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ABSTRACT 

Introduction: More women than men have died from heart disease over the last 20-25 

years. Menopausal women are prone to heart disease, and this is thought to be due to 

the loss of estrogen cycling. Current literature lacks an understanding of the cellular and 

molecular mechanisms that capture this transition from pre- to peri-menopause to 

menopause and the increased risk for cardiovascular disease (CVD). The 4-

vinylcyclohexene diepoxide (VCD) model of menopause is a promising model to both 

assess epigenetic signaling in the menopausal heart and determine whether AMPK 

activation is sufficient for mitigation of pathological cardiac remodeling. We hypothesize 

that loss of energetic efficiency with the transition from pre- to menopause results in 

increased susceptibility to CVD and that cardioprotection will be restored in peri- and 

menopausal mice with AMPK activation.    

Methods: Utilizing the VCD model of menopause, pre-, peri-, and menopausal animals 

were monitored and treated with either saline, A769662 (AMPK direct activator), or 

hypertensive agent Angiotensin II (Ang II). Saline treated pre-, peri-, and menopausal 

mice were subjected to unbiased proteomics and transcriptomics, and these data were 

analyzed. Additionally, pre-, peri-, and menopausal mice underwent both short-term and 

long-term treatments with the activator and were assessed for changes in blood 

pressure, cardiac function, and fibrosis to determine the presence or absence of 

pathological cardiac remodeling.  

Results: The proteome and transcriptome analyses revealed unique and similar profiles 

for pre-, peri-, and menopausal mice, which implicated atherothrombosis, impaired 

contractility and impaired nuclear signaling. A769662 activator treatment was not a 
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successful therapeutic agent across groups that were in menopause with and without 

Ang II-mediated hypertension and hypertrophic cardiac remodeling.  

Discussion: Our group is the first to show that A769662 treatment mitigates pathological 

cardiac remodeling during perimenopause with Ang II pathological stimulus. Phospho- 

and acetyl- modifications in contractile proteins detailed unique changes in pre-, peri-, 

and menopausal mice indicative of hypertrophy and fibrosis with the loss of estrogen. 

Additionally, we were also able to identify regulation of histone deacetylases (HDACs) 

as an alternative therapy for mitigating heart disease in menopausal females. 
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CHAPTER I 
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INTRODUCTION 

Introduction is adapted from The clinical impact of estrogen loss on 

cardiovascular disease in menopausal females review1 and a book chapter Inherited 

Cardiomyopathies: From Genotype to Phenotype.2 

The following introduction will review menopause and cardiovascular disease (CVD) 

while also summarizing key clinical studies addressing the impact of hormone 

replacement therapy (HRT; estrogen replacement) during menopause and its 

relationship to disease progression. We will then proceed to introduce AMPK as a novel 

cellular and molecular mechanism that mediates CVD protection in females and may 

provide a foundation for sex-specific therapeutic strategies in the menopausal heart.  
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1.1 CARDIOVASCULAR DISEASE IN WOMEN: CVD, HRT IN WOMEN AND MICE, 

AND HYPERTENSIVE PRECURSORS OF CVD 

Cardiovascular disease (CVD) remains the leading cause of death claiming 

about 600,000 (Center for Disease Control and Prevention[CDC], 2017) lives per year 

of both men and women.3–5 The most common cause of CVD is directly or indirectly 

related to coronary artery disease (50%)6 and can progress to heart failure; 

approximately 5.7 million people have heart failure due to CVD and roughly half of this 

population is women (Figure 1.1).3–5 Moreover, post-menopausal women account for 2 

million of these patients.7 In the United States, the life expectancy of women has now 

reached 82, almost 35 years longer than at the turn of the 20th century. Thus, a greater 

portion of a woman’s lifespan is spent in menopause; more women than men have died 

from CVD over the last 20-25 years (CDC, 2017). Yet, only 54% of women are aware of 

their CVD risk despite concerted efforts to educate women about CVD.8 Compared to 

males, pre-menopausal females are protected against developing CVD.9 After the 

transition to menopause, protection against CVD and other CVD-dependent 

complications is lost and risk increases dramatically.10–12 Despite the longstanding 

knowledge that pre-menopausal women are protected from developing CVD, the 

fundamental mechanisms underlying the shift in CVD risk that occurs with menopause 

remain unknown. This impedes our ability to develop therapeutic strategies to combat 

menopausal cardiac remodeling and its complications. 
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Figure 1.1: HF outcomes in men and women after initial diagnosis. Adapted and 

referenced from Olivotto et. al. 2005. A trajectory of patient outcomes scored on NYHA 

class criteria over a 12-year-follow-up period.13 

Investigations into the cardioprotective effect of estrogen are complicated by 

findings in human studies compared to rodents. Generally, rodents with surgical 

removal of ovaries (ovariectomy; OVX) benefit from estrogen replacement when 

subjected to different cardiac pathological stimuli. However, the prospective Women’s 

Health Initiative (WHI) and the Heart and Estrogen/Progestin Replacement Study 

(HERS I and II) show increased CVD, thromboembolism, and stroke risk with estrogen 

replacement in menopausal women.14,15 Subsequent analyses found in women 

receiving estrogen who had recently transitioned to menopause (age 50-59) trended 

toward a reduced CVD risk, unlike older women (age 70-79) receiving estrogen.16 The 

suggestion is that early estrogen replacement, perhaps during peri-menopause, is 

protective against CVD.14,15,17–23 It remains unknown whether the suggested benefit of 

estrogen in peri-menopausal women will translate to a benefit or detriment if estrogen 

therapy is continued into menopause. Therefore, combinatorial approaches to study 
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estrogen-dependent mechanisms using appropriate models are required. 

When studying the mechanisms involved in heart disease in women, 

hypertension is also an important precursor to observe. Hypertension is defined as a 

blood pressure measure of systolic over 140 mmHg and diastolic over 90 mmHg. 

Hypertension occurs in 46% of the national population and accounts for 1 in 5 deaths 

among American women.24 Hypertension is also an important risk factor to note when 

assessing the development of either heart disease (left ventricular hypertrophy, diastolic 

dysfunction, heart failure (HF) with or without preserved ejection fraction), stroke, 

cardiac endothelial dysfunction, chronic kidney disease, and atherosclerosis.25 High 

blood pressure and increased Angiotensin II (Ang II) levels that promote 

pathophysiology are potentiated by the renin-angiotensin-aldosterone (RAAS) pathway. 

Renin, through a series of sequential events, first cleaves circulating angiotensinogen in 

the kidney and creates angiotensin I (Ang I). As Ang I circulates through the lungs, 

angiotensin-converting enzyme (ACE) cleaves Ang I to Ang II. Hypertensive levels of 

Ang II then further initiate signaling via Ang II type 1 (AT1) and Ang II type 2 (AT2) 

counter-regulatory G protein coupled receptors (Figure 1.2).26 AT2 receptor signaling is 

cardioprotective and promotes vasodilation, decreased cardiomyocyte hypertrophy, 

reduced inflammation, and decreased fibrosis.27 On the contrary, AT1 interactions with 

Ang II potentiate pathological cardiac remodeling and promote vasoconstriction, 

infiltration of M1 and M2 macrophage inflammatory markers, increases oxidative stress, 

and increases atherothrombosis. Phenotypic variability in atherosclerosis or 

hypertrophic remodeling of the heart is driven by hypertension and other precursors. 

Often, thrombosis and hypertensive inflammation go hand in hand and are well known 
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as clinical risk factors with estrogen replacement, yet mechanisms by which estrogen 

degradation regulate the balance of thrombosis and inflammation are still under 

investigation. Chronic Ang II infusion in preclinical animal models is well-documented for 

effectively inducing hypertensive cardiac remodeling and modulating an animal model of 

heart disease.28,29 

 

Figure 1.2: Angiotensin II remodeling signaling of the vasculature of fibroblasts in 

myocardium. 

1.2  WHAT IS MENOPAUSE? 

In humans, the ovaries are the primary site for female sex hormone production of 

estrogens and progestins. Women are born with a finite number of oocytes which are 

encapsulated by the primordial follicles that can undergo ovulation from the time a 

female sexually matures until menopause (Figure 1.3). Within the ovarian tissue, the 

follicle undergoes a series of developmental stages to produce 17β-estradiol (E2), as 

seen in Figure 1.4.28 The ratio of primordial follicles that mature to a pre-ovulatory 

antrum and the follicles that undergo follicular atresia (cellular degradation) determines 

the menopausal state of a woman. Pre-menopause, or the reproductive age range, is 
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from 25 to 35. After ~35 years, women experience peri-menopause, which is 

characterized as irregular cycling and increased follicular atresia. When a woman 

reaches the age of 50-60 years old, she becomes menopausal and is considered to be 

in ovarian failure (all follicles have undergone follicular atresia). After 12 consecutive 

months of no period, women are considered post-menopausal.30 Estrogen levels are 

depleted from the peri- to menopausal transition and increase susceptibility to metabolic 

diseases; however, the menopausal woman still regulates sex-hormone dependent 

mechanisms throughout the body by secreting androgens from intact ovarian tissue and 

adipose tissue.31  

 

Figure 1.3: Estrogen levels change over a woman’s lifetime starting from reproductive 

maturation and continuing till death. 
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Figure 1.4: Adaptation of H.L. Brooks 2016 review diagram of the maturation of follicles 

in ovarian tissue throughout a woman’s lifetime.28 

1.3 LINK BETWEEN THE ESTROGEN AND AMPK METABOLIC PATHWAYS IN THE 

HEART  

To fully understand the effect of hormonal changes and characteristics of 

menopause on cardiac energetics and pathological remodeling, it is imperative to 

examine estrogen-dependent regulation of key energetic molecules, such as AMP-

activated protein kinase (AMPK). AMPK is a serine-threonine kinase central to the 

cellular energetic homeostasis. It is a heterotrimeric complex composed of a catalytic α 

subunit and two regulatory β and γ subunits.32,33 An increase in myocellular AMP, as 

occurs with CVD, allosterically activates AMPK and permits phosphorylation of the  

catalytic subunit at site threonine 172 by the upstream Liver Kinase B1 (LKB1) kinase 

complex.34–36 LKB1 acts in concert with Mo25 (mouse protein 25) and STRAD (STE20-
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related adaptor protein) to phosphorylate AMPK, potentiating its activity and promoting 

ATP producing (catabolic) pathways while inhibiting ATP consuming (anabolic) 

pathways.35,36 In addition, AMPK immediately responds to ATP supply–demand 

imbalance by inducing translocation of activated AMPK (pAMPKthr172) to the nucleus 

and phosphorylation of subsequent histones (i.e.. H2B). The ability of estrogen to 

potentiate AMPK activity coupled with epigenetic modifications due to AMPK activity 

suggests that AMPK may permit estrogen-dependent activation of specific gene 

programs.37,38  

It is most widely accepted that the overall effect of cardiac estrogen signaling has 

a beneficial outcome on cardiac health. Not only does estrogen mediate 

cardioprotection, but estrogen is also involved in the regulation of physiological 

processes in the heart. Estrogen and estrogen receptor α (ERα) expression, for 

example, is required to maintain physiological glucose uptake and proper mitochondrial 

function in the murine heart.39,40 This cardioprotection parallels AMPK’s role in 

restoration of mitochondrial function to prevent pooling of reactive oxygen species 

(ROS) via downstream regulation of p53/eNOS signaling and AT1 receptor activity.41,42 

Furthermore, a diseased menopausal heart loses its “metabolic flexibility” and is 

described as energy starved when progressing to heart failure.43,44 Likewise, 

downstream AMPK signaling in the failing heart is suppressed.45,46 Previously, our lab 

described a novel mechanism of AMPK activation by E2, where the α-catalytic subunit 

of AMPK binds to ERα and facilitates site threonine 172 phosphorylation by the 

upstream kinase LKB1 in response to E2 stimulation.47 Estrogen receptor β (ERβ) also 

interacte with AMPK, but most likely has an inhibitory function. In fact, we were the first 
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to show in an ovary intact model of menopause, which naturally captures the crucial 

peri-menopause transition, that cardiac AMPK signaling and downstream acetyl-CoA-

carboxylase (ACC) signaling is blunted in menopausal mice when compared to their WT 

counterpart (Figure 1.5).46,48  

 

Figure 1.5: Relationship between estrogen and AMPK interaction and cardiac 

remodeling.  

1.4 MOUSE MODEL OF CLINICALLY RELEVANT NATURAL MENOPAUSE: 

VCDMODEL OF MENOPAUSE 

The critical barrier impeding a better preclinical understanding of how reduced 

estrogen levels during menopause increase CVD risk is the lack of appropriate rodent 

models to study menopause. Most studies have used ovariectomy as a model of 

menopause, however only 10% of women enter menopause surgically. A more recent 

subset of rodent studies has utilized an ovary-intact mouse model of menopause using 

the chemical 4-vinylcyclohexene diepoxide (VCD) (Figure 1.6).49,50 Repeated daily 

dosing with VCD selectively targets the primordial follicles of the ovaries, accelerating 

the natural process of follicular atresia, and inducing gradual ovarian failure.51 This 

model preserves the important peri-menopause transitional period and androgen 

secreting capacity of residual ovarian tissue, similar to menopausal women.49,52 



  24 

Menopause is defined in this model as 15 days of persistent diestrus (a lymphocyte cell 

population indicating low levels of estrogen production) and is independent of age, 

therefore, post-menopause is not captured in this model. Using the VCD model of 

menopause, it was demonstrated that peri-menopausal, like cycling (pre-menopausal) 

females, were protected from pathological Ang II-induced hypertension while 

menopausal females were not, again, similar to humans.53 Estrogen delivered across 

the peri- to menopausal transition restored protection against Ang II-induced 

hypertension during menopause. The fact that peri-menopausal females remain 

protected, despite irregular cycling (prior to complete loss of estrogen), underscores the 

importance of studying the role of estrogen in CVD across the transition from peri-

menopause to menopause. Lastly, this model is ideal for implementing and observing 

the role of promising therapeutic strategies. 
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Figure 1.6: Adapted from Jackson labs, and demonstrates contrast of ovariectomy to 

human natural menopause and VCD similar natural capture of peri-menopause 

transition in terms of cycling androgens and Estradiol. 

1.5 POTENT ACTIVATORS OF AMPK AND THEIR THERAPEUTIC RELEVANCE 

AMPK maintains the homeostasis of both catabolic and anabolic processes to 

maintain cellular homeostasis in the presence of metabolic stress. Given the functional 

attributes of AMPK in nuclear signaling, estrogen signaling, autophagy, glucose/lipid 

homeostasis, body weight, food intake, and mitochondrial biogenesis, it is essential to 

look at AMPK as a therapeutic target for metabolic disease such as cardiovascular 

disease. 

AMPK activators are categorized into two main groups – direct and indirect 

activators. The most prominent indirect activators are metformin and carbonyl cyanide-

4-(trifluoromethoxy) phenylhydrazone (FCCP). Metformin is the first line drug for Type II 

Diabetes Mellitus (T2DM). As a biguanide, metformin is derived from the plant Galega 

officinalis and works to reduce gluconeogenesis in the liver and increase peripheral 

insulin sensitivity.54,55 Metformin has been implemented as a drug supplement in obese 

congestive heart disease patients to reduce body weight and decrease risks for 

atherosclerosis and thrombosis in both men and women.55 Metformin is often used to 

treat diabetic patients because it indirectly activates AMPK by inhibiting  complex I of 

the mitochondrial respiratory chain to increase the cytosolic AMP:ATP ratio. Metformin 

as an indirect activator has detrimental effects such as extreme weight loss, 

gastrointestinal upset, B12 deficiency, and increased ROS (lactic acidosis); therefore, 

this drug is monitored closely and potentially hyperactivates AMPK signaling.56,57 FCCP 
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is a well-known preclinical cardioprotective agent that indirectly works to increase the 

AMP:ATP ratio and activate AMPK as a mobile hydrogen ion carrier.58–60 FCCP works 

by uncoupling oxidative phosphorylation in the mitochondria and transporting hydrogen 

ions across the mitochondrial membrane to depolarize the cell and disrupt normal ATP 

synthesis.41 Preclinical work has presented cardioprotection with FCCP treatment to be 

potentiated by estrogen and vary with incubation time and dose concentration. 

Unfortunately, the main uncoupling mechanism of FCCP is not AMPK-specific and has 

many indirect functions.61  

Since indirect activators lack specificity and contribute to deleterious side effects, 

direct activators are well known alternatives to targeting AMPK activation. 5-

aminoimidazole-4-carboxamide riboside (AICAR) is a prominent direct activator that 

clinically aids in preventing cardiac ischemia and reperfusion injury.62 AICAR is an 

adenosine analog taken up by cells and phosphorylated by adenosine kinase to 

generate AICAR monophosphate (ZMP; an AMP-mimetic).32,33 ZMP binds similarly to 

AMP at site three of the AMPK γ subunit to activate AMPK; however, this binding does 

not alter oxygen uptake or the AMP:ATP ratio to cause mitochondrial dysfunction. 

Although AICAR potently activates AMPK to improve pathological heart function, AICAR 

is inconsistent across studies due to non-specific binding to all AMPK isoforms and off 

target activation of other substrates.  

A small molecule thienopyridone, A769662 (Abbott; Apexbio), is the second 

direct activator described (Figure 1.7). A769662, unlike AICAR or FCCP, directly binds 

to the glucagon binding domain (GBD) site of AMPK between the β1 and catalytic α2 

kinase domain. Even at low concentrations in vivo, this direct activator is able to 
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allosterically stabilize (steric hinderance is increased in the activation loop and GBD, 

while γ units AMP-binding site’s hinderance is reduced) cardiac AMPKα2 and activate 

AMPK for subsequent phosphorylation occurs at β site serine 108 and α site threonine 

172.63,64 Notably, A769662 does not indirectly activate AMPK via increased AMP:ATP 

ratio. Instead, A769662, through a series of conformational changes, promotes 

phosphorylation of phosphor-site threonine 172 and renders this site resistant to 

dephosphorylation.64 AMPK mutations of site Ser108 to Ala108 yield AMPK insensitive 

to A769662-induced activation.65,66 In vivo studies in obese mice have accredited the 

use of this agent with increased fatty acid oxidation, decreased plasma glucose and 

triglyceride levels, reduced ischemia-reperfusion injury, and reduced cardiac 

hypertrophy.67–69 

 

Figure 1.7: Chemical structure of AMPK activator A769662. 
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1.6 SPECIFIC AIMS 

Specific Aim 1: To utilize RNA sequencing and proteomics expression of menopausal 

heart to define profiles of the transition from pre- and peri-menopause to menopause. 

Hypothesis: We hypothesize that a unique gene and proteomic profile underlies the 

transition to menopause and susceptibility to CVD. 

Specific Aim 2: Determine if AMPK activation is sufficient to impart protection against 

pathological cardiac remodeling in short- and long-term menopausal mice.  

Hypothesis: We hypothesize that A769662 will restore AMPK-mitigated cardioprotection 

that is normally deficient in menopause. 

