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ABSTRACT 

Sex differences exist in the progression of heart disease, as premenopausal 

women are protected from developing severe hypertension, aortic stenosis, 

myocardial infarction and hypertrophic cardiomyopathies. The susceptibility and 

progression of cardiovascular disease increases in post-menopausal women. This is at 

least partially underlined by a pronounced decrease in circulating estrogen levels. 

Estradiol (E2), the most abundant estrogen in premenopausal women, is known to be 

cardioprotective. 

Recently, AMP-activated protein kinase (AMPK) has emerged as a prominent 

player in the development of cardiac hypertrophy and heart failure. AMPK is central 

to the energetic metabolism of the cell and is activated in response to energy 

deprivation. E2 has been shown to activate AMPK, by yet an unknown mechanism. 

The first part of this dissertation focuses on describing the molecular mechanism 

behind this AMPK activation. We found that E2 activates AMPK through a non-

genomic pathway and involves direct interaction of classical estrogen receptors (ERα 

and ERβ) with the α-catalytic subunit of AMPK. These receptors also associate with 

the upstream kinase LKB1, which is required for E2-dependent activation of AMPK. 

Furthermore, the two estrogen receptors play opposite roles, where ERα increases 

AMPK activation, and ERβ acts as a repressor, inhibiting AMPK phosphorylation. 

To translate our findings to heart disease, the next step was to determine the 

effect of ovarian failure, underlined by E2 loss, on AMPK signaling during the 

progression of cardiac hypertrophy. We hypothesized that ovarian failure decreases 

cardiac AMPK signaling, translating in worsening of hypertrophy. We found that the 
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status of cardiac AMPK signaling depends on the nature of the hypertrophic stimulus 

and the timing of ovarian failure in relation to the onset of hypertrophy. Furthermore, 

we did not detect any differences in the development of cardiac hypertrophy between 

wild type mice and mice in ovarian failure, which most likely occur down the line. 

In summary we described a novel mechanism of AMPK activation by the 

hormone E2. We also explored the effect of estrogen loss on cardiac AMPK activity, 

and found that it is dependent on factors such as the pathological state of the heart and 

timing of the intervention. These findings add to our understanding of the molecular 

mechanisms behind sex differences in energy handling and in the future could be 

translated into better therapeutics for the treatment of cardiac pathologies. 

 
 

  



	   14	  

 

 

CHAPTER I 

 

INTRODUCTION 
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1.1 AMPK structure and function 

1.1.1 Molecular structure of AMPK 

AMPK-activated protein kinase (AMPK) is a heterotrimeric complex 

composed of a catalytic α subunit and regulatory β and γ subunits. Each subunit is 

encoded by two or three distinct genes (α1, 2; β1, 2; γ1, 2 and 3) [1-3]. The α subunit 

contains the AMPK serine/threonine kinase domain, which can be phosphorylated on 

several residues. Phosphorylation of threonine 172 by upstream kinases is essential 

for AMPK activity, and is often used as an indicator of the activation state of the 

kinase [4]. Other phosphorylation sites are thr258 and ser485, but their contribution to 

AMPK activity remains to be elucidated [5]. The α subunit also has an autoinhibitory 

domain. It interacts with the kinase domain and together they undergo a 

conformational change in response to AMP interaction with the γ subunit, 

contributing to AMPK activation [6-8]. 

The β-subunit of AMPK bridges α- and γ-subunits by means of its C-terminal 

sequence. Its function is not limited to holding the AMPK heterotrimer together, since 

it contains a central non-catalytic glycogen-binding domain, which senses the status 

of cellular energy reserved in the form of glycogen [9]. Binding of glycogen with a 

single glucose α1-6 branch to the β subunit of AMPK allosterically inhibits 

phosphorylation of the α subunit by upstream kinases [10]. 

