 and Figure 13, respectively). A769662 treatment in Ang-II infused
menopause (OVX) mice virtually eliminated all fibrosis, demonstrating a reversal of pathological cardiac
remodeling (Figure 12). In addition, while heart weight relative to body weight was significantly
increased as expected by Ang-II infusion in OVX mice, adding A769662 reduced relative heart weight;
cardiac mass was brought back down below heart weight levels of Ang-II infused females but stayed
above heart weight levels of OVX control females (Figure 13). This emphasizes the role of menopause
in cardiac remodeling while supporting the protective property of A769662 against cardiac hypertrophy.
Both of these findings from Figure 12 and Figure 13 indicate that A769662 is a cardiac-specific, efficient
activator and a good candidate for therapeutic treatment against CVD. This made us confident that
A769662 could be used in our study in the VCD model of menopause to assess nuclear and protein
dynamics.

In the VCD model of menopause, A769662 still demonstrated some protection against pathological
cardiac remodeling though not as robust as in OVX mice. Pre-, peri-, and menopause mice were treated
with saline (control), Ang-II, A769662, or both Ang-II + A769662 and measurements of LVIDd, RWTd,
HW/BW, and dSBP were collected. In addition, we verified that Ang-II treatment did not chemically
interact or block VCD acceleration of menopause; the average day of ovarian failure in VCD-treated
mice occurred on day 54 ± 0.5 days (menopause group), which was not significantly different in the
VCD-treated Ang-II infused group (menopause + Ang-II), where ovarian failure occurred on day 55 ±
0.5 days. Figure 14 (A,B) revealed no significant changes in LVIDd or RWTd between any experimental
group and across all treatments. This was unexpected, and we believe may either be due to an
inaccurate measurement of diastole or due to the small power and sample size (n=5); in the future we
hope to re-run these measurements with a larger sample size (n≤10) and more accurate notation of
diastolic baseline blood pressure. Furthermore, (C,D) demonstrated no significant or observable
changes to relative heart weight with A769662 introduction. The only significant (p=0.032) outcome of
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A769662 treatment was a measurable decrease in dSBP among Ang-II infused premenopause and
perimenopause mice compared to only Ang-II treated premenopause and perimenopause mice (E). We
expected to see a similar significant decrease in dSBP for Ang-II + A769662 compared to Ang-II
menopause females, and while this was observable (yet not notably so), it was not significant. Greater
dosing may be needed to see significant changes in dSBP among menopausal mice; however, the
unexpected results related to blood pressure in our experiment may also be due to the fragility and
sensitivity of the tail cuff apparatus, which we hope to optimize in the future. On the other hand, other
rescuing hormones may be present in menopause (OVX) females that are not present in the natural
VCD menopause model that augmented the effects of the AMPK activator in OVX mice (Figure 12 and
Figure 13) that were not seen in the VCD model. Regardless, A769662 still demonstrated protection
against pathological stimuli and cardiac remodeling in premenopause and perimenopause mice in the
VCD model.

An assessment of nuclear dynamics during the transition to menopause and potentially in relation to
AMPK signaling was conducted by measuring levels of the transcriptional regulators H2B, H3K9, and
BRD4 in saline (control), Ang-II, A769662, or both Ang-II + A769662 treated VCD menopausal mice
(Figure 15). H2B is recruited to the nucleus by AMPK in response to cellular stress, whereas BRD4
and acetylated H3K9 are recognized indicators of cardiac hypertrophy. Significant and expected
outcomes from the quantification of these transcriptional regulators included the increased levels of
H2B and H3K9 in premenopause mice during Ang-II infusion in comparison to other groups during AngII treatment, along with an increase in BRD4 in perimenopause + Ang-II mice in comparison to other
groups receiving Ang-II treatment. Since Ang-II contributes to pathological cardiac remodeling and
hypertrophic conditions, the increases in H2B and BRD4 in pre- and peri-menopause females,
respectively, likely indicate their recruitment to the nucleus as a response to pro-hypertrophic signals
(although, this response is usually adaptive in the case of H2B and maladaptive in the case of BRD4).
Furthermore, acetylation of H3K9 fosters cardiac hypertrophy transcriptional activity, so it is also not
unexpected to see increased levels of H3K9 under pathological (Ang-II) stimuli, even in the
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premenopause heart. Other significant findings were the increase in H2B and the decrease in H3K9 in
Ang-II + A769662 mice. Under the premise that A769662 provides protection against cardiac
remodeling and CVD, the increase in H2B and decrease in H3K9 in A769662 treated mice coincide with
H2B’s cardio-adaptive and H3K9’s hypertrophic contributions. Moreover, there was also a significant
increase in BRD4 in perimenopause mice across all groups. While this is not as easily explained, the
potential increase in susceptibility to CVD at the nuclear level in aging perimenopause mice (compared
to premenopausal mice) throughout the transition to menopause may result in increased prohypertrophic signals that cause increased recruitment of BRD4; however, significant increases in BRD4
in menopause mice across all groups would have also been expected but were not observed. Overall,
it appears that BRD4 and H2B signaling is augmented under pathological conditions susceptible to
cardiac remodeling and that in menopause H2B is upregulated while H3K9 is downregulated.

Finally, we conducted a large search of protein expression trends coinciding with the transition to
menopause using a heat map (Figure 16). The set of proteins identified demonstrates similar
expression patterns in pre- and peri-menopause and vastly different, altered expression levels in
menopause. This corresponds to the prevalence of estrogen in pre- and peri-menopause and the
depletion of estrogen in menopause. Therefore, there is the potential that this unknown set of proteins
may closely interact with estrogen and act as a more indicative measurement of menopausal
susceptibility to CVD than the proteins we have previously looked at in our studies. In addition to
optimizing the significance of the results for the A769662 activator in the VCD model, we plan to focus
on searching for this unknown set of proteins using proteomic databases, such as the IPA database
and DAVID Gene Ontology database. These databases will also be able to provide us with more
information about the key molecular functions, cellular components, and biological processes that are
key players in the menopausal transition responsible for increased susceptibility to heart disease. This
future work will help us further our hypothesis of the cardioprotective role of AMPK signaling to mitigate
pathological cardiac remodeling, along with our goal of better understanding the nuclear activity
between premenopause and menopause. We will submit more samples for proteomics this coming
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summer (2018) to better understand the estrogen-dependent mechanism of AMPK activation, and to
create a proteomic profile for AMPK from a new set of significantly changing proteins.
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