Overall Summary: We previously discovered that AMPK signaling is severely disabled 

during menopause and that premenopausal animals are protected from CVD. By 

utilizing the VCD model of menopause, we propose an interrogation of the transition 

from CVD-resistant to CVD-sensitive states in menopausal females with proteomics and 

transcriptomics analyses. Additionally, we utilized AMPK activators to mitigate 

pathological cardiac remodeling and restore cardioprotection. 
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CHAPTER II 

MATERIALS AND METHODS 
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2.1 CHAPTER III METHODS  

2.1.1 MENOPAUSAL HEART PROTEOME  

2.1.1.1 ANIMALS 

All experiments were performed using protocols that adhered to the guidelines 

approved by the Institutional Animal Care and Use Committee at the University of 

Arizona and to the 2011 NIH guidelines for care and use of laboratory animals. At 2 

months of age, C57BL/6J mice were purchased from The Jackson Laboratory (Jackson 

Laboratories, Bar Harbour, ME). Mice were housed in polypropylene cages placed in a 

temperature- and humidity-controlled facility. The mice were fed a standard rodent chow 

(NIH-31: 18% fat, 59% carbohydrates, 23% protein; Research Diets, Inc., New 

Brunswick, NJ) and followed a standard light-dark cycle (6AM to 6PM). For proteomics 

and RNA sequencing, a total of 24 animals were used. These animals were purchased 

separately from chapter IV. To achieve the 100 ug tissue amount for proteomics and 2 

ug of RNA for transcriptomics, two mouse groups (n=4) were used for each study aim. 

2.1.1.2 4-VINYLCYCLOHEXENE DIEPOXIDE (VCD) TREATMENT  

The VCD model of menopause was characterized by Dr. Patricia Hoyer and is 

well studied and reproducible.50,70 At 3 months of age, C57BL/6J female mice were 

randomized to either VCD-treated or vehicle pre-menopause (control) groups. Peri-

menopause and menopause mice groups were weighed and given daily intraperitoneal 

injections of VCD (V3630; Sigma Aldrich, St Louis, MO) at a dose of 160 mg/kg for 20 

consecutive days. Pre-menopausal mice groups were injected similarly with a vehicle 

(sesame oil). After the 20-day injection period, estrous cycles were monitored daily by 

vaginal cytology to determine when cycling ceased and ovarian failure occurred. Mice 
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were considered menopausal (acyclic) after 15 consecutive days in persistent 

diestrus.46,53 Peri-menopause is reached at day 34 ± 1 day and menopause (ovarian 

failure) is achieved at day 60±1 day. This study design is similar to the short-term study 

design in chapter IV. 

2.1.1.3 ANG II 14-DAY SYSTEMIC INFUSION 

Mice were anesthetized with isoflurane and sterilized according to IACUC 

surgical protocol. The 28-day Alzet osmotic pumps (model 1004) were filled with Ang II 

(A9525, Sigma Aldrich, St Louis, MO; infusion rate 800 ngkg-1min-1) resuspended in 

sterile saline and subcutaneously implanted behind the base of the neck. In the peri-

menopause study Ang II was implanted on day 34, again 14 days after VCD dosing and 

~20 days before ovarian failure and monitored for 14 days (until day 48). In the 

menopause study, Ang II was implanted after 15 days of persistent diestrus 

(menopause) and monitored for 14 days.  

Blood pressure readings were taken by non-invasive tail cuff machine (Hatteras 

Instruments MC4000) one day before Ang II pumps were inserted and again after 14 

days of Ang II infusion. To acclimate the mice, blood pressure was recorded for 3 

consecutive days before each final timepoint. Groups are summarized in Table 2.1. 

2.1.1.4 LV HOMOGENATES AND IN-GEL DIGESTION 

Preparation of heart samples for SDS-PAGE began by homogenization of left 

ventricles (LVs) from pre-, peri-, and menopausal females in a protein extraction buffer: 

(in mmol/L) NaCl (137); Tris[hydroxymethyl]aminomethane (2.9) (Biorad#161-0716; 

Hercules, CA);Tris HCL (17); EDTA (0.2); EGTA (0.5); 10% vol/vol Glycerol; 1% vol/vol 

TritonX (pH 7.4). The homogenized tissue was then centrifuged at 12,000-14,000 g 
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(Beckman J2-HS centrifuge) for 10 minutes at 4°C. Proteins were loaded in equal 

amounts (100 ug), separated by SDS-PAGE, and stained with Bio-safe Coomassie G-

250 Stain. For the proteome (pre-, peri-, menopause) experiment, each lane of the 

SDS-PAGE gel was cut into eight slices (n=3 per group; 72 samples total). The gel 

slices were subjected to trypsin digestion, and the resulting peptides were purified by 

C18-based desalting as previously described.71 The dried peptides were resuspended 

in 6 uL of 0.1% Formic Acid(v/v) followed by sonication for 2 minutes. 2.5 μL of the final 

sample was then analyzed by mass spectrometry. 

2.1.1.5 MASS SPECTROMETRY AND DATA PROCESSING 

HPLC-ESI-MS/MS was performed in positive ion mode on Thermo Scientific 

Orbitrap Fusion Lumos tribrid mass spectrometer fitted with an EASY-Spray Source 

(Thermo Scientific, San Jose, CA). NanoLC was performed without trap column using a 

Thermo Scientific UltiMate 3000 RSL Cnano System with an EASY Spray C18 LC 

column (Thermo Scientific , 50 cmX75 um inner diameter, packed with PepMap RSLC 

C18 material, 2 μm, ES803); loading phase for 15 minutes at 0.300 μL/min; mobile 

phase, linear gradient of 1-34% Buffer B in 119 minutes at 0.220 μL/min, followed by a 

step to 95% Buffer B over 4 minutes at 0.220 μL/min, hold 5 minutes at 0.250 μL/min, 

and then a step to 1% Buffer B over 5 minutes at 0.250 μL/min and a final hold for 10 

minutes (total run 159 minutes); Buffer A = 0.1% FA/H20; Buffer B = 0.1% FA in 80% 

ACN. All solvents were liquid chromatography mass spectrometry grade. Spectra were 

acquired using XCalibur, version 2.3 (Thermo Scientific). A “top speed” data-dependent 

MS/MS analysis was performed. Dynamic exclusion was enabled with a repeat count of 

one, a repeat duration of 30 seconds, and an exclusion duration of 60 seconds. Tandem 
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mass spectra were extracted from Xcalibur ‘RAW’ files charge states were assigned 

using the ProteoWizard 2.1.x msConvert script using the default parameters.72 

The fragment mass spectra were then searched against the mouse 

SwissProt_2015_08 database (16,724 entries) using Mascot (Matrix Science, London, 

UK; version 2.5.0) and the default probability cut-off score. The search variables that 

were used include: 10 ppm mass tolerance for precursor ion masses and 0.5Da for 

product ion masses; digestion with trypsin; a maximum of two missed tryptic cleavages; 

variable modifications of oxidation of methionine and phosphorylation of serine, 

threonine, and tyrosine. Cross-correlation of Mascot search results with X! Tandem was 

accomplished with Scaffold (version Scaffold_4.4.0; Proteome Software, Portland, OR), 

and the Scaffold reported decoy false discovery rate across all 9 samples in the 

menopausal proteome was 0.028%. Probability assessment of peptide assignments 

and protein identifications were made using Scaffold. Only peptides with ≥ 95% 

probability were considered. The Scaffold output file was then post-processed in 

Progenesis QI (Durham, NC) to conduct statistical analysis on the proteome.  

2.1.1.6 PROTEOME, PHOSPHORYLATED PEPTIDE AND ACETYLATED PEPTIDE 

ENRICHMENT ANALYSIS  

Progenesis QI proteome file was uploaded to Perseus open source 

computational platform for proteomics comprehensive analysis and visualization.73 The 

Principle Component Analysis (PCA) plot generated in Perseus determined outliers 

within experimental replicates for both proteins and modified peptides. Significant 

(p<0.5) and heat map clustering data matrices were annotated for gene function 

enrichment. Enrichment analysis of Gene Ontology (GO; cellular component, molecular 
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function, and biological process) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) pathway enrichment was sourced from DAVID.74 The protein fold-changes 

greater than >1.5 and -log10 (p-value) of 0.3 are marked with red (upregulated) and 

green (downregulated) in the volcano plots and were analyzed in R-studio. The 

phosphorylation sites of the peptide sequence were manually annotated using 

UNIPROT IDs and UNIPROT database and displayed as relative (to pre-menopausal 

heart peptides) maximum fold changes. 

2.1.1.7 HDAC ACTIVITY ASSAYS  

Histone Deacetylase (HDAC) activity assays were performed as previously 

described.75 Class I, IIa, and IIb HDAC substrates in the assay consist of lysine with 

three modifications: acetylation of the ε-amine, a protecting group on the α-amine, and 

conjugation of the carboxyl by the fluorophore 7-amino-4-methylcoumarin (AMC). HDAC 

activity from cell or tissue extracts removes the ε-acetyl group. Following incubation of 

the samples with substrate, trypsin is added, which is active only against deacetylated 

substrate. Trypsin releases AMC, resulting in increased fluorescence emission at 460 

nm. Briefly, tissue extracts were prepared in phosphate buffered saline (1XPBS;10 mM 

KH2PO4, 0.9% NaCl, pH 7.4) containing 0.5% Triton X-100, 300 mM NaCl and 

protease/phosphatase inhibitor cocktail (Thermo Scientific, Waltham, MA) using a Bullet 

Blender homogenizer (Next Advance, Baltimore, MD) followed by determination of 

protein concentration using a BCA Protein Assay Kit ( Thermo Scientific, Waltham, MA). 

Tissue extracts were diluted in 1X PBS buffer in 100 μL total volumes in 96-well plate 

(60 μg ventricular protein/well). AMC fluorescence was measured using a BioTek 

Synergy 2 plate reader, with excitation and emission filters of 360 nm and 460 nm, 
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respectively (each with bandwidth 40 nm), along with a 400 nm dichroic top mirror. 

Background signals from buffer blanks were subtracted, and data were normalized as 

needed using appropriate controls.  

2.1.1.8 CARDIAC LEFT VENTRICLE HISTONE PREPARATION  

To prepare histone protein samples for immunoblotting, frozen tissues were 

pulverized using a pestle and mortar submerged in liquid nitrogen. Samples were 

washed twice with ice-cold 1X PBS and lysed for 10 minutes in ice-cold NP40 extraction 

buffer 1 containing 5 mM sodium butyrate (EB1: PBS containing 0.5% NP40, 50 mM 

sodium butyrate and 30 mM nicotinamide). After centrifugation (2,000 x g) at 4°C for 10 

minutes, the pellet was washed with a second extraction buffer (EB2; EB1 without 

NP40), lysed a second time with non-salt buffer (0.3 mM EDTA, 0.2 mM EGTA, 

incubated for 30 minutes at 4°C, centrifuged at 6,500 xg for 5 min at 4°C), and the pellet 

was resuspended in 0.4 N H2SO4, and set at 4°C overnight to extract core histones. 

After centrifugation (>16,000 x g for 10 minutes), histones were precipitated by 

trichloroacetic acid, and washed sequentially with acetone (2x). SDS-PAGE was 

performed on the heart extracts followed by the transfer to a membrane support PVDF.  

2.1.1.9 LEFT VENTRICLE IMMUNOBLOT LYSATES  

Approximately 50 mg of LV tissue was lysed with 300 uL of RIPA lysis buffer 

(89900; Thermo Scientific, Waltham, MA) containing 1:100 dilution phosphatase 

inhibitors (524624, Sigma Aldrich, St.Louis, MO) and 1:10 protease inhibitor (P834, 

Sigma Aldrich, St.Louis, MO). Tissue lysates were set on ice for 30 minutes with gentle 

agitation followed by centrifugation (14,000 RPM, 4°C, 10 min). The clarified 

supernatants were collected and mixed with Laemmeli 4X sample buffer (90 uL 
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Laemmeli buffer; 10 uL BME; 1610747, BioRad, Hercules, CA) for SDS PAGE. Protein 

lysates were separated by 12% SDS-PAGE, and the gels were either stained with Bio-

Safe Coomassie G-250 Stain (1610406, BioRad, Hercules, CA) or transferred to a 

PVDF membrane for subsequent Western blotting.  

2.1.1.10 IMMUNOBLOTTING FOR LV AND HISTONE PREPPED LV 

PVDF membranes of mouse cardiac LV lysates and histone lysates were 

incubated with 50% TBS-diluted LI-COR blocking buffer to 50% 1XTBST at room 

temperature for 1 hour. The membranes were probed with commercially available 

primary antibodies included in Table 2.2 and incubated at 4°C overnight. Following 

primary antibody incubation and 1X TBST (0.02 M Tris base, 0.136 M NaCl, 0.1% 

Tween-20; pH 7.8) washes, membranes were incubated with secondary antibodies 

(Table 2.2; dilution at 1:15,000) at room temperature for one hour. Membranes were 

imaged using an Odyssey CLx Infrared Imaging System (LI-COR, Lincoln, NE). All 

protein band optical densities were analyzed in LI-COR Image Studio Lite (software 

version 5.1) and was not compared across blots according to accepted guidelines. 

Protein blots were normalized to loading control proteins, GAPDH and beta-tubulin. 

Phosphorylated proteins were normalized to each respective total protein. 

2.1.1.11 PROQ DIAMOND- PHOSPHO-PROTEIN STAINING AND ANALYSIS 

SDS-PAGE gels separated both LV proteins and HAEC cell proteins to measure 

phosphorylation status as detailed previously.76 Approximately 15 μg of total protein 

was loaded into each lane of a 12% SDS-PAGE 26 well criterion gel (stacking gel: 5% 

acrylamide (29:1 acrylamide: bis-acrylamide), 0.1% SDS, 0.1% APS, 0.1% TEMED, 

0.125 M Tris pH 6.8; resolving gel: 12% acrylamide (29:1 acrylamide: bis-acrylamide), 



  37 

0.1% SDS, 0.1% APS, 0.06% TEMED, 0.375 M Tris pH 8.8). Criterion gels were run for 

2.5 hours at 100 V in running buffer (2.5 mM Tris, 19 mM glycine, 0.35 mM SDS). Gels 

were fixed, rinsed, stained, and de-stained as previously described.77 Images of 

fluorescence of gels protein bands were obtained with Syngene G-Box (#05-GBOX-

CHEMI-XT4, Federick, MD). The gels were stained with Coomassie blue as previously 

described for total protein.77 Optical density of phosphorylated proteins was quantified 

with ImageJ and normalized to their respective total protein bands. 

2.1.1.12 QUANTITATIVE POLYMERASE CHAIN REACTION (qPCR) 

Total RNA was isolated from the LV of mouse hearts using the RNeasy Mini Plus 

Kit RNA isolation kit (75134, Qiagen, Hilden, Germany) according to manufacturer’s 

protocol. Total cDNA was generated using Superscript IVTM first-strand synthesis 

system Kit (18091050, Invitrogen, Carlsbad, CA). AbsoluteTM qPCR SYBRgreen ROX 

Mix (Thermo Fisher Scientific, Waltham, MA, USA) was used for quantitative PCR 

reactions. An 18S primer set was used as an internal control for real time PCR. The 

comparative cycle threshold (Ct) method (2−ΔΔCt) was used to determine the relative 

gene expression after normalization to housekeeping gene 18S.78 Quantitative PCR 

specific primer sequences are provided in Table 2.3. 

2.1.2 mRNA SEQUENCING THE MENOPAUSAL HEART 

2.1.2.1 RNA EXTRACTION, LIBRARY PREPARATION, NOVOGENE SEQUENCING 

RNA was extracted from flash frozen heart tissue with Qiagen RNeasy plus mini 

kit (74134, Germantown, MD). The integrity of RNA was analyzed at the University of 

Arizona Sequencing Core with the 2100 Bioanalyzer (Agilent Technologies INC.(serial 

no.DE24802066; Assay Eukaryote Total RNA Nano Series II.xsy; Chip lot no. 
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WH29BK20) and samples with RINs scores at 8.7-9.5 were sent to Novogene for 

subsequent sequencing (Sacramento, CA). Novogene sequenced each sample 

according to standard protocol, which entailed 1 ug of RNA for the cDNA library 

construction using an NEBNext Ultra II RNA Library Prep by Illumina according to the 

manufacturer’s protocol (E7775, New England Biolabs, Ipswich, MA). In brief, mRNA 

was isolated with the Ribo-Zero Kit (20037135; Illumina, San Diego, CA) then 

fragmented randomly with a fragmentation buffer. Double-stranded cDNA was 

synthesized using Illumina (RS-122-2001, TrueSeq RNA Sample Preparation, San 

Diego, CA) and random hexamer primers. The cDNA was then terminally repaired using 

(AMPure XP system (SPRI bead cleanup); A63881, Beckman Coulter, Indianapolis, IN), 

‘A’ ligated, and added sequencing adaptors. The quality of the enriched 250-350 bp 

cDNA libraries were assessed with a Qubit 2.0 fluorometer (Thermo Scientific, 

Waltham, MA, USA), quantitative PCR, and analyzed using an Agilent 2100 Bioanalyzer 

(Agilent Technologies, Santa Clara, CA). The cDNA libraries were sequenced on an 

Illumina Nova Seq 6000 Platform (Illumina, San Diego, CA) using a paired-end 150 run 

(2×150 bases) with 20 million raw reads (per lane) generated from each library and 

output as zipped FASTQ files as seen in Figure 2.1. 

2.1.2.2 STAR ALIGNMENT, ABUNDANCE COUNTS, AND RPKMs 

Raw reads were aligned to the Mus musculus genome (GRCm38.p6) using the 

Spliced Transcripts Alignment to a Reference (STAR) R package (version 2.1.3).79 

STAR alignment outperforms most in terms of speed, sensitivity, and precision, yet it is 

memory intensive. For each transcript reads per kilobase of transcripts per million 

mapped reads (RPKMs) were quantified with DeSeq (version 1.38.0) R/Bioconductor 

https://www.neb.com/applications/sample-prep-for-ngs-and-target-enrichment/illumina-library-preparation/nebnext-ultra-ii-rna-library-prep
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package in the pre-menopausal (control), peri-menopausal, and menopause groups 

(each group has three biological replicates per condition).80  

2.1.2.3 ENRICHMENT ANALYSIS 

The RPKMs of each treatment group were fed into bioinformatic platforms for 

enrichment analysis of GO terms and KEGG pathways, in order to obtain a high level of 

gene function within each group. Either Ensemble IDs, UNIPROT IDs (from aim 1 

analysis of this chapter), or both were inputted into Metascape and DAVID 

platforms.74,81,82 Data was then fed into statistical software R (v3.3.3) to produce 

principle component analysis (PCA) plots, heat maps, and volcano plots to generally 

quantify gene expression across pre-, peri, and menopausal groups. These tables and 

figures contained p-value (p<0.05) enrichment significance and relative values of fold 

enrichment. 