The γ subunit is made out of four cystathionine β-synthetase (CBS) motifs 

that pack together generating two Bateman domains (CBS1 + 2 and CBS3 + 4). The 

symmetry of the CBS domains creates four potential adenyl-binding sites [11]. The 2’ 

and 3’ hydroxyl groups of each AMP ribose groups interact with aspartic acid residue 
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located on the first turn of a α-helix adjacent to the site. In the fourth potential adenyl-

binding site there is an arginine residue instead, which probably makes the fourth 

AMP binding impossible. So, mammalian AMPK binds three AMP molecules; one 

binds to “site 4” and does not exchange for ATP and co-purifies with the proteins 

since it is tightly bound. The other two AMP molecules compete for binding with 

Mg-ATP and/or ATP to sites “1” and “3” and are responsible for adenyl-sensing 

properties of the mammalian enzyme [12]. A schematic representation of the three 

AMPK subunits is presented in Figure 1.1. 

 

Figure 1.1: Structure of AMP-activated protein kinase (AMPK). Domain 
composition of the catalytic (α) and regulatory (β, γ) subunits of AMPK. AID: 
autoinhibitory domain, CBS: cystathionine β-synthetase motif. This representation 
does not accurately reflect the relative lengths of the subunits and their domains. 
 

1.1.2 Mechanisms of AMPK activation 

AMPK activity is regulated in response to the cellular energy state, which is 

reflected in the ratio of AMP to ATP. During energy usage ATP is broken down to 

generate ADP, which can be converted to AMP through the action of adenylate 

kinase. Although the cellular concentrations of ATP are much greater than those of 

AMP, its affinity for AMPK is much lower. Binding of AMP facilitates 

phosphorylation of the activation loop at thr172 by AMPKK, and reduces the 

Catalytic Domain AID βγ binding domain NH2 
COOH 

Glucogen 
interacting domain αγ binding domain  NH2 COOH 

CBS1 NH2 COOH CBS2 CBS3 CBS4 

Catalytic subunits 
α1 and α2 

Regulatory subunits 
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Regulatory subunits 
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dephosphorylation rate of AMPK by the PP2C-a phosphatase [13]. This all happens 

by AMP-binding induced conformational changes that affect the interaction between 

the kinase and the autoinhibitory domains of AMPKα [7, 14]. Although AMP is the 

primary activator of AMPK, ADP is present in higher concentrations than AMP and 

can also bind to AMPK promoting its phosphorylation [8]. 

The phosphorylation state of thr172 reflects the activation status of AMPK and 

is influenced by the balance between the action of upstream kinases and protein 

phosphatases. So far, two kinases that phosphorylate AMPK have been identified: 

calcium-calmodulin dependent protein kinase kinase β (CaMKKβ) [15] and the tumor 

suppressor kinase complex LKB1 [16, 17]. The LKB1 complex consists of LKB1 and 

two accessory subunits, STRAD and MO25, both of which are required for LKB1 

activity (Fig 1.2) [16-18]. Inactive LKB1 is mainly localized to the nucleus, while 

free MO25 and STRAD express throughout the cell. Binding of STRAD to LKB1 

localizes the kinase to the cytoplasm [19]. MO25 stabilizes the formation of the 

STRAD-LKB1 complex by interacting with STRAD, and stimulates LKB1 

activity[18]. There are at least two protein phosphatases that can inhibit AMPK 

activation: protein phosphatase 2A (PP2A) and protein phosphatase 2C (PP2C). 

PP2A inhibits AMPK phosphorylation in response to increase in intracellular calcium 

concentrations [20]. It is not clear what drives PP2C action on AMPK, but alterations 

in PP2C expression modulate AMPK activation in the heart [21]. 

In addition to phosphorylation, AMPK can be acetylated on its α-subunit. 