A network correlation was also conducted with statistical software R (v3.3.3) and 

compares results from RNA-Seq (ENSEMBL_IDs) and proteome (UNIPROT_IDs) 

utilizing pairwise comparisons across groups (peri- vs. pre-; meno vs. pre-; peri- vs. 

meno). Each point corresponds to a single gene/protein expression (log2 RPKM and 

log2 Abundance). Points were colored red to indicate upregulation in the gene from both 

RNA-Seq and proteome experiments. Points were colored green to indicate 

downregulation in the gene from both RNA-Seq and proteome experiments. Finally, 

points annotated with a yellow outline represented significant differentiated expression 

in both RNA-Seq and proteome experiments.  
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2.1.2.4 DATA AND STATISTICAL ANALYSIS 

Proteomics: Bioinformatics analysis proteome (4,608 proteins) was normalized 

with a z-score and a paired t-test (where appropriate) or a one-way ANOVA was used to 

compare differences between mean values. This was repeated for the peptide dataset 

(100,270 peptides; with either phosphorylation or acetylation modifications). Statistical 

analysis was performed using Progenesis QI (Dunham, NC), Perseus (Martinsried, DE), 

and GraphPad Prism software 5.0 (GraphPad, La Jolla, CA).  

Validation: Data are expressed as mean ± SEM in the qPCR and 

immunoblotting. Each experimental series was performed at the same time and was 

repeated at least three times. Then, results were calculated as mean values of the 

experimental groups. A paired t-test (where appropriate) or a one-way ANOVA with 

Tukey’s post-test was used to compare the differences between mean values. 

Experimental groups in bar graph representations are normalized to control groups and 

displayed as relative activation. P-values of <0.05 were considered statistically 

significant. 

2.2 CHAPTER IV METHODS:  

2.2.1 ANIMALS 

All experiments were performed using protocols that adhered to guidelines 

approved by the Institutional Animal Care and Use Committee at the University of 

Arizona and in accordance to 2011 NIH guidelines for care and use of laboratory 

animals. At 2 months of age, C57BL/6J mice were purchased from The Jackson 

Laboratory (Jackson Laboratories, Bar Harbour, ME). Mice were housed in 

polypropylene cages placed in a temperature- and humidity-controlled facility. The mice 
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were fed a standard rodent chow (NIH-31: 18% fat, 59% carbohydrates, 23% protein; 

Research Diets, Inc., New Brunswick, NJ) and followed a standard light-dark cycle 

(6AM to 6PM).  

2.2.2 VINYLCYCLOHEXENE DIEPOXIDE (VCD) TREATMENT  

The VCD model of menopause was characterized by Dr. Patricia Hoyer and is 

well established and reproducible.50,70 At 3 months of age, C57BL/6J female mice were 

randomized to either VCD-treated or vehicle pre-menopause (control) groups. Peri-

menopause and menopause mice groups were weighed and given daily intraperitoneal 

injections of VCD (V3630; Sigma Aldrich, St Louis, MO) at a dose of 160 mg/kg for 20 

consecutive days. Pre-menopausal mice groups were injected similarly with vehicle 

(sesame oil) for same time course. After the 20-day injection period, estrous cycles 

were monitored daily by vaginal cytology to determine when cycling ceased and ovarian 

failure occurred. Mice were considered menopausal (acyclic) after 15 consecutive days 

in persistent diestrus.46,53 Peri-menopause was reached at day 34 ± 1 day and 

menopause (ovarian failure) was achieved at day 60 ±1 day.  

2.2.3 SHORT-TERM MENOPAUSE STUDY 

To investigate the impact of AMPK activator on cardiac remodeling, short-term 

menopause was performed in the experimental groups listed in Table 2.4 with black 

indicating treatment omitted (‘-‘) and ‘+’ indicating treatment administered to animals. 

2.2.3.1 ANG II 14-DAY INFUSION 

Mice were anesthetized with isoflurane and sterilized according to IACUC 

surgical protocol. The 28-day Alzet osmotic pumps (model 1004) were filled with Ang II 

(A9525, Sigma Aldrich, St Louis, MO; infusion rate 800 ngkg-1min-1) resuspended in 
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sterile saline and subcutaneously implanted behind the base of the neck. Ang II osmotic 

minipumps were implanted once VCD treatment was completed and progressing to 

ovarian failure, specifically in peri-menopause mice on day 34 and menopause mice on 

day 60. Thereafter, Ang II was monitored for 14 days for both groups (Figure 2.2).  

Blood pressure readings were taken by non-invasive tail cuff machine (Hatteras 

Instruments MC4000) one day before Ang II pumps were inserted and again after 14 

days of Ang II infusion. To acclimate the mice, blood pressure was recorded for 3 

consecutive days before each final time point.  

2.2.3.2 A769662 ACTIVATOR TREATMENT 

The AMPK activator A769662 (A3963, APEXBIO, Huston, TX) was resuspended 

in DMSO at 120 mg/mL and stored at -20°C. The day of injection, the solution was 

resuspended in 0.9% sterile saline at a concentration of 6 mg/mL and held at 37°C until 

dosed. Mice were dosed at 30 mg/kg for 14 consecutive days, consistent with the Ang II 

infusion.67 In the peri-menopause groups A769662 injection continued for 14 days from 

day 34 to day 48. In the menopause groups, A769662 spanned from day 60 to day 74 

(Figure 2.2).  

2.2.4 LONG-TERM MENOPAUSE STUDY 

To investigate the impact of AMPK activator on long-term cardiac remodeling, 

long-term menopause was performed and respective treatments in the experimental 

groups listed in Table 2.5, with black omitting treatments not utilized in experimental 

groups. Long- term menopause was defined as 84 days after ovarian failure (~15 days 

of persistent diestrus; day 60). 
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2.2.4.1 ANG II INFUSION FOR 12 WEEKS 

Mice were anesthetized with isoflurane and sterilized according to IACUC 

surgical protocol. The 42-day Alzet osmotic pumps (model 2006) were filled with Ang II 

(A9525, Sigma Aldrich, St Louis, MO; infusion rate 200 ngkg-1min-1) resuspended in 

sterile saline and subcutaneously implanted behind the base of the neck. This 

procedure was performed twice to fulfill a 12-week infusion of Ang II. Ang II osmotic 

minipumps were implanted once 20 days of VCD treatment had ceased and animals 

were progressing to ovarian failure, specifically in pre-menopause and menopause mice 

on day 60 (Figure 2.3).  

Blood pressure readings were recorded one day before Ang II pumps were 

inserted and again at both the 6th week of Ang II infusion and the 12th week of Ang II. 

To acclimate the mice, blood pressure was recorded for 4 consecutive days before each 

final time point.  

2.2.4.2 A769662 ACTIVATOR 14 DAYS OF TREATMENT 

The AMPK activator A769662 (A3963, APEXBIO, Huston, TX) was reconstituted 

into saline buffer as previously described above and dosed at 30 mg/kg.67 On average, 

mice weighed ~21 g and a volume of 150 uL was administered intraperitoneally. Two 

weeks before the end of study, the pre-menopausal and menopausal respective groups 

were dosed for 14 consecutive days. (Figure 2.3).  

2.2.5 ECHOCARDIOGRAPHY  

To non-invasively examine morphological and functional changes associated 

with persistent Ang II administration, transthoracic echocardiography was performed 

using a Visual Sonics Vevo 2100 high resolution imaging system (Visual Sonics, 
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Toronto, ON, Canada). Short-term study groups underwent echocardiographic analysis 

at end of study on day 74. Whereas, all long-term study groups underwent 

echocardiographic analysis prior to Ang II treatment, at 6 weeks, and immediately prior 

to sacrifice. A 25 MHz transducer was used. The chests of the animals were shaved 

with a chemical hair remover. Anesthesia was maintained by 1% isoflurane with oxygen. 

Body temperature was maintained using a heated platform. Respiratory rates and 

electrocardiograms were monitored throughout the study. Two-dimensional M-mode 

echocardiographic images were obtained from the parasternal short-axis views at the 

level of the mid-ventricle. Cardiac chamber dimensions and the left ventricular wall 

thickness were measured. Left ventricular posterior wall thickness (LVPW), and internal 

dimension (LVID) were measured from the M-mode images. Relative wall thickness 

(RWT) [(LVPW/LVID) x 2], eccentricity, was calculated from the M-mode 

measurements, and indexes the normal or pathological morphometry of the heart. Data 

was analyzed offline using Vevo 2100 analytic software. The data were obtained in 

triplicate and averaged. 

2.2.6 LEFT VENTRICLE LYSIS AND WESTERN BLOTTING 

At sacrifice mice were anesthetized and a cervical dislocation was performed. 

Heart tissue was excised and rinsed in 1X PBS (10 mM KH2PO4, 0.9% NaCl, pH 7.4). 

The left ventricle (LV) of the heart was weighed, and flash frozen in liquid nitrogen. 

Preparation of heart samples for sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) began by homogenization of LV in a protein extraction 

buffer: (in mmol/L) NaCl (137); Tris[hydroxymethyl]aminomethane (2.9);Tris HCL (17); 

EDTA (0.2); EGTA (0.5); 10% vol/vol Glycerol; 1% vol/vol TritonX-100 (pH 7.4). The 
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homogenized tissue was then centrifuged (Beckman J2-HS centrifuge) at 12,000-

14,000 x g for 10 minutes at 4°C. The supernatant was removed, and protein 

concentration was determined using the Bradford method (23238, Coomassie Plus-The 

Better Bradford; Thermo Scientific, Waltham, MA). The lysates were then combined with 

SDS sample loading buffer (4%SDS, 0.0625 M Tris-HCl, 10% glycerol, 0.02% 

bromphenol blue, 8 M Urea). The 15 μg of homogenates were then separated by 12% 

SDS-PAGE, and the gels were either stained with Bio-Safe Coomassie G-250 Stain 

(1610406, BioRad, Hercules, CA) or transferred to a Polyvinylidene fluoride (PVDF) 

membrane for subsequent western blotting.  

PVDF membranes of mouse cardiac LV lysates were incubated in 50% LI-COR 

blocking buffer (927-50000, LI-COR, Lincoln, NE) at room temperature for 1 hour. The 

membranes were probed with commercially available primary antibodies as described in 

Table 2.6 at 4°C overnight. Following primary antibody incubation and 1X TBST washes 

(0.02 M Tris base, 0.136 M NaCl, 0.1% Tween-20; pH 7.8) membranes were incubated 

with secondary antibodies (Table 2.6; dilution at 1:15,000) at room temperature for 1 

hour. Membranes were imaged using an Odyssey CLx Infrared Imaging System (LI-

COR, Lincoln, NE). All protein band optical densities were analyzed in LI-COR Image 

Studio Lite (software version 5.1), and according to accepted guidelines, an untreated 

age-matched LV sample was loaded into each gel for multi-blot comparisons. Protein 

blots were normalized to loading control proteins, beta-tubulin and GAPDH. 

Phosphorylated proteins were normalized to each respective total protein. 
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2.2.7 PROQ DIAMOND PHOSPHO-PROTEIN STAINING/ANALYSIS 

SDS-PAGE separated LV proteins to measure phosphorylation status as detailed 

previously.76 Approximately 15 μg of total protein was loaded into each lane of a 12% 

SDS-PAGE 26-well criterion gel (stacking gel: 5% acrylamide (29:1 acrylamide: bis-

acrylamide), 0.1% SDS, 0.1% APS, 0.1% TEMED, 0.125 M Tris pH 6.8; resolving gel: 

12% acrylamide (29:1 acrylamide: bis-acrylamide), 0.1% SDS, 0.1% APS, 0.06% 

TEMED, 0.375 M Tris pH 8.8). Criterion gels were run for 2.5 hours at 100 V in running 

buffer (2.5 mM Tris, 19 mM glycine, 0.35 mM SDS). Gels were fixed, rinsed, stained, 

and de-stained as previously described 77. Stained protein bands were imaged with 

Syngene G-Box (#05-GBOX-CHEMI-XT4, Frederick, MD). The gels were 

counterstained with Coomassie blue as previously described for total protein.77 Optical 

density of phosphorylated proteins was quantified with ImageJ and normalized to their 

respective total protein bands. 

2.2.8 SEMI-QUANTITATIVE DETERMINATION OF FIBROSIS/COLLAGEN 

CONTENT-POLARIZED LIGHT 

Hearts were processed, embedded in OCT, sectioned at 5 μM, fixed in MeOH 

and stained with Picrosirius Red according to standard protocols. Collagen content was 

quantified using previous established methods with minor modifications.83–87 

Rehydrated heart sections were placed on a movable, rotating stage and visualized 

using a 25X strain free objective under polarized light using a Zeiss universal 

microscope (Axio Imager M1, Zeiss, Oberkochen, Germany) equipped with polarizing 

filters and an analyzer positioned at 90 degrees to the polarizer above the objective. 

Disarray and fibrosis appear as yellow/orange birefringence under polarizing light while 
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highly ordered sarcomeres appear green.83–87 Five random images were digitized and 

then analyzed by a semiautomated imaging analysis program (AxioVision, Zeiss). 

Collagen content was expressed as a percent of the total image area. For each sample, 

the five images were averaged and used as the representative percent collagen 

content. Five independent 20X images of stained LV were used for each experimental 

group. Non-uniform myocytes exhibited no birefringence and were assumed to be 

indicative of myocellular disarray.  

2.2.9 SEMI-QUANTITATIVE DETERMINATION OF FIBROSIS/COLLAGEN 

CONTENT- ALEXAFLUOR 488 AND TEXAS RED 

To detect the development of fibrosis/fibrillar collagen organization in the pre-, 

peri-, and menopausal mice hearts, the hearts were processed and stained with 

Picrosirius Red stain as described by standard protocols. Briefly, hearts were excised, 

embedded in OCT and stored at -80°C until cryo-sectioned. The 5 μm frozen sections 

were then fixed in methanol, rehydrated, and stained. The nuclei were stained with 

Wiegert’s hematoxylin (1% Hematoxylin and 5%EtOH) for 10 minutes and then were 

placed in picrosirius red stain (1% concentrated HCl and 1.16% ferric chloride) for 1 

minute 35 seconds. Hearts were visualized and imaged with fluorescent light 

microscopy at 5X magnification under AlexaFluor 488 (488 nm in green) and Texas red 

(586 nm in red) and overlaid. AlexaFluor 488 (5,000 ms exposure) and Texas red (600 

ms exposure) displayed both live tissue and PSR stained collagenous tissue 

respectively.88 Quantification of collagen content was performed in ImageJ Software89 to 

determine the pixel area of both the red pixel content and green pixel content. 

Transverse sections of the LV guaranteed exclusive LV quantification. Analyzing the 
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selection from the Color Threshold ImageJ function, yielded the total area of the LV and 

area of collagen. Total area of LV tissue divisible by collagen area quantified the 

percentage of collagen present and was displayed as an average across each group.  

2.2.10 DATA AND STATISTICAL ANALYSIS 

Data are expressed as mean ± SEM. A 2-way ANOVA followed by a Tukey post 

hoc test was used to compare mean values. Outliers for the echocardiography data was 

determined by Iglewicz and Hoaglin test with LVPWtd as the main driver. The 

percentage change in echocardiographic parameters with either Ang II or A769662 

administration was determined by comparing EDV, ESV, LVID, LVPW, or RWT from 

each mouse after administration to the mean parameter of animals with only one 

treatment agent and expressed as a percentage. The percentage change in cardiac 

mass with Ang II and/ or A769662 was determined by comparing the normalized (heart 

weight/body weight; HW/BW) mass of the heart from each mouse after treatment 

administration (Ang II, short term: 14 days; long term: 12 weeks; A769662 14 days for 

both timelines) to the mean normalized (HW/BW) cardiac mass of animals with only one 

treatment agent expressed as a percentage. In addition, 2-way ANOVA followed by a 

Bonferroni post hoc test or a Student t test was performed to compare differences 

between phosphorylated proteins, systolic blood pressure, collagen content, and 

relative AMPK activation. P values less than 0.05 were considered statistically 

significant.  
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CHAPTER III 

RNA SEQ AND PROTOEMICS OF THE MENOPAUSAL HEART 
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3.1 PROTEOME OF THE MENOPAUSAL HEART 

Repeated evidence has shown that pre-menopausal women are protected from 

CVD, while the fundamental understanding regarding the shift in CVD risk with 

menopause is still vastly understudied and lacks strategic targets therapies to prevent 

susceptibility. To obtain a global picture of protein expressional changes with estrogen 

deprivation, pre-, peri-, and menopausal hearts were subjected to label-free quantitative 

proteomics analysis (Figure 3.1.1A). A total of 5,370 proteins were quantified across 

groups, and 4,608 proteins were identified with >1 unique peptide sequence. Of these, 

583 were significantly different between pre-, peri-, and menopausal groups by one-way 

ANOVA (Figure 3.1.1B). Figure 3.1.1C shows a heatmap and dendrogram of 583 z-

scored proteins which are divided into four main branches. The heat trace patterns of 

directional differences were consistent across three replicates of pre-, peri-, and 

menopausal mice. Each branch’s directional patterns represent either upregulation or 

downregulation of expression in pre-, peri-, and menopausal mice. Specifically, 80 

proteins were downregulated in menopause (meno down, gold), 148 proteins were 

upregulated in menopause (meno up, red), 10 proteins were downregulated in peri-

menopause (peri down, blue), and 345 proteins were downregulated in pre-menopause 

(pre down, light blue). In Figure 3.1.1D, variation between groups and group replicates 

is displayed in the PCA plot, and both peri-menopause and menopause protein 

expressional profiles cluster closer compared to pre-menopause samples. This is a 

general validation that both transition and senescence of cycling is evident in this 

proteomics analysis. Volcano plots shows alterations in protein abundance for pairwise 

comparisons between groups with red depicting upregulation of expression and green 
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depicting down regulation of expression. Figure 3.1.1E illustrates that 194 proteins 

were upregulated (red) and 14 proteins were downregulated (green) in peri-menopausal 

compared to pre-menopausal hearts. This same trend is seen in Figure 3.1.1F with 

menopausal animals upregulating expression of 401 proteins and downregulating 

expression of 35 proteins in comparison to pre-menopause. Finally, menopause 

upregulated 157 proteins and downregulated 46 proteins respective to peri-menopause 

(Figure 3.1.1G). Taken together, peri-menopause and menopause transitions 

upregulate expression of more proteins than pre-menopause. 

GO and KEGG pathway analysis for all significant proteins is shown in the heat 

map branches of Figure 3.1.1C and was conducted separately to determine the main 

functional annotation of the meno down, peri down, meno up, and pre down patterns. In 

pre down directional expression the significantly enriched KEGG pathways of interest 

were AMPK signaling, metabolism, oxidative phosphorylation, mTOR signaling, and 

complement coagulation cascade (Figure 3.1.2D). The main genes in both GO and 

KEGG terms that influence this enrichment profile fell under electron transport chain 

(ATP6v0a2, ND1, ND4, ACACB, ADH5, CESLD, PFKM, ATP5D, SDHC, PRKCA), 

metabolic stress (RAB10, RAB8a, ACACB, ACACa, CPT1A, PIK3A, RPTOR), and 

clotting (F13A, ANT3, MBL2, HEP2, A1AT4, MASP2) (Figure 3.1.2A-D). Therefore, 

menopause is potentially metabolically remodeling the heart. Meno up and meno down 

proteins were targeting the same top KEGG pathways and GO terms, with genes 

related predominately to contraction and atrophy of muscle (COX3, COX7, PRKCA, 

PRKCb, SlC25A4, ND1, COX3, and CYTB) (Figure 3.1.2A-D), which may imply 

menopause is altering contraction of the heart muscle. For pre up there were not 
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enough proteins to render enrichment analysis. Furthermore, volcano plot expressional 

changes had similar enrichment with one unique finding in upregulated proteins by 

menopause compared to peri-menopause, where two KEGG pathways were enriching 

regulatory genes for nucleus mediated mitochondrial function (i.e. MRPL23, MRPS16, 

NDUFA12, ABCB6, ARF6) and histone genes (H2AFJ, H2BA, H2BE, H3H, H2), which 

also may elucidate dysregulation of histone-regulated transcription with menopause.  

Since menopausal females are susceptible to increases in risk for stroke and 

embolism, an interrogation of the combined enrichment of the coagulation cascade 

pathway (8 proteins; F13A, ANT3, MBL2, HEP2, A1AT4, MASP2, KLKB1, F2) was 

investigated. Three of the six proteins identified had specific and sensitive antibodies 

commercially available. A series of immunoblots in Figure 3.1.3 of A-C summarize and 

quantify increased expression for menopausal mice of α-1 antitrypsin (A1AT4), 

prothrombin (F2), and factor XIIIa (F13A), and part D by proteomics analysis 

summarizes respectively a similar trend in protein abundances. The comparison of pre-

menopause versus peri-menopause hearts for these hemostatic factors revealed fold 

higher expression increases for A1AT4 (0.82), F2 (1.54), F13A (1.0) by immunoblots 

and respectively by proteomics analysis 1.16, 1.13, and 1.79-fold higher expression. 

Moreover, increases in these same hemostatic factors were verified by comparing pre-

menopause versus menopausal hearts with fold expressional changes in A1AT4 (1.14), 

F2 (1.17), and F13A (1.81) by immunoblots, and by proteomics analysis respectively 

1.79-, 1.56-, and 1.94- fold higher expression. Both proteomics and western analysis 

demonstrated similar increased in proteins. The increase in hemostatic factors with 
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menopause may correlate to an increase in susceptibility to clotting and/or vascular 

remodeling.  

To further verify an increase in hemostatic factors in menopausal mice, qPCR 

was performed. In Figure 3.1.4 A-G, fold changes of α-2-macroglobulin (A2M) (A), 

factor XIIIa (F13A) (B), Mannose-binding protein C (MASP2) (C), Mannan-binding lectin 

serine protease 2 (MBL2) (D), and antithrombin kinases (ANT3-serpinab1)(E), (ANT3-

serpinc1 (also known as HEP2 protein)) (F), (ANT3-serpind1) (G) are depicted for pre-

menopausal mice compared to peri- and menopausal mice. For these genes 

investigated, significant increased fold changes are seen in menopausal hearts 

compared to pre-menopausal hearts for A2M (2.60), MASP2 (3.09), MBL2 (11.02), and 

serpind1 (1.83) (p<0.05; by t-test). The rise in relative fold changes were also 

demonstrated in the protein abundances by proteomics analysis for the same proteins 

respectively, 1.04, 2.42, 3.03, 1.73. For Factor XIIIa and serpind1, significant increases 

were also apparent when comparing peri-menopausal to pre-menopausal hearts; 

approximately 1.54- (F13A) and 1.83- (ANT3-serpind1) higher fold change by qPCR, 

and approximately 1.79- (F13A) and 1.23- (ANT3-serpind1) higher fold change by 

proteomics analysis (p<0.05; by t-test (qPCR) and one-way ANOVA (proteomics 

analysis). Overall, both qPCR and immunoblotting support that the absence of cycling 

(menopause) seems to increase proteins associated with hemostatic factors and 

clotting mechanisms. The remaining genes were not detected with qPCR. 

3.2 ANALYSIS OF ION PHOSPHOPEPTIDES 

To determine protein activity and site-specific phosphorylation, a peptide level 

analysis was performed. Utilizing automated processing of the data with Progenesis IQ, 
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we were able to adapt previously reported techniques90–92 of label-free quantification of 

phosphorylation, where extracted ion abundances from parent ion phosphopeptides are 

normalized to parent ion peptides of the same proteins. Of the 100,270 ion peptide 

sequences from the proteome in pre-, peri-, and menopausal mice,1,856 of these ion 

peptides were phosphorylated with150 peptide sequences demonstrating significance 

across groups by one-way ANOVA (p<0.05). With the transition to menopause in our 

VCD model, we demonstrate, in Figure 3.2.1A, a heatmap and dendrogram of 150 z-

scored ion phosphopeptides, which are divided into three main branches (meno down, 

15 ion phosphopeptides; meno up, 39 ion phosphopeptides; and peri down, nine ion 

phosphopeptides). The heat map indicates directional differences for phosphorylation 

were consistent across three replicates of pre-, peri-, and menopausal mice. In Figure 

3.2.1B, a PCA plot illustrates pre-menopause and peri-menopausal profiles have low 

variance and potentially similar phosphorylation dynamics. As the mice transition to 

peri- and menopause, peptide abundance revealed contractile protein members myosin 

light chain 3, myosin light chain 3 kinase, myosin binding protein-c, and myoglobin all 

undergo estrogen-dependent phosphorylation (Figure 3.2.1C-F).  

The combination of estrogen-dependent phosphorylation in key contractile 

proteins and increased enrichment in AMPK signaling proteins by proteomics analysis 

prompted interrogation of AMPK activation with immunoblot analysis of AMPKα2 

phosphorylation and subsequent targeting of Acetyl-coA carboxylase (ACC). In Figure 

3.2.1G, an immunoblot panel summarizes phosphorylation of ACC at site 79 and of 

AMPK at site threonine 172 (pAMPKthr-172). Levels of AMPK or pAMPK in peri-

menopausal or menopausal groups are represented relative to respective pre-
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menopausal groups. As indicated in (Figure 3.2.1H), expression levels of AMPKα2, 

were similar in all groups. Figure 3.2.1I illustrates the change in pAMPKthr-172 

normalized to total AMPKα2 expression levels (pAMPK/AMPK) as a measure of AMPK 

activity. Despite similar levels of total AMPKα2 protein, there was a significant (p<0.05) 

increase in basal pAMPK/AMPK in peri-menopausal hearts compared to pre- and 

menopausal hearts. Peri-menopause significantly (p<0.001) increased total ACC 

(Figure 3.2.1J) in hearts compared to pre-menopause (main effect of hormonal status). 

pACC/ACC significantly (p<0.05) decreased in menopausal hearts compared to pre-

menopausal hearts (Figure 3.2.1K). This finding is particularly significant because 

pAMPK/AMPK was significantly elevated in peri-menopausal hearts, where it is 

theorized that, if the AMPK signaling axis remained functionally intact, targeting of ACC 

would parallel pAMPK/AMPK as has been previously demonstrated.46 Nevertheless, 

basal AMPK activity may not reflect the ability of hearts to trigger AMPK signaling during 

a pathological stress.  

To further investigate how menopause impacts AMPK signaling, the ability of 

pre-menopausal, peri-menopausal and menopausal hearts to increase AMPK activity 

following a pathological stimulus, Ang II, was quantified. In pre-menopausal females, 

AMPK was robustly activated (p<0.05) in response to Ang II (Figure 3.2.1I). Despite 

elevated basal AMPK activity, peri-menopausal females were not able to activate AMPK 

in response to Ang II (Figure 3.2.1I). Surprisingly, menopausal mice AMPK activity was 

decreased (p<0.001) following Ang II. In peri-menopausal and menopausal hearts, 

targeting of ACC by AMPK was marginal but remained intact in pre-menopausal female 

hearts (Figure 3.2.1K). Taken together, these data show a progressive loss of AMPK 
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signaling from pre-menopause to peri-menopause to menopause (main effect of 

hormonal status and Ang II treatment, with significant interaction). 

To follow-up on estrogen-dependent post-translation modification, which impacts 

both acute and chronic stimuli of sarcomeric myofilament proteins during progression of 

menopause, traditional SDS PAGE followed by Pro-Q Diamond phosphoprotein staining 

was performed.93 Assessed myofilament proteins were myosin binding protein-C 

(MBPC), Desmin, cardiac troponin T (cTnT), tropomyosin (Tm), cardiac troponin I 

(cTnI), and myosin light chain-2 (MLC-2; regulatory light chain) (Figure 3.2.2) to 

evaluate their potential impact on normal contraction of the menopausal heart wall. 

Global phosphorylation of all contractile proteins was quantified in pre-, peri-, and 

menopausal hearts, with a significant decrease in menopausal compared to pre-

menopausal hearts (p<0.5,). Phosphorylation levels were also quantified specifically for 

MBPC (*p<0.05) and MLC-2 (**p<0.001) and normalized to total protein of the 

Coomassie stained gel. Global phosphorylation demonstrates a reduction in 

myofilament function with menopause, as previously described regarding changes ion 

phosphopeptide abundances. 

Since myosin light chain 2 and 3 had a significant role in ion phosphopeptide 

abundances, an interrogation of MLC-2 (regulatory light chain) activity at key regulatory 

sites of myosin mediated muscle contraction was investigated. To determine activity 

and subsequent function of regulatory light chain immunoblots were assessed. In 

Figure 3.2.3A, a panel of immunoblots summarizes both total protein (MLC-2 and β-

tubulin) and levels of phosphorylated MLC-2 sites at serine 19, threonine 18, and a 

combination of both. The immunoblots were then quantified, shown in Figure 3.2.3B 
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and D. Menopausal hearts compared to pre-menopausal hearts showed a significant 

decrease in phosphorylation of serine site 19 (<0.05 by t-test). This indicates that 

menopause decreases phosphorylation of MLC-2 at site 19, which may reduce 

efficiency of muscle contraction with prolonged stiffness of the myosin heads. 

Additionally, ion phosphopeptide abundances in Figure 3.2.3C implicate a loss of 

phosphorylation at serine site 14,15, and 19 in peri- and menopausal hearts when 

compared to pre-menopausal hearts. An accumulative loss of phosphorylation at MLC-2 

serine sites 14, 15, and 19, during menopause, suggests myosin myofilaments 

regulating heart muscle contraction is becoming dysregulated. 

3.3 ANALYSIS OF ION ACETYLPEPTIDES 

The same 100,270 ion peptide sequences derived from the in pre-, peri-, and 

menopausal cardiac proteome was filtered for acetyl modifications. 527 of these ion 

peptides were acetyl-modified, and 51 peptide sequences were significantly 

differentiated across groups by one-way ANOVA (p<0.05). For pre-, peri and 

menopausal hearts, Figure 3.3.1A displays a heatmap and dendrogram of 51 z-scored 

ion acetylpeptides, which are divided into 4 main branches (meno down eight ion 

acetylpeptides; meno up 14 acetylpeptides; peri down 10 acetylpeptides; pre down 18 

acetylpeptides). The heat map indicates that directional differences for acetylation were 

consistent across three replicates of pre-, peri-, and menopausal mice. In Figure 

3.3.1B, a PCA plot illustrates that peri-menopause and menopausal profiles have low 

variance and potentially similar acetylation of proteins and histone proteins. As the mice 

transition to peri- and menopause, a change in ion acetylpeptide abundance indicates 

histone 1 undergoes estrogen-dependent decrease in acetylation (Figure 3.3.1C-F). An 
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increase in protein abundance for both histone deacetylase 6 (HDAC6) and co-activator 

associated arginine-methyl transferase (CARM1) with menopause (Figure 3.3.1D and 

E) was also observed and may render changes in transcription from either increased 

deacetylation or loss of methylation.  

To address HDAC6’s increase in protein abundance and the possible 

involvement of other HDACs in menopausal-dependent cardiac remodeling, an 

enzymatic HDAC activity assay that quantifies Class I, IIa or IIb HDAC catalytic activity 

in cardiac extracts from each of the experimental groups was performed.29,94 The 

menopause effect in Class I (HDAC-1, -2, -3, and -8, regulates cardiac fibrosis and 

fibrocyte activity of myocardium) and IIa HDACs (HDAC-4, -5, -7, -9 repress cardiac 

hypertrophy) was driven by a significant decline in menopausal HDAC activity (Figure 

3.3.1I and J). Interestingly, Class IIb HDAC (HDAC-6 and HDAC-10, potentially 

upregulate muscle wasting, hypertrophy, and systolic dysfunction) (Figure 3.3.1K) 

activity was significantly reduced in peri-menopausal hearts (p<0.05).  

To explore pathologically stimulated changes in HDAC activity for Class IIa and 

IIb, Ang II (a hypertrophic agent) was infused in pre-, peri-, and menopausal hearts. In 

Figure 3.3.1I-K), the effect of Ang II on HDAC activity depended on whether mice were 

peri-menopausal or menopausal; cardiac class I and IIa HDAC activity was significantly 

increased in peri-menopausal hearts from Ang II infused mice compared to menopausal 

mice (p<0.05). Class IIb HDAC activity remained significantly reduced in peri-

menopausal hearts after Ang II infusion compared to menopausal hearts (p<0.05). 

HDAC6 activity when pathologically stimulated may become more efficient at 

potentiating harmful remodeling with menopause. 
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Histones can either be activated by acetylation or inhibited by methylation (mono-

, di-, and tri-). The proteomics analysis revealed that both AMPK signaling, and histone 

activity (H3, H2A, H2B, H4) are highly regulated by menopause. To interrogate 

transcriptional dynamics during menopause and moreover during a hypertrophic 

stimulus, an observation of acetylation at different lysine groups associated with histone 

H3 was investigated across groups and after Ang II administration (Figure 3.3.1F). H3 

total activity remained unchanged across all experimental groups and Ang II 

administration, and served as a control to measure relative H3 acetylation at lysine sites 

9 and 27 (Figure 3.3.1F). For both H3K9 and H3K27, there was an Ang II mediated 

decrease (main effect) that results in similar H3 lysine acetylation levels across pre-, 

peri-, and menopausal hearts (Figure F 3.3.1G and H). Saline treated pre-, peri-, and 

menopausal animals demonstrated no significant differences in H3K9 acetylation across 

all experimental groups. This indicated that lysine 9 during the transition to menopause 

may not be a player in regulation of hypertrophic transcriptional signaling. Alternatively, 

the acetylation of H3K27 in saline treated mice is significantly (p<0.05) decreased 

relative to H3 total in menopausal females compared to pre-menopausal and peri-

menopausal females (Figure 3.3.1H). With a pathological stimulus there was a 

menopausal-dependent reduction in acetylation of H3, which may alter transcription 

patterns. 

3.4 RNA SEQUENCING OF THE MENOPAUSAL HEART 

Considering the findings by proteomics analysis, a global gene expression profile 

of pre-, peri-, and menopausal hearts was also conducted. RNA sequencing was carried 

out. This analysis found a transcriptome of 24,598 genes, of which 545 were 
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significantly expressed (p<0.05) and 60 that met both significance and fold change 

criteria (FC>1). For the all genes (A) plot variance across groups is low; however, the 

155 significant genes (B) plot reveals a similar gene expression profile for pre- and peri-

menopausal hearts with the majority of these genes clustering separately from 

menopausal hearts. Volcano plots in Figure 3.4.1D through F shows five up for peri vs. 

pre (yellow), six up (pink) and 10 down (green) for meno vs. pre, and 39 up for peri vs. 

meno.   

To gain a global picture of GO enrichment in the transcriptome, a comparison of 

the significantly regulated genes from the volcano plots were compared to 545 genes 

depicted in the heat map. In Figure 3.4.2A and B, a Venn diagram, heat map and 

dendrogram of 545 genes in pre-, peri-, and menopausal hearts, specifies unique 

differential expression of genes. Heatmap enrichment analysis for GO and KEGG terms 

(Figure 3.4.2C through F) was captured by each pairwise comparison of the previously 

described volcano plots. For peri- vs. pre-, five genes were enriched for placental 

processes (PLAC9A, GM9780, mir675, PLAC9B, PLVAP), which indicate potential 

extracellular matrix and vasculature changes. When menopause upregulated six genes 

compared to pre-menopause, GO terms pertaining to iron ion uptake (ALAS2, HAMP, 

and TFRC) and calcium handling (MYL4, MYL7, MMP3) were regulated. Of the 10 

downregulated genes in menopausal hearts compared to pre-menopausal hearts two 

were defined (NMB, ERDR1) and were suggestive of alterations in cell proliferation. 

Finally, in the 39 upregulated genes in peri-menopause compared to menopause, the 

coagulation cascade (VWF, C4B, CFD, SERPINA3N, HP, AHSG, ACTA1) was enriched 

and associated with vasculature changes.  
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To determine the relationship between changes in the significant transcriptome 

and proteome, the respective fold changes were plotted against each other for 545 

genes and 583 proteins in a Lynn concordance correlation scatter plot (Figure 3.4.3A - 

C). The proteome and transcriptome sets were correlated with red highlighting 

upregulated IDs and green representing downregulated IDs across comparisons. The 

yellow circles in each comparison also indicated overlapping gene-protein IDs. 

Furthermore, to determine network influences of both proteome and transcriptome 

enrichment, Metascape was utilized. In Figure 3.4.3, a heat map (D) and dendrogram 

of Metascape identified 432 unique genes and 108 unique proteins shows GO and 

KEGG pathway enrichment. Enrichment overlap for both proteome and transcriptome 

enriched muscle contraction and coagulation cascade (metabolic pathways, non-

canonical Wnt signaling, Apelin signaling, and thrombin-activated processes). Each 

protein-gene connection and overlap was summarized as a set of stratified networks ID 

with one showing overlap of GO/KEGG terms (Figure 3.4.3E), another showing p-value 

of terms (Figure 3.4.4A), and the final network defining each nodes respective 

KEGG/GO term(Figure 3.4.4B). Surprisingly, only a few (<10) protein and genes 

identically overlapped in terms of significant and fold change. Overall, enrichment by 

proteomics analysis has some consistent findings in the transcriptome analysis.  
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CHAPTER IV 

AMPK ACTIVATOR A769662 PATHOLOGICAL CARDIAC REMODELING IN 

MENOPAUSAL FEMALE HEARTS 
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4.1 SHORT TERM-STUDY 

4.1.1 SHORT-TERM MENOPAUSAL MICE ARE MORE SUSCEPTIBLE TO 

HYPERTENSION  

Blood pressure was quantified across Ang II, A769662, and Ang II+A769662 

groups in pre-, peri-, and menopausal mice to determine potential susceptibility to 

hypertension. The differences in systolic blood pressure (ΔSBP) between 14 days after 

Ang II infusion/A769662 injections and baseline demonstrates that saline treated pre-

menopausal mice had significantly decreased ΔSBP compared to saline treated peri-

menopausal mice. These differences were assessed for each individual mouse from 

baseline to post-treatment, and then averaged. Saline treated menopausal mice also 

had increased ΔSBP (247.79%±0.026) and were not significantly different from peri-

menopausal mice, as shown in Figure 4.1A. For pre-, peri-, and menopausal mice 

treated with A769662, pre-menopausal mice and peri-menopausal mice are similar in 

this treatment group, while in the same treatment group the menopausal mice have a 

trending slight increased ΔSBP. Ang II infusion compared to saline treated animals 

caused an increased ΔSBP for pre-, peri-, and menopausal mice, with a significant 

difference between pre- and peri-menopausal mice (114.3%± 0.57). Finally, Ang 

II+A769662 mitigated peri-menopause elevation of blood pressure, since pre-

menopausal and peri-menopausal mice are not significantly different. All things 

considered, menopausal mice were susceptible to hypertension and displayed a 

persistent elevation in blood pressure even with A769662 intervention (Ang II+A769662; 

pre- vs. meno (22.98%± 0.26).  
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4.1.2 SHORT-TERM MENOPAUSAL MICE ARE MORE SUSCEPTIBLE TO 

CONCENTRIC REMODELING  

To assess the impact of Ang II and A769662 on ventricular function, anesthetized 

echocardiography was performed on pre-, peri- and menopausal animals with and 

without 14 days of Ang II, and/or A769662. In Figure 4.2A, ejection fraction (EF) within 

saline treated groups for both pre- and peri-menopausal animals had a 22.13%± 0.816 

and 18.6%± 0.235 increase relative to menopausal mice. Menopausal mice treated with 

Ang II+A769662 were increased by 21.1%±1.81 compared to peri-menopausal animals 

in the same group. The same trend was observed for groups treated with Ang 

II+A769662 for end systolic volume (ESV) and end diastolic volume (EDV) (Figure 4.2B 

and 4.2C). A decrease in ESV and EDV in Ang II+A769662 treated menopausal mice 

compared to peri-menopausal mice contributes to preservation of EF compared to 

saline (control) treated pre-menopausal mice. Fractional Shortening (FS) supported EF 

data and saline treated pre-menopausal mice were increased by 28.92%±0.84 

compared to menopausal saline treated mice (Figure 4.2D). Additionally, FS in the 

menopausal mice treated with Ang II were increased 28.98±1.30% compared to peri-

menopausal mice. There were no other significant findings across groups or treatments 

for EF, FS, EDV, and ESV. 