Acetylation state of AMPKα is determined by opposing catalytic activities of HDAC1 

and p300. Deacetylation enhances the catalytic activity of AMPK by promoting its 
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association with the upstream kinase LKB1 [22]. Post-translational modifications also 

affect the regulatory subunits of AMPK. The β-subunit can be modified by N-

terminal myristoylation of the gly2 residue. It has recently been proposed that AMP 

dependent phosphorylation of thr172 depends on the β subunit of AMPK being 

myristoylated [23]. 

 

Figure 1.2: Mechanisms of AMPK activation. AMPK is activated in response to an 
increase in intracellular AMP/ATP ratio, as well as after phosphorylation of its α-
catalytic subunit by upstream kinases. The two kinases that phosphorylate AMPK are 
LKB1, which forms a complex with two accessory proteins STRAD and MO25, and 
CaMKKβ. 
 

1.1.3 AMPK subcellular localization 

Cellular localization of protein kinases is important in determining their 

function. Targeting of kinases to specific subcellular domains provides selectivity to 

specific targets. Even though AMPK is usually considered to be a cytoplasmic kinase, 

there is increasing evidence suggesting that it also can be found in the nucleus and 

targeted to specific membrane domains. 

AMPK can be found in the nucleus, where it phosphorylates transcriptional 

factors, histone proteins and histone deacetylase enzymes [24]. The AMPKα subunit 

has a nuclear export signal that consists of highly conserved hydrophobic aminoacids 
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in the carboxyl terminal of its sequence [25]. Although the α1 and α2-subunit 

isoforms can both localize to the nucleus, so far the nuclear localization sequence has 

only been described in the AMPKα2 isoform [26].  

Post-translational modifications of AMPK subunits can affect the cellular 

localization of this kinase. Myristoylation of the β-subunit, specifically under nutrient 

stress conditions, leads to AMPK association with membranes, showing a particulate 

extranuclear distribution [23]. Mutation of the β-subunit on the myristoylation site 

causes diffused localization of AMPK in the cytoplasm [27].  

Targeting of AMPK to specific cellular locations depends on the particular 

metabolic and functional needs of the cell, which is dictated by its physiological 

function. There is evidence suggesting that in heart and skeletal muscle AMPK is 

associated with the myofilaments. Different Υ-subunit isoforms are localized to the I 

band and Z disk in both muscle types, suggesting similar functions in the regulation 

of muscle contractility [28]. 

The mechanisms that regulate the intracellular localization of AMPK are 

poorly understood, but are key to better understanding the dynamics and versatility of 

AMPK signaling. A recent study identified several factors that affect the shuttling of 

AMPK between the nucleus and cytoplasm. These factors include stress, cell density 

and signaling through the MEK ERK1/2 pathway [29]. At a physiological level, 

exercise comes to play a role. It induces AMPK activation and promotes nuclear 

localization of AMPKα2 in human skeletal muscle [30]. 
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1.2 AMPK signaling in cancer 

AMPK is a central kinase to the cellular energy homeostasis, since it regulates 

a wide range of cellular pathways responsible for molecular synthesis, cellular growth 

and proliferation. Malfunction of the AMPK pathway could lead to many different 

scenarios that could be beneficial or detrimental for the cell. The link of AMPK 

signaling to cancer dates back to the discovery of LKB1. LKB1 was first identified as 

a tumor suppressor mutated in an inherited cancer susceptibility known as Peutz-

Jeghers syndrome [31, 32]. Years later, a paper came out identifying LKB1 as a 

trimeric kinase complex that activates the AMPK kinase cascade [16]. This discovery 

linked a tumor suppressor with a major kinase in the regulation of cell metabolism, 

opening up a new perspective on the molecular mechanisms underlying tumor 

biology. 