To determine in situ ventricular morphometry with treatment, a high-resolution 2-

deminsional serial echocardiography was performed on pre-, peri- and menopausal 

animals with and without 14 days of Ang II, and/or A769662. In Figure 4.2E, animals 

treated with Ang II+A769662 menopausal mice were significantly decreased by 

17.9%±0.097 compared to peri-menopausal mice for LVIDd. In the same treatment 
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group, LVPWTd was increased by 53.06%±0.78 and 50.9%±0.42 in menopausal mice 

compared to pre-, and peri-menopausal mice respectively (Figure 4.2F). The same 

trends were seen for LVIDs and LVPWTs (Figure 4.2G and 4.2H). However, Ang II 

treated groups for LVIDs and LVPWTs also had significant changes. LVIDs was 

decreased by 20.17±0.47% for menopausal mice compared to peri-menopausal mice, 

while LVPWTs was increased by 34.85%±0.63 for menopause compared to pre-

menopause. LVIDd and LIVDs demonstrated that diameter of left ventricle was reduced 

with Ang II and A769662 treatment. Ang II+A769662 treatment group had increased 

relative wall thickness during diastole (RWTd) and systole (RWTs) in menopausal mice 

by 63.24%±0.77 and 83.5±0.41% compared to pre- and peri- menopausal mice 

respectively (Figure 4.2I and 4.2J). For RWTd, menopausal mice treated with Ang II 

and A769662 was also increased compared to menopausal mice treated with either 

A769662 (by 48.01±0.78%) treated or saline (by 55.62±0.43%) mice. Saline treated 

menopausal mice had significantly decreased RWTs compared to menopausal mice 

treated with Ang II (73.11%±1.4) or Ang II+A769662 (97.11±1.5). Both increases in 

LVPW and RWT for menopausal mice treated with Ang II and A769662 conclude that 

the left ventricle chamber wall is thickening. Remaining groups and treatments were 

found to be insignificant. Overall, concentric remodeling may be occurring, and 

echocardiography suggests a decrease in LV chamber size, increased wall thickness, 

and increased EF during menopause and Ang II-regulated AMPK activation (A769662).  

4.1.3 SHORT-TERM CARDIAC MASS REMODELING 

After 14-days of Ang II infusion protocol and A769662 IP injections, hearts were 

excised and weighed to determine the extent of cardiac hypertrophy. As illustrated in 
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Figure 4.3 and Table 4.1, Ang II had a significant effect on absolute values of heart 

weight in all experimental groups when compared to animals only treated with Saline, 

A769662, or Ang II plus A769662 (Figure 4.3A) (AII vs. A769662: pre- decreased by 

23.5%±0.077, peri- decreased by 34.39%±0.049, meno- decreased by 43.88%±0.33; 

Ang II vs. Ang II+A769662: peri- decreased by 15.67±0.09, meno- decreased by 

22.4±0.057; Ang II vs. saline: pre- decreased by 10.25%±0.13, peri- decreased by 

28.99%±0.20). Alternatively, when comparing normalized heart weights as heart 

weight/tibial length (HW/TL) between Ang II-treated mice across treatments and groups, 

Ang II infusion in peri-menopausal and menopausal females elicited a greater mass 

(p<0.05 by one-way ANOVA) in comparison to pre-menopause mice (Figure 4.3B). A 

similar decrease was demonstrated when comparing Ang II treated peri- and 

menopausal mice to peri- and menopausal mice treated with either A769662 

(decreased by 26.62%±0.25) or A769662+A769662 (decreased by 25.09%±0.23). 

HW/BW for Ang II+A769662 treated mice revealed an increase (increased by 

16.57%±0.49) in menopausal animals compared to peri-menopausal animals (Figure 

4.3C). Furthermore, Ang II+A769662 treated peri-menopausal mice had a significantly 

reduced ( decreased by 14.68%±0.11) HW/BW compared to Ang II treated peri-

menopausal animals. A769662 IP treatments had a slight impact on body weight (BW) 

over the course of the study (Figure 4.3D). Although Ang II+A769662 significantly 

decreased LVIDd and LVIDs, while increasing LVPWd, LVPWs, RWTd, RWTs, and 

HW/BW for menopausal mice, an elevated RWTd coupled with an increase in cardiac 

mass is associated with increased susceptibility to concentric remodeling. 
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4.1.4 AMPK SIGNALING IS DYSREGULATED BY SHORT-TERM MENOPAUSE 

To estimate the level of AMPK activity, western blot analysis was performed to 

detect AMPKα2 only when phosphorylated at site threonine 172 (pAMPKthr-172). Levels 

of AMPK or pAMPK in peri-menopausal or menopausal groups are represented relative 

to respective pre-menopausal control groups. As indicated in (Figure 4.4A), expression 

levels of AMPKα2, were similar in all groups. Figure 4.4B depicts the change in 

pAMPKthr-172 normalized to total AMPKα2 expression levels (pAMPK/AMPK) as a 

measure of AMPK activity. AMPKα2 levels, Figure 4.4C, were increased in pre- and 

peri-menopausal mice compared to the same mice treated with A769662 and A769662 

plus Ang II. A769662 activator treatment impacted total amounts of AMPKα2. 

Additionally, Ang II treatment resulted in a decrease in AMPKα2 levels for peri- and 

menopausal mice. Despite slight changes in AMPKα2, there was a consistent band for 

β-tubulin, which implies that total protein is consistent and that catabolic processes are 

potentially regulated by Ang II or A769662. There were significant (p<0.05) increases in 

activation for peri-menopausal mice treated with A769662 compared to saline 

(p<0.0001), Ang II (p<0.05), and Ang II+A769662 (p<0.05). Taken together, these data 

show for saline and Ang II+A769662 treatments, a loss of AMPK signaling from pre-

menopause to peri- to menopause. Having seen loss of activation in saline treated peri-

menopausal animals, A769662 treatment beneficially impacted peri-menopausal AMPK 

activation by reestablishing activation to the level of activation seen in saline treated 

pre-menopausal mice.  

4.1.5 COLLAGEN DEPOSITION IN SHORT-TERM MENOPAUSE 

Quantitative analysis resulted in a decreased collagen content in menopausal 
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mice receiving A769662 compared to A769662 treated pre-menopausal mice (Figure 

4.6B). Both Ang II infusion (increased by 197%±0.24 and 32.91%±0.14; rel. to pre- and 

peri-, respectively) and saline (increased by 213%±2.19; rel. to pre-) treatment in 

menopausal mice had increased collagen content. When Ang II was coupled with 

A769662 (pre- vs. meno, increased by 110.61%±0.56), the activator failed to mitigate 

fibrosis and was consistent with menopausal mice treated with either saline (pre- vs. 

meno, increased by 213.94%±2.19) or Ang II (pre- vs. meno, increased by 

197.2%±0.24). Pre- and peri-menopausal animals across treatments had the same 

collagen content and were indistinguishable from one another. The activator alone also 

resulted in increased collagen deposition (pre- vs. meno, increased by 503.52%±4.45). 

A similar analysis was performed utilizing polarized light, however pre-, peri-, and 

menopausal mice treated with A769662+Ang II only trended toward an increase in 

collagen content (Figure 4.7A and 4.7B). Menopausal mice across treatments were the 

most susceptible to fibrosis and pathological remodeling (Figure 4.5 H and E 

morphometry). 

4.2 LONG-TERM STUDY 

4.2.1 LONG-TERM MENOPAUSE HYPERTENSION 

Menopausal animals in the short-term timeline were susceptible to hypertension 

across treatments. Therefore, a lower dose of Ang II infusion was assessed over a 12-

week period to understand the extent of hypertension during long-term menopause. 

Long-term menopausal mice showed increased ΔSBP for all treatment groups when 

compared to pre-menopausal mice (Figure 4.8A). Across treatments, menopausal mice 

had a significant increase in ΔSBP with Ang II+A769662 treatment as compared to 
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saline treatment (273.53%±0.27). Persistently increased ΔSBP in menopausal mice 

demonstrated that potency or duration of A769662 activator was insufficient to mitigate 

menopause susceptibility to hypertension. 

4.2.2 LONG-TERM MENOPAUSAL MICE ARE MORE SUSCEPTIBLE TO 

ECCENTRIC REMODELING 

Extent of cardiac remodeling over 12-weeks was assessed with anesthetized 

echocardiography for pre- and menopausal mice with either Ang II treatment, A769662 

14-day treatment, or both. EF and FS for menopausal animals were significantly 

decreased when treated with either A769662 (EF: decreased by 21.57%±0.70; FS: 

decreased by 26.57%±0.75) or Ang II+A769662 (EF: decreased by 23.19%±0.565; FS:  

decreased by 28.37%±0.65) compared to saline treated menopausal animals (Figure 

4.9A and 4.9D). Ang II treated menopausal animals followed a similar trend and were 

increased compared to A769662 treatment (EF: % Change Ang II+A769662). ESV and 

EDV findings combined had a single increased trend in ESV (increased by 

61.92%±0.40) for menopausal mice treated with A769662 compared to saline (Figure 

4.9B and 4.9C). There were no other significant findings across treatments and groups 

for these measurements. Decreased EF and increased chamber volume may indicate a 

loss of pump function with menopause and A769662 acute treatment.  

To elucidate compromised wall structure, morphometry of long-term menopausal 

mice was assessed in animals treated with Ang II, and/or A769662. For LVIDs, 

menopausal groups treated with A769662 had an increased diameter 23.35% ± 0.59 

compared to saline treated menopausal mice (Figure 4.9G). LVPWTs measures of wall 

thickness were decreased for menopausal animals treated with either A769662 



  70 

(decreased by 24.45% ± 0.28) or Ang II+A769662 (decreased by 23.44% ± 0.025) 

compared to Ang II treatment alone (Figure 4.9H). LVIDd and LVPWTd measurements 

had no significant changes between groups or transitions (Figure 4.9E and 4.9F). 

LVIDs increase in diameter and LVPWTs decrease in wall thickness demonstrate that 

the left chamber for menopausal mice is potentially dilating with A769662 treatment. 

This is further supported by a sharp decrease for RWTs (decreased by 35.88%±0.71) in 

menopausal animals treated with A769662 compared to Ang II treated menopausal 

animals (Figure 4.9J). Remaining measurements (RWTd; Figure 4.9I), groups, and 

treatments were found to be insignificant. Overall, as summarized in Table 4.2, an 

acute treatment of potent AMPK activator A769662 seems to be deleterious during 

menopause since echocardiography suggests an increased LV chamber size, 

decreased wall thickness, and decreased EF. 

4.2.3 LONG-TERM CARDIAC MASS REMODELING 

Since hypertrophy was only seen for menopausal mice treated for 14 days with 

Ang II+A769662, a long-term treatment (12-week) of Ang II in pre- and menopausal 

mice was observed to determine extent of cardiac hypertrophy. Duration of low-dose 

Ang II had a significant impact on absolute values of heart weight with an increase in all 

experimental groups when compared to animals only treated with saline (pre-, 

increased by 20.25%±0.015 and meno-, increased by 26.77%±0.11) and A769662. HW 

also remained significantly increased regardless of A769662 14-day treatment coupled 

with Ang II treatment (Figure 4.10A; pre-, increased by 25.18%±0.021 and meno-, 

increased by 18.61%±0.19). The same trend was identified when comparing normalized 

heart weights as HW/TL (Figure 4.10B). HW/BW was not compared across groups or 
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treatments since body weight dramatically decreased (Figure 4.10C) during 14-days of 

A769662 treatments. For menopausal animals treated with A769662 alone, a 

combination of increased LVIDs and decreased LVPWTs coupled with preserved 

HW/TL elucidates a potentially dilated phenotype for these hearts. 

4.2.4 LONG-TERM MENOPAUSE COLLAGEN DEPOSITION 

The extent of collagen deposition in long-term treated menopausal mice was 

determined by picrosirius stain. Additionally, H&E is displayed in Figure 4.11A to 

determine the extent of chamber remodeling. Area of picrosirius stain was quantified 

relative to total ventricle area and revealed a significant increase in pre-menopausal 

collagen content 89.21% ± 0.36 compared to pre-menopausal mice treated with both 

Ang II and A769662 (Figure 4.11B). All remaining comparisons were considered 

insignificant. A similar analysis under polarized light revealed decreased collagen 

content in pre-menopausal mice treated with saline compared to A769662 treatment 

(Figure 4.12A and 4.12B). Acute treatment of A769662 in aged pre- and menopausal 

mice seems to increase susceptibility to fibrosis. Moreover, H&E did not reveal dilation 

of the chamber wall.  
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CHAPTER V 

DISCUSSION 
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CVD remains the leading cause of death in both men and women.95,96 It is now 

appreciated that estrogen loss due to the natural transition to menopause masks or 

underlies cardiac symptoms that are atypical compared to men.97,98 Therefore, many 

women, particularly menopausal women, are unable to link their symptoms to CVD. 

One obstacle that has stalled clinical translation of studies is the lack of appropriate, 

pre-clinical rodent models mirroring progressive ovarian failure, one that includes a 

natural transition from peri-menopause into menopause. Most studies have used 

surgical removal of ovaries (ovariectomy) as a model of menopause. However, this 

technique poorly recapitulates the natural physiological transition to menopause that 

90% of women experience. Short-term daily dosing with VCD selectively targets 

primordial follicles of the ovaries, accelerating the natural process of follicular atresia, 

and induces gradual ovarian failure. This model preserves the important “peri-

menopause” transitional period and androgen secreting capacity of residual ovarian 

tissue, analogous to menopausal women.49,52  

We previously demonstrated there were no significant differences in LV 

dimensions and wall thickness, or cardiac mass between saline-treated menopausal 

mice and their age-matched pre-menopausal littermates. However, this phenotype is 

altered with Ang II induced hypertension and hypertrophy (appendix article; Konhilas et. 

al. 2020). This evidence raised our interests to interrogate biomarkers in pre-, peri-, and 

menopausal saline treated hearts that contribute to heart disease utilizing proteomics 

and transcriptomics. Our aim was to determine the proteins and genes influencing 

disease progression during menopause. We also found evidence linking loss of 

estrogen to AMPK dysfunction (decreased indirect phosphorylation of AMPK 
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canonically potentiated by ERs localization to AMPK’s catalytic subunit) , and therefore 

investigated in our second main study if A769662 AMPK activator treatment was 

sufficient to mitigate pathological cardiac remodeling in Ang II-induced menopausal 

mice in both short- and long-term. 

To determine key markers of adverse cardiac remodeling due to menopause, 

experiments presented here of unbiased proteomics and transcriptomics helped us gain 

insight into function of the menopausal heart compared to the pre-menopausal heart 

and peri-menopausal heart. These data taken together revealed four main findings: 1) 

estrogen depletion metabolically remodels the menopausal heart with increased ROS 

and mitochondrial damage, 2) menopause alters sarcomere contraction via myosin light 

chain, 3) menopause triggers microvascular dysfunction and iron overload, and 4) 

menopause triggers these previous findings through HDAC class IIb (HDAC6) activation 

and histone acetylation.  

5.1 ESTROGEN-DEPENDENT REPRESSION OF HYPERTROPHY WITH HDAC 

CLASS IIA ACTIVATION 

HDAC5, HDAC7, and HDAC9 are classified under class IIa HDACs and are 

responsible for both repression of hypertrophic gene expression and prevention of 

mitochondrial damage (HDAC5).99–101 The activity assay for Class IIa HDACs revealed 

upregulation of hypertrophic activity for both saline and Ang II treated menopausal mice 

compared to all other groups. We also observed in our transcriptomics and proteomics 

data that pre- and menopausal animals were enriched for AMPK signaling, oxidative 

phosphorylation, and metabolic processes. Accordingly, we speculate that this 

combined activity and biomarkers describe a diseased heart with decreased “metabolic 
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flexibility,” and elevated AMP for the menopausal heart.43,44 Elevation of AMP in a 

myocyte leads to permissive AMPK activation by phosphorylation of its catalytic subunit 

at site threonine 172 by the upstream kinase complex, LKB1/MO25/STRAD.102 

Activated AMPK then targets and phosphorylates ACC. Our validation work 

demonstrated that peri-menopause through the gradual loss of estrogen increases 

pAMPKthr172 activation. However, with pathological stimulus of Ang II infusion, this 

protection is lost in peri- and menopausal hearts and exacerbates adverse remodeling 

outcomes. Mitochondrial damage and increased ROS were not characterized in this 

study, yet data of adverse ventricular remodeling has also shown deleterious outcomes 

with inefficient oxidative phosphorylation and accumulation of ROS in heart tissue.103–105 

Class IIa HDACs identified structural and metabolic remodeling and these features are 

exacerbated in menopause.  