Reduced phosphorylated AMPK signal is associated with worse overall 

prognosis in many cancers, including breast cancer, and is sometimes linked to 

increased metastasis [33-35]. One of the outcomes of reduced AMPK signaling is 

increased cell proliferation irrespective of the molecular energy levels. This is 

achieved through uncontrolled activation of the mTOR pathway. Under normal 

conditions AMPK inhibits mTORC1 signaling by direct phosphorylation of TSC2 

[36] and the mTORC1 regulatory subunit Raptor [37]. LKB1/AMPK dependent 

inhibition of mTOR pathway acts as a tumor suppressor in transformed cells, 

contributing to cell growth inhibition and repression of oncogenic mRNA translation 

in response to energy stress [38, 39]. This is the molecular mechanism of action of 

some anti-cancer drugs [40, 41]. AMPK tumor suppressor potential also acts on 
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Akt/FOXO3 signaling axis. Activated AMPK reduces Akt mediated phosphorylation 

of FOXO3a, activating this transcription factor and inhibiting cancer growth and the 

epithelial-mesenchymal transition (EMT) of cells that confers them the ability to 

invade basement membranes leading to metastasis [42, 43]. 

The tumor suppressor gene p53 is mutated in many cancers and loss of its 

function is associated with bad prognosis. Recently, a link between AMPKα subunit 

isoform expression and p53 activation has been established. AMPKα2 expression 

levels are suppressed in several tumors, including breast cancer when compared to 

their healthy counterparts [44]. When AMPKα2 expression is restored in those cells, 

it promotes p53 acetylation via inhibiting the deacetylase activity of SIRT1. This 

increases p53 stability and induces apoptosis in tumor cells [45]. 

1.2.1 Metabolism 

Tumor cells must adjust their metabolism to generate the energy and 

biosynthetic intermediates required to support increased cell division in the context of 

stress, such as hypoxia and nutrient deprivation [46]. Fundamental changes in cancer 

metabolism include a switch to aerobic glycolysis, known as the Warburg effect [47] 

and increased use of glutamine for mitochondrial-dependent ATP production [48]. 

AMPK and LKB1 are both negative regulators of aerobic glycolysis. Loss of LKB1 

or AMPK activity promotes enhanced glucose and glutamine metabolism, enhancing 

growth and biosynthetic capacity of tumor cells, by increasing HIF-1α expression [49, 

50]. 

Activation of the LKB1/AMPK pathway can sometimes give the cells the 

selective advantage to proliferate, and explains why in some cancers, increased 
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AMPK activity is associated with poor prognosis [51, 52]. AMPK can promote 

metabolic adaptation that supports tumor growth. During energy stress the generation 

of NADPH by the pentose phosphate pathway is impaired. AMPK activation at low 

intracellular ATP levels induces alternative routes for NADPH generation. This is 

achieved by inhibiting ACC and therefore maintaining NADPH levels by decreasing 

its consumption in fatty-acid synthesis and increasing its generation by means of fatty 

acid oxidation [53, 54]. AMPK can also activate the eukaryotic elongation factor 2 

kinase (eEF2K), which confers cell survival under acute nutrient depletion by 

blocking translation elongation [55]. In aggressive experimental breast cancer tumors 

AMPK activation supports tumor glucose metabolism through positive regulation of 

glycolysis and the non-oxidative pentose phosphate cycle [56]. 

1.2.2 Autophagy 

Another important cellular process affected by changes in AMPK signaling is 

autophagy. Autophagy is a cellular catabolic process in which proteins and cellular 

organelles are degraded to sustain cellular biosynthesis during nutrient deprivation or 

metabolic stress. The ULK1 kinase complex controls initiation of autophagy. It is 

activated in response to mTORC1 inhibition under normal nutrient conditions. Under 

glucose starvation, AMPK promotes autophagy through direct phosphorylation of 

ULK1 [57]. 

In cancer autophagy has a dual role, acting as a tumor suppressor by 

preventing the accumulation of damaged proteins and organelles, but also 

contributing to cell survival by promoting the growth of established tumors [58]. 

Excessive or sustained tumor cell autophagy leads to cell death [59]. AMPK 
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activation can lead to all these different scenarios. In some cases autophagy linked to 

AMPK activation helps tumor cells survive and proliferate [60]. At the same time 

several anticancer agents induce autophagic cell death through sustained activation of 

the AMPK pathway [61, 62]. It seems like the extent of autophagic activity within the 

tumor cells is what tells them to go from uncontrolled proliferation to cell suicide. 

How AMPK activation can control those opposite outcomes of autophagy remains 

largely unknown.  

1.2.3 Concluding remarks 

Changes in AMPK signaling impact the overall metabolism of the cell. In 

most cancer scenarios AMPK acts as a tumor suppressor, but under certain 

conditions, AMPK activation can promote tumor growth by metabolic adjustments 

that give the cells the selective advantage to proliferate in adverse conditions. The 

mechanisms responsible for triggering these opposite effects are poorly understood, 

although the genetic background of the cells appears to contribute to determining the 

outcome of increased AMPK activation, as is the case of breast cancer cells [63]. This 

is where finding the link between E2 stimulation, estrogen receptor status and AMPK 

signaling becomes important. 
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1.3 AMPK signaling in the heart 

1.3.1 Role of AMPK in heart energy metabolism 

Fatty acids are the preferred substrate for energy production in the heart [64]. 

AMPK modulates cardiac fatty acid metabolism in several ways. One example of this 

is its ability to phosphorylate and inhibit acetyl-CoA carboxylase activity (ACC) [65, 

66].  ACC catalyzes the carboxylation of acetyl-CoA to produce malonyl-CoA, which 

is a substrate for the biosynthesis of fatty acids. A major point of regulation of fatty 

acid oxidation lies in the ability to transport the long-chain fatty acyl-CoA from the 

cytosol into the mitochondria where it is oxidized. The rate-limiting enzyme in this 

process is carnitine palmitoyltransferase (CTP-1). CTP-1 catalyzes the transfer of the 

fatty acyl group from acyl-CoA to carnitine, preparing it for transport from 

mitochondria to the cytosol. Malonyl-CoA allosterically inhibits CPT-1 activity, 

impairing the β-oxidation of fatty acids in the mitochondria [67]. When AMPK 

inhibits ACC activity it decreases malonyl-CoA levels promoting fatty acid transport 

into mitochondria and increasing β-oxidation. 

AMPK also controls fatty acid transport across the cell membrane in 

cardiomyocytes. AMPK activation stimulates the expression of fatty acid binding 

protein (FABPpm) [68]. It also elevates the expression and translocation of the fatty 

acid transporter FAT/CD36 from intracellular stores to the plasma membrane [69]. 

Lastly, AMPK stimulates mitochondrial biogenesis, by yet not fully understood 

mechanisms [70]. 

Another source of ATP production in the heart is glucose metabolism. AMPK 

increases glucose uptake by enhancing glucose transporter 4 (GLUT4) and GLUT1-
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mediated transport [24, 71-73]. AMPK can also phosphorylate 6-phosphofructo-2-

kinase (PFK 2), an enzyme responsible for positive regulation of glycolysis and 

gluconeogenesis. This leads to glycolysis stimulation during states of myocardial 

ischemia and exercise [74, 75]. AMPK also influences glucose storage, by 

phosphorylating and inactivating glycogen synthase (GS), thus promoting glucose 

flux through glycolysis [76, 77]. 

1.3.2 AMPK in cardiac hypertrophy 

Cardiac hypertrophy is a thickening of the heart muscle, which results in a 

decrease in size of the chamber of the heart, including the left and right ventricles. It 

is considered an adaptive response of the heart to a number of disease etiologies. The 

changes in cardiac mass as a result of hypertrophy are associated with changes in 

cardiac metabolism, which slowly changes its preference for ATP production from 

fatty acids to carbohydrates, as hypertrophy progresses [78]. 