5.2 ESTROGEN-DEPENDENT PATHOLOGICAL REMODELING WITH HDAC CLASS 

IIB  

HDAC Class IIb HDAC6 and HDAC10 is a class predominately characterized by 

HDAC6 with deleterious implications in the failing heart.94 We observed in proteomics 

an abundance of HDAC6 protein in peri- and menopausal groups compared to pre-

menopausal.106 CARM1, a regulatory protein that induces either proliferation or harmful 

NF-ҡβ inflammatory signaling, when coupled to Histone 3, p300/CBP, and GRIP, was 

also abundant for peri- and menopausal mice.100,101,107 Lack of estrogen binding and 

subsequent estrogen receptor signaling exacerbates pathological remodeling.108 We 

found in our Class IIb activity assay that estrogen signaling during peri-menopause 

attenuates HDAC6 catalytic activity, and Ang II infusion exacerbates HDAC6 activity in 
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menopausal hearts. We also observed for menopausal hearts an increase in BRD4 

expression and decrease in H3K27 acetylation, which we speculate is a balance that 

potentiates hypertrophy and fibrosis.29,109–112 Menopause-dependent increases in BRD4 

from our validation (data not shown) is consistent with a recent study that showed BRD4 

instigation of pathological cardiac remodeling in neonatal rat cardiomyocytes and male 

C57BL6 mice.113–115  

5.3 ESTROGEN-DEPENDENT MITIGATION OF FIBROSIS WITH HDAC CLASS I 

DEACTIVATION 

A global analysis of ion acetylpeptide modifications of pre-, peri-, and 

menopausal hearts was described and revealed that peri- and menopausal animals 

undergo similar acetylation. Histone 1.3 was shown to be decreased in peri-menopausal 

mice while increased in pre- and menopausal mice, suggesting that chromatin 

accessibility may be halting developmental gene programs like proliferation to 

compensate for estrogen loss.116–119 Utilizing an HDAC assay from our collaborators at 

the McKinsey laboratory, we were able to identify unique changes in pro-fibrotic class I 

HDACs activity (HDAC1, HDAC2, HDAC3, HDAC8).120–122 Additionally, HDAC class I 

activity for menopausal saline treated mice was decreased compared to pre- and 

perimenopausal mice, and suggests an anti-fibrotic response. Furthermore, class IIa 

and class IIb HDACs are significantly trending towards hypertrophy in menopause. We 

therefore speculate there is a delicate balance between each class of HDACs activity, 

and the activity of one over the other may negatively impact class I’s response. We also 

observed with a pathological stimulus (Ang II) that peri-menopausal hearts had 

increased HDAC I activity. Therefore, we speculate that a target therapy on HDAC8, 
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which is an estrogen mediated class I HDAC, could further initiate an anti-fibrotic 

response.123–125  

5.4 ESTROGEN-DEPENDENT CONTRACTILE DYNAMICS VIA HDAC6  

Previous studies have established estrogen mediated HDAC6 activity with 

muscle contraction.121 However, our proteomics data reveals gradual loss of estrogen in 

peri- and menopausal mice also show significant upregulation of myosin light chain 

contractile proteins. Therefore, we speculate a balance of regulatory light chain (RLC; 

myosin light chain 2) and HDAC6 activity is essential to determine altered contractility 

and subsequent LV dysfunction. First, we support these findings by an observed 

decrease in phosphorylation of RLC myofilaments for peri- and menopausal hearts, 

which, in a recent study indicated lack of RLC phosphorylation potentiates myosin head 

stiffening, decreases endocardial maximal tension, compromises relaxation in the 

absence of calcium, and alters myosin diffusion (defined as the avidity of myosin to bind 

calcium and efficiently regulate proteins of the sarcomere to activate contraction or 

relaxation), to overall compromise the integrity of the heart wall.126 HDAC6 in a previous 

study by McKinsey et. al. demonstrated at the myofilament level that HDAC6 proteins 

are able to directly acetylate sarcomere regulatory proteins to impact myosin head 

positioning and rigidity.  This is evidenced by HDAC6 null mice improving cardiac 

contraction with an increase in maximal tension and force, while also decreasing 

cooperativity (pCa50) of calcium binding with troponin complex to impair contractile 

protein’s duty cycle.110 HDAC6 presence is known to escalate pathological remodeling 

in the heart, and we speculate that AMPK may be interacting with HDAC6, since it is 

known to transport into the nucleus to phosphorylate H2B.37,38 From previous work we 



  78 

elucidate that loss of estrogen leads to AMPK dysfunction127 and AMPK dysfunction can 

lead to contractile impairment.128,129 We therefore speculate that our observed 

abundance in HDAC6 protein, increase in HDAC6 activity, and decrease in RLC 

phosphorylation during menopause is associated with an impaired contractile response, 

and associates HDAC6 inhibition with presence of estrogen.106 We further observed this 

direct impairment of contractile cardiac proteins, during menopause, with decreased 

global phosphorylation for troponin complex, RLC, desmin, tropomyosin, and MBPC. 

Finally, we observed in menopausal mice hyperphosphorylation of serine site 273 of 

MBPC, which indicated altered PKA mediated flexibility of actomyosin binding, and 

previous work shows mutations at this site are predictive of hypertrophic cardiac 

remodeling.130 

5.5 MICROVASCULAR DYSFUNCTION AND IRON OVERLOAD IN MENOPAUSE 

Additive activity of HDAC classes reveal the menopausal heart is both 

metabolically and structurally remodeling the heart. In both the transcriptome and 

proteome, we also detected in the menopausal heart regulation of intrinsic endothelial 

remodeling and iron overload. Both iron-homeostasis (HAMP, C4, C5b, PLAC8, 

PLVAP) and coagulation markers (VWF, Hep2, F2, A2M, KLKB, KNG1, ANT3, MBL2, 

MASP2, FXIIIa) were increased in peri- and menopausal hearts when compared to pre-

menopausal mice. Iron uptake is partially mediated by estrogen, and menopausal 

women compared to pre-menopausal women tend to have increased iron levels (iron 

overload). In our study, we demonstrate that iron overload is present in menopausal 

hearts versus pre-menopausal hearts, and this measure serves as a predictive 

precursor of cardiovascular disease.131–133 We also saw in peri- and menopausal mice 
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increased abundances for intrinsic hemostatic factors; we speculate presence of 

kallikrein and C3/C4 genes is suggestive of increased fibrosis and stiffening of the 

microvasculature from previous studies defining the inside-out mechanism of heart 

atherosclerosis within the aortic adventitia.134–136  

5.6 PATHOLOGICAL REMODELING WITH A769662 AMPK ACTIVATION  

Our second main study focused on a therapeutic strategy to mitigate metabolic 

and structural remodeling with AMPK function as the keystone. In vivo A769662 

potentiated activation of AMPK and mitigation of pathological remodeling has never 

been attempted in female and/or VCD-induced menopausal mice. In our A769662 

studies, we had the following main findings: 1) A769662 activated AMPK across 

treatment groups, 2) A769662 in peri-menopause prevented Ang II- induced structural 

remodeling and fibrosis without mitigating hypertension, 3) A769662 was insufficient to 

prevent Ang II-induced structural remodeling, hypertension or collagen deposition in the 

long-term and short-term menopausal hearts, and 4) A769662 treatment in long-term 

study groups promoted fibrosis in pre-menopausal mice.  

Using the geometric relationship between ventricular chamber size (LVID) and 

ventricular wall thickness (RWT), we determined both the extent and type of cardiac 

hypertrophy, i.e. concentric vs. eccentric remodeling.137–139 Based on the short-term 

study, cardiac remodeling in pre- and peri-menopausal animals was absent for Ang 

II+A769662 treatment, while menopausal animals treated with either A769662 or Ang 

II+A769662 were congruent with concentric remodeling, as evidenced by increased wall 

thickness, preserved EF, and decreased chamber size.137,139,140 Astonishingly, an 

increase in heart mass did not occur. This may be due to whole heart weight masking 
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the subtle change in LV mass across groups and treatments. All animals had elevated 

blood pressure and were considered hypertensive across Ang II and Ang II+A769662 

treatments. Within our study, enhanced susceptibility to cardiac hypertrophy and 

concentric remodeling in short-term menopausal mice treated with either Ang II or Ang 

II+A769662 were also accompanied by increased cardiac fibrosis, another important 

indicator of pathological cardiac remodeling,27,108,141 when compared within their 

respective treatment groups. Long-term menopausal mice treated with Ang II infusion 

displayed a similar concentric phenotype with increased RWTs, normal chamber size, 

and increased heart mass.  

On the contrary, long-term menopausal mice treated with Ang II+A769662 

revealed eccentric remodeling with increased chamber size (LVID), elevated cardiac 

mass, hypertension, reduced EF and FS, decreased wall thickness, and decreased 

RWTs. Likewise, A769662 treatment alone in menopausal animals also instigated 

eccentric remodeling with a decrease in RWTs, EF, and FS and an increase in LVID, 

without an increase in heart mass. Furthermore, fibrosis did not accompany eccentric 

remodeling found in Ang II+A769662 or Ang II infusion long-term menopausal animals 

compared to pre-menopausal animals in the same group. Although A769662 activator is 

not well studied in vivo, a study contrary to our results demonstrated beneficial 

reduction of injury in diabetic male rats with acute I/R injury and concentrated treatment 

of A769662.64,67,68,142–146 Overall, A769662 failed to mitigate concentric/eccentric 

remodeling and fibrosis in menopausal mice, which suggests that menopausal females 

even with this direct activator potentiating AMPK activation are still susceptible to 

adverse cardiac pathology and an increased mortality. Especially with age, long-term 
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menopausal females were eccentrically remodeled and demonstrated the worst 

outcome with acute A769662 treatment.  

 Interestingly, the premenopausal mice when treated with Ang II and the A769662 

activator have a similar phenotype to menopausal mice for heart weight and 

hypertension. This however was not too surprising because Ang II can have adverse 

effects that remodel vasculature, calcium handling, and contractile proteins, which are 

not always easily mitigated by A769662 activation or estrogen signaling.147–150 

Especially, when the long-term timeline spanned 12 weeks of infusion, while the short-

term timeline was a brief 14 days of infusion. Therefore, the length of Ang II can result in 

different outcomes of pathology and is the underlying reason for A769662 activator 

maintaining normal contraction and heart weight in the pre- and peri-menopausal short-

term animals in comparison to the menopausal mice. 

5.7 LIMITATIONS 

These studies had limitations. First, our transcriptome analysis was only 

analyzed up to RPKMs, and needs to be converted to differential gene expression with 

EdgeR in R-studio before publication. Secondly, our long-term study was limited by the 

fact that A769662 activator varied from lot to lot. Our last set of long-term 

menopausal+A769662 animals received a gray tinted activator (lot#4), while the original 

lot (lot#2) was validated and yellow in tint. After the company was informed of the color 

change, this lot #4 was recalled this past month. Therefore, long-term menopausal mice 

treated with A769662 alone, may need to be redone before publication. We did however 

test both batches in human aortic endothelial cells (100 nM for 2 hours) and found 

similar levels of pAMPK/AMPK activation. Hence, our data for this group may still be 
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valid. Furthermore, activation of AMPK was limited in our long-term menopause study 

because A769662 was only treated for the last two weeks of the 12-week Ang II infusion 

period. Next, LV weight was not measured for all animals in the short-term menopause 

study, thus a clear picture of LV hypertrophy could not be determined across groups. 

Additionally, for the VCD model we define menopause as 15 days persistent diestrus, 

but we are unable to define post-menopause in the VCD model. Finally, picrosirius 

staining conclusions were limited for the long-term menopause study and the power of 

the study needs to be increased with more hearts. 

5.8 CONCLUSION 

The goal of these two main studies was to determine the potential cellular and 

molecular mechanisms in pre-menopausal females that prevent cardiovascular 

morbidities associated with menopause and determine the underlying shift that gives 

rise to increased susceptibility to CVD in menopausal females. We were able to isolate 

key metabolic remodeling pathways and contractile markers that define the pre- to 

menopausal transition. The A769662 activator, although initially promising from its 

cellular assay potential,67,143,145 did not serve as a viable therapeutic strategy for 

hypertension or concentric remodeling in menopausal animals. A more extensive study 

for the A769662 activator and varied lengths of the peri-menopausal transition might 

improve our knowledge of the role of AMPK in protecting females from susceptibility to 

pathological remodeling in menopause. Additionally, evidence from proteomics and 

transcriptomics identified pan-HDAC and small molecule HDAC inhibitors as possible 

avenues to explore as a preventative therapeutic strategy in the menopausal heart. 
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5.9 FUTURE WORK  

First, our bioinformatics project needs to be followed up with proteomics and 

transcriptomics analysis of Ang II treated pre-, peri-, and menopausal samples to 

understand the impact of estrogen on pathological remodeling and hypertension in the 

heart. Additionally, for the previously described findings of both the RNA seq and 

proteomics projects, a better network analysis could be conducted to determine a more 

detailed picture for how the genes and proteins are signaling and interacting. Moreover, 

to further test A769662 activator in vivo with long-term menopause, A769662 should be 

tested during the full 12-week period of Ang II infusion. Furthermore, the Ang II infusion 

and A769662 treatment could be modulated in an AMPKα2 heart specific knockout 

(TetCre mechanism on α-MHC promoter of heart muscle) model to elucidate how the 

absence of AMPK and lack of estrogen remodel the heart. Lastly, these studies should 

be further elucidated in human aortic endothelial cells (HAECs) to unravel the complex 

mechanisms promoting Ang II hypertension, AMPK activation, and thrombosis in the 

vasculature when estrogen levels are depleted. 
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CHAPTER II FIGURES AND FIGURE LEGENDS 

 

Figure 2.1: Novogene sequencing workflow and library preparation. 

 

 

Figure 2.2: Experimental timeline of VCD dosing, A760662 IP injection and Ang II 

infusion. Timeline specifies treatment lengths in days and treatment interventions such 
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as Ang II and A769662. Pre-menopausal groups were not VCD dosed and match an 

average age of peri-menopause and menopausal animals. 

 

Figure 2.3: Experimental timeline of long-term VCD treatment, A769662 IP 

injection, and Ang II Infusion. Peri-menopause group was not included because peri-

menopause does not persist for 12 weeks after VCD treatment. The pre-menopausal 

and menopausal animals were monitored over 12 weeks and treated with either VCD, 

A769662, Ang II, or combinations of treatments.  
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CHAPTER III FIGURES AND FIGURE LEGENDS 

 

Figure 3.1.1: Proteomics analysis of pre-, peri-, and menopausal hearts. A: 

Proteomics workflow of homogenization, fractionation, mus musculus background 

alignment, statistical analysis, and bioinformatics visualization. B: Filter diagram of 

proteome (5,370 proteins), identified 583 significant proteins, and then were processed 

for expressional enrichment analysis. C: Heat map of z-scored 583 significant proteins 
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with a dendrogram identification of group clustering (peri- and menopause similar), and 

row dendrogram with respective directional expression patterns (gold with 80 proteins is 

meno down, blue with 10 proteins is peri down, red with 148 proteins is meno up, light 

blue with 345 proteins is pre down); one-way ANOVA and p<0.05. D: Principle 

component analysis of replicate and group variation. Volcano plots of pairwise 

comparisons of E) peri vs. pre, F) meno vs. pre, and G) meno vs. peri. (n=3 for each 

group)  
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Figure 3.1.2: Proteome DAVID enrichment analysis. Gene ontology enrichment in 

the 583 significant proteins, categorized by the row dendrogram main clusters from the 

heatmap (meno down, meno up, and pre down) for cellular component (A), molecular 

function (B), biological process (C), and KEGG pathway (D), with max fold change 

values plotted against the –log10 of the p-value of each protein. (n=3 for each group) 

 

Figure 3.1.3: Levels of hemostatic factors in pre-, peri- and menopausal mice. A: 

Western blot depicting protein expression of total α-1 antitrypsin (with GAPDH loading 

control) and bar graph summary of total levels in pre-, peri-, and menopausal hearts. B: 

Western blot depicting protein expression of total prothrombin (F2) (with β-tubulin 

loading control) and bar graph summary of total levels in pre-, peri-, and menopausal 

hearts. Peri- compared to pre-menopausal hearts are significantly increased; p<0.05 by 
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t-test. C: Western blot depicting protein expression of total Factor XIIIa (with β-tubulin 

loading control) and bar graph summary of total levels in pre-, peri-, and menopausal 

hearts. D: Bar graph summary of respective protein abundances from proteomic 

analysis of α-1 antitrypsin, F2, and Factor XIIIA in pre-, peri-, and menopausal hearts. 

Data presented as mean  S.E.M. (n=4 for each group). 

  

Figure 3.1.4: Expression levels of hemostatic factors in pre-, peri- and 

menopausal mice. Quantitative PCR was utilized to determine relative expression of 

hemostatic factors in left ventricular tissue from pre-, peri-, and menopausal mice. A: 
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Bar graph summary of α-2-macroglobulin (A2M) Mrna expression in menopausal 

(meno) female hearts compared to peri-and pre-menopausal hearts; significant 

decrease in pre-menopausal heart (p<0.05) by t-test. B: Bar graph summary of Mrna 

expression in Factor XIIIa (F13A1) across groups with increased expression in peri-

menopausal hearts compared to pre-menopausal group; p<0.05 by t-test. C: Bar graph 

summary of Mannan binding lectin serine Peptidase 2 (MASP2) Mrna expression in pre-

, peri-, and menopausal hearts, with increased expression in menopausal hearts 

compared to pre-menopausal group; 0.05<p by t-test. D: Bar graph summary of Mannan 

binding lectin (protein C) (MBL2) Mrna expression across groups with increased 

expression in menopausal hearts; 0.05<p by t-test. Bar graph summary of Antithrombin 

Serine clades Mrna expression for serpinab1 (E), serpinc1 (F), and serpinab1 (G), with 

significant increases in serpinab1 expression for peri-menopausal and menopausal 

hearts; peri (0.05<p) and meno (0.01<p) by t-test. Data presented as meanS.E.M. H: 

Bar summary of respective protein abundances for genes tested in Qpcr, and include α-

2-macroglobulin, Factor XIIIa, of Mannan binding lectin serine Peptidase 2, Mannan 

binding lectin (protein C), and Antithrombin. (n=4 for each group.) 
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Figure 3.2.1: Global phosphorylation of menopausal peptides with phospho-site 

identification and effect of Ang II on AMPK expression and activity in pre-, peri- 
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and menopausal mice. A: Heat map of 150 significant (p<0.05; one-way ANOVA) 

phospho-modified peptides with group dendrogram (column) and peptide dendrograms 

(row), as well as heat traces of z-scored peptide abundances. Each pattern trend is 

depicted by meno down (15 peptides), meno up (39 peptides), and peri down (9 

peptides). B: Principle component analysis (PCA) of pre-, peri-, and menopausal 

peptide groups and peptide replicates. C: The relative max fold change (normalized to 

pre-menopausal heart peptides) of myosin light chain 3 peptide sequences is compared 

for pre-, peri-, and menopausal hearts for serine (ser) site 188 and threonine (thr) site 

174. D: The relative max fold change (normalized to pre-menopausal heart peptides) of 

myosin light chain 3 kinase peptide sequences is compared for pre-, peri-, and 

menopausal hearts for serine (ser) site 155 and 149. E: The relative max fold change 

(normalized to pre-menopausal heart peptides) of myosin binding protein C peptide 

sequences is compared for pre-, peri-, and menopausal hearts for serine (ser) 273. F: 

The relative max fold change (normalized to pre-menopausal heart peptides) of 

myoglobin peptide sequences is compared for pre-, peri-, and menopausal hearts for 

serine (ser) site 121 and threonine (thr) at site 75 and 68. G: Top panels: Western blot 

depicting protein expression of total AMPKα2, AMPKα2 only when phosphorylated at 

site threonine 172 (pampkthr-172), ACC, and ACC only when phosphorylated at Ser-79 

(pacc). H-K: Bar graph summary of AMPK expression and activity in pre-, peri- and 

menopausal female mice with and without ANG II infusion. Total AMPK and ACC were 

normalized to total protein content while phosphorylated signal was normalized to total 

protein. H: Total AMPKα2 expression in pre-, peri- and menopausal female mice with 

and without ANG II infusion. I: Relative AMPK activity represented as pampkthr-172 
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normalized to total AMPKα2 expression (pampk/AMPK) in pre-, peri- and menopausal 

female mice with and without ANG II infusion. Main effect of hormonal status and Ang II 

infusion by 2-way ANOVA with a significant interaction. J: Total ACC expression in pre-, 

peri- and menopausal female mice with and without ANG II infusion. Main effect of Ang 

II infusion by 2-way ANOVA; *p<0.01 from all other groups by post-hoc analysis. K: 

AMPK target activity represented as pacc normalized to total ACC expression 

(pacc/ACC) in pre-, peri- and menopausal female mice with and without ANG II infusion. 