The role of AMPK activation in left ventricular hypertrophy (LVH) 

progression remains controversial, since it stimulates a response that in some cases 

may be adaptive, while in others, maladaptive. AMPK is activated in models of 

chronic pressure overload and linked to a switch in substrate preference to glucose, 

underlined by increase of GLUT4 in the plasma membrane [79]. In this model, 

increased glucose uptake and increased AMPK activity are associated with the 

development of cardiac hypertrophy [80]. In contrast, in a model of spontaneously 

hypertensive rats AMPK activation is linked to inhibition of LVH development [81]. 

The effect on metabolic pathways was not examined in this model. It is very likely, 

that the cardio protective effects of AMPK activation in this case are mediated by 
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inhibition of pro-hypertrophic signaling. This is mainly achieved by targeting the 

mTOR pathway [82, 83].  

The effect of AMPK activation on hypertrophy also depends on the nature of 

the hypertrophic stimulus. In Angiotensin II (Ang II)-induced hypertrophy for 

example, AMPK activation by AICAR inhibits hypertrophy and reduces GLUT4 

translocation to the membrane, at the same time helping to restore fatty acid 

metabolism [84]. These, at first glance contradictory findings, could be driven by a 

number of molecular changes that affect the overall molecular landscape in the cell. 

For instance, a resent study showed that cross talk exists between the AMPK pathway 

and the Ang II pathway, where AMPK activation decreases Ang II type 1 receptor 

(AT1R) expression, affecting the way in which the cell responds to Ang II stimulation 

[85]. 

Since AMPK has so many targets, and the effects of its activation are so 

diverse, the nature of AMPK-directed response largely depends on other factors, 

dictated by the disease etiology and progression. In addition, many of the described 

effects are not exclusively modulated by AMPK activity, and some are not proven to 

be a direct consequence of AMPK activation. Other signaling pathways, characteristic 

of each disease etiology, surely influence the downstream effects of AMPK signaling 

in each particular scenario. 

1.3.3 AMPK in heart failure 

Heart failure (HF) is a muscular disorder that leads to progressive cardiac 

deterioration. It is characterized by chronic energy deficit that leads to contractile 

dysfunction. This energy deprivation results from the decreased ability of the failing 
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heart to produce ATP from the available substrates [86]. There is a fine line between 

compensated left ventricular hypertrophy and de-compensated HF. Metabolic 

changes play a pivotal role in this transition [87].  The failing heart largely favors the 

utilization of glucose for energy generation, instead of fatty acids. This metabolic 

switch is denoted by changes in expression of genes that control fatty acid oxidation 

and mitochondrial biogenesis [88].  Mitochondrial dysfunction, denoted by a higher 

number of small mitochondria with structural abnormalities, is also a characteristic 

feature of the failing heart. This is accompanied by decreased capacity of electron 

transfer chain and oxidative phosphorylation [89]. On top of that, the failing heart is 

unable to couple energy production to utilization through the creatine kinase system 

[90]. 

AMPK activation in response to energy depletion increases ATP production 

and decreases its usage in the cell. In the heart this leads to inhibition of biosynthetic 

processes such as gluconeogenesis, glycogen synthesis, lipogenesis, and cholesterol 

and protein synthesis. At the same time glucose utilization, fatty acid oxidation and 

mitochondrial biogenesis are stimulated [91]. Several studies have shown that 

ablation of the LKB1-AMPK axis favors the transition from hypertrophy to HF [92-

94]. On the same note, AMPK activation with several pharmacological agents 

prevents transition to HF and helps improving outcomes in patients with HF [95]. 
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1.4 Estradiol and its signaling 

Estrogens are steroid hormones that play key roles in growth, development, 

reproduction and maintenance of a diverse range of mammalian tissues. The three 

most common estrogens are estrone (E1), 17β-estradiol (E2) and estriol (E3). Estrone 

and estradiol are synthesised by the aromatization of androstenedione and 

testosterone, respectively. Estriol is synthesised from estrone via a 16α-

hydroxyestrone intermediate [96]. Estradiol is the predominant estrogen during the 

premenopausal period. After menopause, estrone is the main estrogen. In 

premenopausal women, ovaries constitute the primary biosynthetic source of 

estrogens. Estrogen is also synthesized in extragonadal tissues including 

mesenchymal cells of the adipose tissue including that of the breast, osteoblasts and 

chondrocytes, aortic smooth muscle cells and vascular endothelium, as well as 

numerous parts of the brain [97]. 