Main effect of hormonal status and Ang II infusion by 2-way ANOVA with a significant 

interaction. Data presented as meanS.E.M. (n=4 for each group).  

 

Figure 3.2.2: Global phosphorylation of myofilament proteins. Left ventricle cardiac 

tissue of pre-, peri-, and menopausal mice were separated by SDS-PAGE. Top panel 

(right): Pro-Q Diamond phosphoprotein stain of SD-PAGE depicts relative 

phosphorylation of regulatory myosin light chain (MLC-2), cardiac troponin I (cTnI), 

tropomyosin I, cardiac troponin T (cTnT), Desmin, and myosin binding protein C 
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(MBPC). Top panel (left): Coomassie Brilliant Blue stain of SDS–PAGE used to 

normalize relative phosphoprotein stain. Bottom panel: A: Bar graph summary of total 

phosphorylation of all cardiac proteins in pre-, peri-, and menopausal hearts, with a 

significant decrease in menopausal hearts; *p<0.05 by one-way ANOVA. B: Bar graph 

summary of total MBPC phosphorylation in pre-, peri-, and menopausal hearts with a 

significant decrease in menopausal hearts; *p<0.05 by one-way ANOVA. C: Bar graph 

summary of total MLC-2 phosphorylation in pre-, peri-, and menopausal hearts with a 

significant decrease in menopausal hearts; **p<0.01 by one-way ANOVA. Data 

presented as mean  S.E.M. (n=4 for each group).  

 

Figure 3.2.3: MLC-2 activation in pre-, peri-, and menopausal mice. A: Western blot 

panel of expression of serine 19 (Ser 19), serine 19/ threonine 18 (Ser19/Thr18), 

myosin light chain -2 (MLC-2), and β-tubulin. B: Relative ser 19 and thr 18 activity 

represented as MLC-2ser19/thr18 normalized to total MLC-2 expression in pre-, peri- and 

menopausal female mice. C: Relative MLC-2 max fold change in peptide sequence 

abundance for phosphor sites serine 14, 15, and 19. D: Relative ser 19 activity 
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represented as MLC-2ser19 normalized to total MLC-2 expression in pre-, peri- and 

menopausal female mice, with menopausal hearts decreased compared to peri-

menopausal; *p<0.05 by one-way ANOVA. Data presented as mean  S.E.M. (n=4 for 

each group).  
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Figure 3.3.1: Global acetylation of menopausal peptides with acetyl-site 

identification and effect of Ang II on histone 3 and HDAC activity in pre-, peri- and 
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menopausal mice. A: Heat map of 51 significant (p<0.05; one-way ANOVA) acetyl-

modified peptides with group dendrogram (column) and peptide dendrograms (row), as 

well as heat traces of z-scored peptide abundances. Each pattern trend is depicted by 

meno down (8 peptides), meno up (14 peptides), peri down (10 peptides), and pre down 

(18 peptides). B: Principle component analysis (PCA) of pre-, peri-, and menopausal 

peptide groups and peptide replicates. C: The relative max fold change (normalized to 

pre-menopausal heart peptides) of histone 1.3 peptide sequences is compared for pre-, 

peri-, and menopausal hearts for lysine (K) site 214 and 215. D and E: Relative max 

fold change of histone deacetylase 6 (HDAC6) and histone arginine methyltransferase 

(CARM1) protein abundance in pre-, peri-, and menopausal hearts respectively. F-H: 

Top panel: Western blot panel of expression of histone 3 lysine site 9 (H3K9), histone 3 

lysine site 27 (H3K27e), and histone 3 (H3). F: Bar graph summary of H3 expression in 

expression in pre-, peri- and menopausal female mice with and without ANG II infusion. 

G: Relative histone activity represented as H3K9 normalized to total H3 expression 

(H3/H3K9) in pre-, peri- and menopausal female mice with and without ANG II infusion. 

H: Relative histone activity represented as H3K27 normalized to total H3 expression 

(H3/H3K27) in pre-, peri- and menopausal female mice with and without ANG II 

infusion. Significant decrease in menopause hearts without Ang II; p<0.05 by 2-way 

ANOVA. I: Bar graph summary of Class I HDAC activity. Main effect of hormonal status 

and Ang II infusion by 2-way ANOVA; *p<0.01 from all other groups by post-hoc 

analysis. J: Bar graph summary of Class Iia HDAC activity. Main effect of hormonal 

status by 2-way ANOVA; *p<0.01 from peri-menopausal groups by post-hoc analysis. K: 

Bar graph summary of Class Iib HDAC activity. Main effect of hormonal status by 2-way 
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ANOVA; *p<0.01 from all other groups by post-hoc analysis. Data presented as 

meanS.E.M. (n=4-6 for each group).   
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Figure 3.4.1: Transcriptome expression profiles in pre-, peri-, and menopausal 

hearts. Principle component analysis (PCA) of replicate and group variation of 

transcriptome for all high expressing genes (A) and for top 155 high expressor genes 

(B). C: Venn diagram of 51 high expressing and significant genes in transcriptome; 

p<0.05 by one-way ANOVA. Volcano plots of pairwise comparisons of D) peri vs. pre, 

E) meno vs. pre, and F) peri vs. meno, with positive fold change as increased 

expression, and negative fold change as decreased expression; -log10 (p<0.05)=1.3 by 

t-test, with max fold change cut off of 1-1.5. (n=4 for each group) 
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Figure 3.4.2: Transcriptome enrichment analysis. A: Venn diagram of 545 high 

expressing and significant genes in transcriptome; p<0.05 by one-way ANOVA. B: Heat 

map of z-scored 547 significant genes with a dendrogram identification of group 

clustering (pre- and peri-menopausal similar), and row dendrogram with respective heat 

traces depicting expressional changes (pink with 187 genes is peri up, yellow with 576 

genes is pre up, and green 551 genes is meno up); one-way ANOVA and p<0.05. Gene 

ontology enrichment of the abundant clusters (peri up, pre up, and meno up) for cellular 

component (C), molecular function (D), biological process (E), and KEGG pathway (F), 

with max fold change enrichment compared to the –log10 of the p-value. (n=4 for each 

group) 
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Figure 3.4.3: Transcriptome network enrichment in pre, peri, and menopausal 

heart proteome and transcriptome. Scatter plots of protein abundance versus gene 

abundance in pairwise comparisons fit to a Lynn concordance in peri vs. pre (A), pre vs. 

meno (B), and peri vs. meno (C), groups with red depicting the 1st quadrant, green 

depicting 3rd quadrant, and yellow circles depicting overlap in protein and gene names. 

D: Heat map of p-value scored gene enrichment in both the cross listed 583 proteins 

(UniProt IDs) and 547 genes (Ensembl IDs). E: Network map of proteins and genes, 

and each IDs overlap. (n=4 for each group) 

 

Figure 3.4.4: Pathway enrichment of pre-, peri-, and menopausal hearts for both 

proteome and transcriptome. A: Network enrichment map depicting interactions 

between both the 583 proteins (UniProt IDs) and 547 genes(Ensembl IDs) based on a 

p<0.05 (yellow gradient to brown; brown being the most significant). B: Network map of 
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proteins and genes, with identification of main signaling pathways in colored key. (n=4 

for each group) 

CHAPTER IV FIGURES AND FIGURE LEGENDS 
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Figure 4.1: Susceptibility to hypertension in pre-, peri-, and short-term 

menopausal mice treated with A769662 and Ang II. Systolic blood pressure was 

measured at baseline and at day 14 of Ang II-infusion and/ or A769662 (AMPK 

activator) interperitoneal injections, then the difference in systolic blood pressure 

(ΔSBP) was quantified across treatments and groups. An increase in ΔSBP is seen in 

peri-menopausal mice treated with saline or Ang II. Ang II+A769662 treatment in 

menopausal elicited an increased in ΔSBP (*p<0.05). Data presented as meanS.E.M. 

(n=5 mice per group.) 
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Figure 4.2: Effect of Ang II infusion and A769662 treatment on echocardiographic 

parameters of ventricular function and morphometry in pre-, peri- and Short-term 

menopausal female mice. Top Panels: pre-, peri-, menopausal mice functional 

analysis. EF, Ejection Fraction; FS, Fractional Shortening; EDV, end diastolic volume of 

the left ventricle; ESV, end systolic volume of left ventricle. Middle Panels: pre-, peri-, 

and menopausal mice morphometry analysis. LVIDd, LV internal diameter at end-

diastole; LVIDs, LV internal diameter at end-systole; LVPWd, LV posterior wall 

thickness at end-diastole; LVPWs, LV posterior wall thickness at end-systole. Bottom 

Panels: Continued morphometry analysis in pre-, peri-, and menopausal mice. RWTd, 

relative wall thickness at end-diastole calculated as 2*LVPWd/LVIDd and represents a 

measure of LV eccentricity/concentricity; RWTs, relative wall thickness at end-systole. 

For EF (A) and FS (D) menopausal mice treated with saline were decreased compared 

to pre-menopausal (*p<0.05). For both EDV (B) and ESV (C) menopausal mice treated 

with Ang II+A769662 were decreased compared to peri-menopausal mice within same 

treatment (p<0.05). Menopausal mice treated with both Ang II and A769662 were 

decreased for LVIDd (E) and LVIDs (G) compared to peri-menopausal mice (*p<0.05). 

Treatment with both Ang II and A769662 in menopausal mice increased both LVPWTd 

(F) (**p<0.01) and LVPWTs (H) (*p<0.05) compared to pre- and peri-menopausal mice. 
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Finally, RWTd (I) (**p<0.001) and (J) RWTs (*p<0.05) were increased in Ang 

II+A769662 treated menopausal mice compared to both pre- and peri-menopausal mice 

within the same treatment group. Data presented as meanS.E.M. (n=4 mice per 

group.) 

 

Figure 4.3. Cardiac adaptation to Ang II infusion and A769662 treatment in pre-, 

peri- and short-term menopausal female mice. A and B: Cardiac adaptation was 

determined by normalizing heart weight to tibia length (HW/TL; mg/mm). A: Ang II 

infusion significantly increased heart weight in pre-, peri-, and menopausal animal 

compared to saline treated pre- and peri-menopausal animals and all A769662 treated 

animals (*p<0.01). B: peri- and menopausal animals treated with Ang II were 

significantly increased compared to A769662 treatments and Ang II+A769662 

(*p<0.05). C: Heart weight normalized to body weight (HW/BW; mg/g) was increased in 

Ang II+A769662 treatment for menopausal compared peri-menopausal animals 

(p<0.05). Peri-menopausal animals were also significantly increased with Ang II infusion 
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compared to Ang II+A769662 (*p<0.05). D: Body weight (BW; mg) was measured 

before VCD treatment, after VCD treatment, and after Ang II infusion to determine 

longitudinal weight gain or loss. Data presented as meanS.E.M. (n=4 mice per group.) 

 

Figure 4.4: Effect of Ang II and AMPK activator (A769662) on AMPK expression 

and activity in pre-, peri- and short-term menopausal female mice. Top Panels (A): 

Western blot depicting protein expression of total AMPKα2, AMPKα2 only when 

phosphorylated at site threonine 172 (pampkthr-172). Bottom Panels: Bar graph 

summary of AMPK expression and activity in pre-, peri- and menopausal female mice 

with and without either ANG II infusion or A769662 injections. Total AMPK was 

normalized to total protein (β-tubulin) content while phosphorylated signal was 

normalized to total protein. B: Relative AMPK activity represented as pampkthr-172 

normalized to total AMPKα2 expression (pampk/AMPK) in pre-, peri- and menopausal 

female mice with and without either ANG II infusion or A769662 injections. A769662 

treatment dramatically increased activation in peri-menopausal animals compared to 

peri-menopausal animals treated with either saline (***p<0.0001), Ang II infusion 

(*p<0.05), or Ang II+A769662 (*p<0.05). C: Total AMPKα2 expression in pre-, peri- and 
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menopausal female mice with and without either ANG II infusion or A769662 injections. 

Pre- and peri-menopausal mice treated with A769662 (#p<0.05) or Ang II+A769662 

(##p<0.01) had decreased AMPKα2 expression compared to saline treatment. 

Additionally, Ang II infusion alone decreased AMPKα2 in peri- and menopausal mice 

compared to pre-menopausal treated mice (*p<0.05). Data presented as meanS.E.M. 

(n=4 for each group). 
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Figure 4.5: H & E structural evaluation in pre-, peri-, and menopausal hearts. 

Cardiac sections were stained for H & E and evaluated under bright field microscopy to 

determine global structure, chamber size, and wall thickness of the left ventricle. Pre-, 

peri-, and menopausal mice either treated with or without either Ang II infusion or 

A769662 injections were observed. 
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Figure 4.6: Short-term menopausal induced collagen deposition in the hearts of 

pre-, peri-, and menopausal mice. Myocardial sections were stained with picrosirius 

red to analyze collagen deposition. A: Depicts overlaid heart sections under 

immunofluorescent wavelengths red and green, with red representing collagen content 

and green representing total tissue area in pre-, peri-, and menopausal animals treated 

with and without either Ang II, or A769662. B: Bar graph summary of collagen 

deposition (% collagen; quantified as % = (red pixel area/green pixel area)) with 

increased in menopausal mice compared to pre-menopausal mice for saline, A769662 

and Ang II+A769662 treatment groups (*p<0.05; **p<0.01). Additionally, Ang II infusion 

increased collagen deposition in menopausal mice compared to pre- and peri-

menopausal mice within the same treatment group. Data presented as meanS.E.M. 

(n=5 for each group.) 

 

Figure 4.7. Short-term PSR collagen deposition in the hearts of pre-, peri- and 

menopausal female mice. Myocardial sections were stained with picrosirius red (PSR) 

to analyze collagen deposition. Thin collagen fibers have green birefringence and thick 

collagen fibers have bright yellow/orange birefringence under polarization light 

microscopy. A: Polarized microscopic images demonstrate potential myocardial 
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collagen deposition (fibrosis) in all experimental groups. Birefringence of collagen fibers 

was quantified using a semi-automated imaging analysis program and are expressed as 

percent fibrosis (collagen area) of total analyzed area. B: Bar graph summary of 

collagen deposition in all groups with no significant changes across groups and 

treatments. Data presented as meanS.E.M. (n=4 for each group.) 

 

Figure 4.8. Susceptibility to hypertension in pre- and long-term menopausal mice 

treated with A769662 and Ang II. Systolic blood pressure was measured at baseline 

and at day 14 of Ang II-infusion and/ or A769662 (AMPK activator) interperitoneal 

injections, then the difference in systolic blood pressure (ΔSBP) was quantified across 

treatments and groups. An increase in ΔSBP is seen in long-term menopausal mice 

treated Ang II+A769662 compared to menopausal mice treated with saline (*p<0.05). 

Data presented as meanS.E.M. (n=5 mice per group.) 
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Figure 4.9. Effect of Ang II infusion and A769662 treatment on echocardiographic 

parameters of ventricular function and morphometry in pre- and long-term 

menopausal female mice. Top Panels: pre- and long-term menopausal mice 

functional analysis. EF, Ejection Fraction; FS, Fractional Shortening; EDV, end diastolic 

volume of the left ventricle; ESV, end systolic volume of left ventricle. Middle Panels: 

pre- and long-term menopausal mice morphometry analysis. LVIDd, LV internal 

diameter at end-diastole; LVIDs, LV internal diameter at end-systole; LVPWd, LV 

posterior wall thickness at end-diastole; LVPWs, LV posterior wall thickness at end-

systole. Bottom Panels: Continued morphometry analysis in pre- and long-term 

menopausal mice. RWTd, relative wall thickness at end-diastole calculated as 

2*LVPWd/LVIDd and represents a measure of LV eccentricity/concentricity; RWTs, 

relative wall thickness at end-systole. For both EF (A) and FS (D) long-term 

menopausal animals were decreased when comparing A769662 to saline treatment, 

and when comparing Ang II+A769662 to Ang II alone (**p<0.01; ***p<0.0001). B: EDV 

measurements had no significant changes. C: ESV was increased in long-term 

menopausal mice treated with A769662 compared to saline treated mice (*p<0.05). E 

and F: LVIDd and LVPWTd had no significant changes across groups and treatments. 
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G: LVIDs was increased in long-term menopausal mice treated with A769662 compared 

to saline treated mice (*p<0.05). H: LVPWTs was increased in long-term menopausal 

mice treated with Ang II compared to long-term menopausal mice treated with either 

A769662 or Ang II+A769662 (*p<0.05). Finally, RWTd (I) displayed insignificant 

changes across groups and treatments, while RWTs (J) yielded increased wall 

thickness when comparing long-term menopausal mice treated with Ang II to mice 

treated with A769662 (*p<0.05). Data presented as meanS.E.M. (n=4 mice per group.) 

 

Figure 4.10. Cardiac adaptation to Ang II infusion and A769662 treatment in pre- 

and long-term menopausal female mice. A and B: Cardiac adaptation was 

determined by normalizing heart weight to tibia length (HW/TL; mg/mm). For both HW 

and HW/BW, Ang II infusion with and without A769662 treatment significantly increased 

heart weight in pre-, and long-term menopausal animal compared to saline treated pre- 

and long-term menopausal animals (**p<0.01, ***p<0.0001). C: Body weight (BW; mg) 
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was measured before VCD treatment, after first Ang II infusion, and after Ang II infusion 

and A769662 treatment to determine longitudinal weight gain or loss, a trend revealed 

A769662 treatment decreases BW. Data presented as meanS.E.M. (n=4 mice per 

group.) 
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Figure 4.11: A769662 treatment induced collagen deposition in the hearts of pre- 

and long-term menopausal mice. Collagen deposition was evaluated in cardiac 
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sections with picrosirius red stain. A: Depicts overlaid heart sections under 

immunofluorescent wavelengths red and green, with red representing collagen content 

and green representing total tissue area in pre- and long-term menopausal animals 

treated with and without either Ang II, or A769662. B: Bar graph summary of collagen 

deposition (% collagen; quantified as % = (red pixel area/green pixel area)) with 

increase in A769662 treated pre-menopausal mice compared to saline treated pre-

menopausal mice. Data presented as meanS.E.M. (n=3 for each group.) 

 

Figure 4.12. Collagen deposition in the hearts of pre- and long-term menopausal 

female mice. Myocardial sections were stained with picrosirius red (PSR) to analyze 

collagen deposition. Thin collagen fibers have green birefringence and thick collagen 

fibers have bright yellow/orange birefringence under polarization light microscopy. 

Panels in A: Polarized microscopic images demonstrate potentially enhanced 

myocardial collagen deposition (fibrosis) in menopausal experimental groups treated 
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with A769662. B: Birefringence of collagen fibers was quantified using a semi-

automated imaging analysis program and are expressed as percent fibrosis (collagen 

area) of total analyzed area. Bar graph summary of collagen deposition in all groups 

with pre-menopausal treated with A769662 significantly increased compared to pre-

menopausal mice treated with saline (*p<0.05). Data presented as meanS.E.M. (n=3 

for each group.)  
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CHAPTER II TABLES 

Table 2.1: Proteomics and Transcriptomics Groups 

Groups Description VCD 
ANG 

II 
Number of 

Mice 

Pre-
menopause 

Cycling 
Ang II infusion  + 4 

Cycling   8 

Peri-
menopause 

Impaired Ovarian Function Ang II 
infusion + + 4 

Impaired Ovarian Function +  8 

Menopause 

Ovarian Failure 
Ang II infusion + + 4 

Ovarian Failure +  8 
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Table 2.2: Primary Antibodies 

Antibody Name 
Primary 
Dilution Company Cat. No. Secondary Ab 

pAMPKαthr172 1:900 Cell Signaling, Danvers, MA 2535S 

 
 
 
 
 

CF®680 goat anti-
rabbit IgG (H + L) 
(20067, Biotinium, 

Fremont, CA) 

AMPKα 1:1,000 Cell Signaling, Danvers, MA 2795S 

ACC 1:1,000 Cell Signaling, Danvers, MA 3676S 

pACC 1:1,000 Cell Signaling, Danvers, MA 3661S 

pAKT serine 473 1:1,000 Cell Signaling, Danvers, MA 4060 

AKT 1:1,000 Cell Signaling, Danvers, MA 9272 

pMLC ser 19 1:1,000 Cell Signaling, Danvers, MA 3671 

pMLC ser19/thr18 1:500 Cell Signaling, Danvers, MA 3674 

MLC 1:500 Cell Signaling, Danvers, MA 8505 

α-1 Antrypsin 1:1,000 Proteintech, Rosemont, IL 16382 

MBL2 1:1,000 Proteintech, Rosemont, IL 24207 

Histone H3 1:1,000 Cell Signaling, Danvers, MA 9715S 

Acetyl-Histone 
H3K9 1:1,000 Cell Signaling, Danvers, MA 9649P 

Acetyl-Histone 
H3K27 1:1,000 Cell Signaling, Danvers, MA 39133 

beta-tubulin 1:2,000 Invitrogen, Carlsbad, CA 
9249P 
1704D 

GAPDH 1:2,000 Proteintech, Rosemont, IL 60004 

CF®750 goat anti-
mouse IgG (H + L) 

(20070-1, 
Biotinium, 

Fremont, CA) 

F2 1:1,000 Proteintech, Rosemont, IL 66509 

Antithrombin III 
serpinc1 1:1,000 Proteintech, Rosemont, IL 66052 

Factor XIIIA 1:1,000 Proteintech, Rosemont, IL 66325 
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Table 2.3: qPCR Sequences 

Primer 
Name 

FWD Seq 5’→3’ 
Mus musculus 

REV Seq 5’→3’ 
Mus musculus 

TGFβ CCTGGAAAGGGCTCAACAC CAGTTCTTCTCTGTGGAGCT 

IL6 TAGTCCTTCCTACCCCAATTTCC TTGGTCCTTAGCCACTCCTTC 

TNFα GGGCTTGTCACTCGAGTTTT TGAACTTCGGGGTGATCG 

F2 CCGAAAGGGCAACCTAGAGC GGCCCAGAACACGTCTGTG 

A2M AGATGGTGAGATTTCGTGTTGTC ACGGTCCTGCCTGATTCTGTA 

F13B ATGACGCTGAGACACTTGCC TCTACGCTCATGGGGAAGTAAAA 

F13A GAGCAGTCCCGCCCAATAAC CCCTCTGCGGACAATCAACTTA 

MASP2 AAGTGGCCTGAACCTGTATTCG GCTCAGTGTCTGTACTCTCCT 

MLB2 TGACAGTGGTTTATGCAGAGAC CGTCACGTCCATCTTTGCC 

Serpinc1 GGCTGCTGGTGAGAGGAAG GGATTCACGGGGATGTCTCG 

KNG1 CTGCTGACTTTAACACAGGGAG GGTTGCCACTTTTTACCCCAG 

KLKB1 TTCAACCGAGTGGGTTATTTTGT TACTGGGCATCTGGGGTGTAG 

18S ACTGAGGCCATGATTAAG GCTATCAATCTGTCAATCC 

Serpin1ab GAGCATTGGCACAGCGTTTG AAGCGATGGTTGGATGTCAGC 

Serpind1 TCGCTACAAACCTGGGAGAC AGGATCTGCGTGTGAGTGTC 

JUN CCTTCTACGACGATGCCCTC GGTTCAAGGTCATGCTCTGTTT 

NOS3 TCAGCCATCACAGTGTTCCC ATAGCCCGCATAGCGTATCAG 

OSM ATGCAGACACGGCTTCTAAGA TTGGAGCAGCCACGATTGG 

OSMR CATCCCGAAGCGAAGTCTTGG GGCTGGGACAGTCCATTCTAAA 
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Table 2.4: Short term treatment groups 

 
Treatment Group 

 
Description VCD ANG II A769662 

Number of 
Mice 

 
 
 

Pre-menopause 

Cycling    5 

Cycling 
∆ in AMPK   + 10 

Cycling 
Ang II Infusion  +  11 

Cycling 
Ang II Infusion 

∆ in AMPK  + + 11 

 
 
 

Peri-menopause 

Impaired Ovarian Function +   6 

Impaired Ovarian Function 
∆ in AMPK +  + 5 

Impaired Ovarian Function 
Ang II Infusion + +  9 

Impaired Ovarian Function 
Ang II Infusion 

∆ in AMPK + + + 5 

 
 
 
 

Short-term 
Menopause 

Ovarian Failure +   6 

Ovarian Failure 
∆ in AMPK +  + 5 

Ovarian Failure 
Ang II Infusion + +  9 

Ovarian Failure  
Ang II Infusion 

∆ in AMPK + + + 5 
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Table 2.5: Long-term treatment groups 

 
Treatment Group 

 
Description VCD ANG II A769662 

Number of 
Mice 

 
 
 

Pre-menopause  

Cycling    7 

Cycling 
∆ in AMPK   + 7 

Cycling 
Ang II Infusion  +  5 

Cycling 
Ang II Infusion 

∆ in AMPK  + + 6 

 
 
 

Long-term Menopause  

Ovarian Failure +   5 

Ovarian Failure 
∆ in AMPK   + 5 

Ovarian Failure 
Ang II Infusion + +  6 

Ovarian Failure  
Ang II Infusion 

∆ in AMPK + + + 7 

Table 2.6 Primary Antibodies 

Antibody Name 
Primary 
Dilution Company Cat. No. Secondary Ab 

pAMPKαthr172 1:900 Cell Signaling Danvers, MA 2535S 

CF®680 goat anti-
rabbit IgG (H + L) 
(20067, Biotinium, 
Fremont, CA) 

AMPKα 1:1,000 Cell Signaling Danvers, MA 2795S 

ACC 1:1,000 Cell Signaling Danvers, MA 3676S 

pACC 1:1,000 Cell Signaling Danvers, MA 3661S 

beta-tubulin 1:2,000 Invitrogen Carlsbad, CA 
9249P 
1704D 

GAPDH 1:2,000 Proteintech, Rosemont, IL 60004 

CF®750 goat anti-
mouse IgG (H + L) 
(20070-1, Biotinium, 
Fremont, CA) 

  



  142 

CHAPTER IV TABLES 

Table 4.1: Cardiac hypertrophy and echocardiographic measurements in Short-
term Menopause 
  Control A769662 Ang II Ang II+A769662 

Pre-menopause n=4 n=4 n=4 n=4 

EF (%) 64.43 ± 6.1 58.05 ± 1.4 57.36 ± 2.69 62.21 ± 3.52 

FS (%) 35.15 ± 4.54 29.99 ± 0.93 29.65 ± 1.84 33.17 ± 2.41 

EDV 56.41 ± 2.97 55.21 ± 2.76 58.55 ± 8.52 56.72 ± 5.48 

ESV 20.41 ± 4.2 23.23 ± 1.78 24.59 ± 3.13 21.87 ± 3.67 

LVIDd (mm) 3.65 ± 0.08 3.63 ± 0.07 3.69 ± 0.25 3.66 ± 0.16 

LVIDs (mm) 2.37 ± 0.2 2.53 ± 0.05 2.58 ± 0.14 2.42 ± 0.17 

LVPWd (mm) 0.74 ± 0.05 0.57 ± 0.04 0.64 ± 0.11 0.58 ± 0.09 

LVPWs (mm) 1.21 ± 0.04 0.93 ± 0.02 0.97 ± 0.06 0.99 ± 0.18 

RWTd 0.41 ± 0.02 0.31 ± 0.02 0.36 ± 0.1 0.34 ± 0.06 

RWTs 1.05 ± 0.11 0.74 ± 0.02 0.77 ± 0.09 0.86 ± 0.21 

BW (g) 18.58 ± 0.73 21.88 ± 0.81 23.1 ± 0.66 20.58 ± 0.35 

HW (mg) 94.58 ± 2.31 89.65 ± 1.74 111.2 ± 2.25 102.7 ± 5.09 

HW/TL (mg/mm) 5.35 ± 0.14 4.85 ± 0.11 5.27 ± 0.07 5.45 ± 0.35 

HW/BW (mg/g) 4.74 ± 0.14 4.16 ± 0.15 4.66 ± 0.21 4.71 ± 0.06 

  Control A769662 Ang II Ang II+A769662 

Peri-menopause n=4 n=4 n=4 n=4 

EF (%) 61.65 ± 1.46 58.13 ± 0.95 57.86 ± 4.8 57.73 ± 2.08 

FS (%) 32.53 ± 1.09 30.07 ± 0.6 30.21 ± 3.43 30 ± 1.45 

EDV 55.84 ± 2.09 57.4 ± 1.75 55.74 ± 7.38 65.79 ± 3.7 

ESV 21.42 ± 1.16 23.98 ± 1.15 23.89 ± 4.72 27.6 ± 1.17 

LVIDd (mm) 3.64 ± 0.06 3.7 ± 0.05 3.66 ± 0.17 3.93 ± 0.1 

LVIDs (mm) 2.45 ± 0.06 2.55 ± 0.04 2.79 ± 0.29 2.68 ± 0.04 

LVPWd (mm) 0.56 ± 0.02 0.55 ± 0.04 0.72 ± 0.07 0.59 ± 0.03 

LVPWs (mm) 0.95 ± 0.05 0.91 ± 0.07 1.07 ± 0.12 0.99 ± 0.04 

RWTd 0.31 ± 0.01 0.3 ± 0.02 0.4 ± 0.05 0.3 ± 0.02 

RWTs 0.77 ± 0.05 0.72 ± 0.05 0.82 ± 0.19 0.74 ± 0.02 

BW (g) 18.58 ± 0.73 20.08 ± 0.99 22.6 ± 0.4 22.02 ± 0.56 

HW (mg) 84.1 ± 2.09 91 ± 0.89 117.03 ± 5.12 99.73 ± 4.39 

HW/TL (mg/mm) 4.89 ± 0.12 4.66 ± 0.05 6.21 ± 0.24 4.95 ± 0.24 

HW/BW (mg/g) 4.62 ± 0.17 4.32 ± 0.05 5.22 ± 0.31 4.45 ± 0.27 

  Control A769662 Ang II Ang II+A769662 

Menopause  n=4 n=4 n=4 n=4 

EF (%) 50.17 ± 1.12 58.78 ± 1.78 63.83 ± 3.43 69.92 ± 3.89 

FS (%) 24.98 ± 0.69 30.61 ± 1.28 34.03 ± 2.37 38.7 ± 3.34 

EDV 59.66 ± 1.54 47.53 ± 5.4 48.69 ± 4.48 41.14 ± 2.74 

ESV 29.71 ± 0.74 19.69 ± 2.36 17.88 ± 2.99 12.26 ± 1.69 

LVIDd (mm) 3.74 ± 0.04 3.4 ± 0.18 3.49 ± 0.14 3.23 ± 0.09 

LVIDs (mm) 2.8 ± 0.03 2.32 ± 0.14 2.22 ± 0.15 1.94 ± 0.11 

LVPWd (mm) 0.67 ± 0.05 0.64 ± 0.11 0.83 ± 0.06 0.89 ± 0.02 

LVPWs (mm) 0.98 ± 0.09 1.06 ± 0.08 1.31 ± 0.09 1.31 ± 0.08 

RWTd 0.36 ± 0.02 0.38 ± 0.06 0.48 ± 0.05 0.56 ± 0.01 

RWTs 0.7 ± 0.06 0.92 ± 0.09 1.2 ± 0.15 1.37 ± 0.15 

BW (g) 20.24 ± 0.61 16.95 ± 0.87 22.34 ± 1.35 18.14 ± 0.76 

HW (mg) 103.75 ± 4.87 78.03 ± 4.98 109.75 ± 5.42 95.15 ± 4.99 

HW/TL (mg/mm) 5.18 ± 0.23 4.6 ± 0.22 6.01 ± 0.23 5.21 ± 0.24 

HW/BW (mg/g) 4.89 ± 0.22 4.57 ± 0.12 5.08 ± 0.11 5.19 ± 0.14 
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EF, Ejection Fraction; FS, Fractional Shortening;ESV, End Systolic Volume; EDV, End 

Diastolic Volume; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left 

ventricular internal diameter at end-systole; LVPWd, left ventricular posterior wall 

thickness in diastole; LVPWs, left ventricular posterior wall thickness in systole; RWTd, 

relative wall thickness in end diastole; RWTs, relative wall thickness in end systole. BW, 

body weight; HW, heart weight; HW/BW, heart weight normalized to body weight; 

HW/TL, heart weight normalized to tibia length. Values are presented as Mean ± S.E.M, 

and statistical comparisons were not included due to the high number of comparisons 

made. 
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Table 4.2: Cardiac hypertrophy and echocardiographic measurements in Long -
term Menopause 
  Control A769662 Ang II Ang II+A769662 

Pre-menopause  n=5 n=5 n=5 n=5 

EF (%) 61.26 ± 1.02 62.5 ± 2.8 63.21 ± 1.56 64.1 ± 2.93 

FS (%) 32.27 ± 0.71 33.44 ± 1.92 33.92 ± 1.16 34.51 ± 2.04 

EDV 58.84 ± 3.71 71.14 ± 6.33 69.19 ± 4.48 61.12 ± 3.99 

ESV 22.78 ± 1.73 27.32 ± 4.44 25.54 ± 2.14 22.4 ± 3.45 

LVIDd (mm) 3.75 ± 0.08 4.05 ± 0.14 3.97 ± 0.09 3.78 ± 0.1 

LVIDs (mm) 2.55 ± 0.12 2.66 ± 0.18 2.59 ± 0.1 2.43 ± 0.12 

LVPWd (mm) 0.6 ± 0.02 0.63 ± 0.07 0.68 ± 0.07 0.73 ± 0.05 

LVPWs (mm) 1 ± 0.05 1.06 ± 0.1 1.13 ± 0.08 1.15 ± 0.06 

RWTd 0.32 ± 0.02 0.32 ± 0.04 0.35 ± 0.04 0.39 ± 0.03 

RWTs 0.8 ± 0.07 0.83 ± 0.12 0.88 ± 0.09 0.96 ± 0.08 

BW (g) 19.51 ± 0.6 15.34 ± 1.06 22.44 ± 0.79 15.5 ± 0.51 

HW (mg) 94.38 ± 3.95 102.51 ± 4.12 113.5 ± 3.89 118.1 ± 3.87 

HW/TL (mg/mm) 0.52 ± 0.02 0.56 ± 0.02 0.62 ± 0.02 0.65 ± 0.02 

  Control A769662 Ang II Ang II+A769662 

Menopause n=5 n=5 n=5 n=5 

EF (%) 60.38 ± 4.08 47.35 ± 1.2 61.76 ± 2.73 46.37 ± 1.77 

FS (%) 31.86 ± 2.83 23.39 ± 0.7 32.84 ± 1.93 22.82 ± 0.96 

EDV 52.72 ± 4.55 66.47 ± 4.09 64.75 ± 4.84 63.32 ± 7.14 

ESV 21.6 ± 3.73 34.97 ± 2.22 25.18 ± 3.4 34.46 ± 4.77 

LVIDd (mm) 3.54 ± 0.13 3.91 ± 0.1 3.93 ± 0.12 3.85 ± 0.18 

LVIDs (mm) 2.43 ± 0.18 2.99 ± 0.07 2.61 ± 0.15 2.92 ± 0.17 

LVPWd (mm) 0.75 ± 0.03 0.73 ± 0.06 0.8 ± 0.05 0.7 ± 0.07 

LVPWs (mm) 1.1 ± 0.06 0.99 ± 0.06 1.31 ± 0.09 1.01 ± 0.09 

RWTd 0.43 ± 0.02 0.37 ± 0.03 0.41 ± 0.03 0.37 ± 0.05 

RWTs 0.94 ± 0.1 0.66 ± 0.03 1.03 ± 0.11 0.71 ± 0.1 

BW (g) 26.08 ± 1.32 24.36 ± 0.66 24.72 ± 1.03 15.2 ± 0.55 

HW (mg) 97.18 ± 3.82 91.26 ± 1.96 123.2 ± 3.36 115.27 ± 3.07 

HW/TL (mg/mm) 0.47 ± 0.02 0.45 ± 0.01 0.66 ± 0.02 0.62 ± 0.02 

EF, Ejection Fraction; FS, Fractional Shortening; ESV, End Systolic Volume; EDV, End 

Diastolic Volume; LVIDd, left ventricular internal diameter at end-diastole; LVIDs, left 

ventricular internal diameter at end-systole; LVPWd, left ventricular posterior wall 

thickness in diastole; LVPWs, left ventricular posterior wall thickness in systole; RWTd, 

relative wall thickness in end diastole; RWTs, relative wall thickness in end systole. BW, 

body weight; HW, heart weight; HW/BW, heart weight normalized to body weight; 

HW/TL, heart weight normalized to tibia length. Values are Mean ± S.E.M, and 

statistical comparisons were not included due to a high number of comparisons made.  
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Konhilas, JP., Sanchez, JN., Regan, JA., Constantopoulos, E., Lopez-Pier, M., Cannon, 

DK., Skaria, RS., McKee, LA., Chen, H., Lipovka, Y., Pollow, D., and Brooks, HL. Using 

4-vinylcyclohexene diepoxide as a model of menopause for cardiovascular 

disease.APS, Heart & Circ. AJP. IN SECOND REVIEW;2020 
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