1.4.1 Estrogen receptor structure 

The physiological actions of estradiol are mainly manifested through the 

classical estrogen receptors, ERα and ERβ. ERs are members of the nuclear hormone 

receptor (NHR) family and are composed of several functional domains. Spanning 

from NH2- to COO-terminus, the main functional domains of ER are: the N-terminal 

domain (NTD), DNA-binding domain (DBD), and ligand-binding domain (LBD). 

The LDB contains the hormone binding pocket, co-regulator interaction sites and 

homo- or heterodimerization interface. The DBD domain binds to the estrogen 

response elements (ERE), which reside near the promoter or enhancer regions, and 

modulate recruitment of co-activators [98]. Two activation function (AF) domains, 
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AF1 and AF2, located within the NTD and LBD, respectively, are responsible for 

regulating the transcriptional activity of ER. A “hinge region”, localized next to 

DBD, contains the nuclear localization signal, which gets exposed upon ligand 

binding [99]. The C-terminal portion of the receptor modulates gene transcription in a 

ligand-specific manner and impacts dimerization [100, 101].  

ERα and ERβ are encoded by two different genes, and both have different 

isoforms. They share high degree of homology in the DBD (~96% aminoacid 

identity) and LBD (~58% aminoacid identity). The NTD region of ERβ is shorter 

than that of ERα and only shares ~15% of sequence homology. The two receptors 

also differ in the composition of their hinge region and the C-terminal domain [102, 

103]. The graphical representation of the primary structure the two ERs is showed in 

Figure 1.3. ERα and ERβ display distinct tissue distributions and signaling responses. 

Moreover, their isoforms also differ in their impact on estrogen signaling and target 

gene regulation [104]. Although the majority of isoforms work together to promote 

E2 signaling, some ERβ isoforms act as inhibitors impeding ERα signaling [105, 

106]. 

 
 
Figure 1.3: Structure of estrogen receptors. Schematic representation of the 
functional domains composing ERα and ERβ. ERs are composed of N-terminal 
domain (NTD), DNA binding domain (DBD), Hinge region, ligand binding domain 
(LBD) and C-terminal domain (CTD). 
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1.4.2 Genomic signaling 

Estrogen signaling can be classified into two major categories: genomic and 

non-genomic signaling. The classical genomic pathway results in modulation of gene 

transcription, and the non-classical pathway triggers signal transduction and changes 

in phosphorylation cascades. During genomic signaling, ERs act as transcription 

factors. Upon binding to E2 they undergo a conformational change, which enables 

receptor dimerization and translocation to the nucleus. Receptor dimers bind to the 

ERE located in or near the promoters of target genes and trigger the recruitment of 

co-regulators that facilitate the action of RNA Polymerase II machinery, promoting 

gene expression. 

E2 can also influence expression of genes that do not harbor EREs in their 

promoter region by indirect genomic signaling. In this case, instead of binding to 

DNA directly, they form protein-protein interactions with transcription factors. 

Examples of this signaling include but are not limited to association with FBJ murine 

osteosarcoma viral oncogene homolog (FOS), jun proto-oncogene (JUN), nuclear 

factor κB (NFκB), GATA binding protein 1 (GATA1) and signal transduced and 

activator of transcription 5 (STAT5) [107]. 

1.4.3 Non-genomic signaling 

The rapid effects of E2 are mediated through non-genomic signaling. The 

receptors involved in this type of signaling are the endoplasmic reticulum membrane 

receptor GPER1 and certain variants of ERα and ERβ [108, 109]. GPER1 is a seven 

trans-membrane domain G protein-coupled receptor. Its function as an ER is still 

under dispute, since some reports show that it mediates E2 signaling, while others 
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question that [110]. It is expressed in a number of tissues including skeletal and 

cardiac muscle [111]. 

Some authors suggest that a subpopulation of classical ERs reside near the cell 

membrane, and upon E2 stimulation form dimers that activate downstream protein 

cascades [112]. In contrast to GPER1, classical ERs do not contain a trans-membrane 

domain in their structure. Their ability to associate with the plasma membrane could 

be facilitated by palmoitoylation of the receptor, which promotes association with 

calveolin-1 [113, 114]. Non-genomic signaling usually involves direct association of 

ERs with the target proteins in response to E2 stimulation. This leads to activation of 

kinases, phosphatases and increases in ion fluxes across membranes. Examples of 

non-genomic signaling include mobilization of intracellular calcium, stimulation of 

adenylate cyclase activity and cAMP production, activation of MAP kinase and 

phosphoinositol (PI) 3-kinase (PI3K) signaling pathways [107]. A schematic 

representation of genomic and non-genomic signaling pathways is presented in 

Figure 1.4. 

Often times genomic and non-genomic signaling converge into a fine control 

system in the regulation of target gene transcription. One example of that is the 

interaction between E2/ERα and IGF-IR/MAPK pathways. In addition to directly 

mediating IGF-I transcription by binding to ERE, ERα associates with IGF-I 

membrane receptor (IGF-IR) and activates MAP kinase cascades that influence ERα 

mediated gene transcription [115]. Another example of dual genomic and non-

genomic action is the transcription of low-density lipoprotein receptor (LDL-R). 

Although the LDL-R promoter does not contain ERE, ERα interacts with the Sp1 
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transcription factor activating LDL-R gene expression [116]. In addition, tyrosine 

kinase activity, induced by non-genomic action of E2, is required for the induction of 

LDL-R expression [117].  

 

Figure 1.4: Genomic and non-genomic pathways of E2. (A) The direct genomic 
pathway involves interaction of ER dimers with estrogen responsive elements (ERE) 
within the DNA sequence to modulate gene regulation. (B) The indirect genomic 
pathway involves protein-protein interaction of the ER dimers with transcription 
factors (TF) to regulate gene transcription. (C) The non-genomic pathway involves a 
subclass of classical ERs and G protein-coupled receptor (GPER1) to trigger signal 
transduction cascades in response to E2 stimulation. 
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1.5 The dual role of estrogen signaling in breast cancer 

Breast cancer can be classified based on the estrogen receptors expression 

levels. Prognosis for patients with estrogen receptor positive breast cancer exhibits a 

high response rate to endocrine therapy and has significantly improved over time due 

to advances in adjuvant therapies. Estrogen signaling in breast cancer is complex and 

involves modulation of expression and activity of may different targets, which can 

favor or counteract cancer progression.  A genome study in MCF-7 cells revealed that 

estrogen activation of target genes is time dependent; 628 differentially expressed 

genes showing a robust pattern of regulation by E2 were identified at 12h, 852 at 24h 

and 880 at 48h after E2 stimulation. Interestingly the majority of genes were activated 

at one time point, but not the other [118]. This highlights the diversity of genes and 

metabolic pathways that E2 affects in breast cancer, and the potential complexity of 

their interplay. 

1.5.1 Estrogen promotes cancer growth 

Some of the signaling pathways regulated by estrogen contribute to worsening 

the prognosis of ER positive tumors. At the level of E2 genomic signaling in breast 

cancer, the transcription factor Ets1 comes to play a role. It forms a complex with 

ERα and the p160 nuclear receptor coactivator family leading to the expression of 

ERα target genes in MCF-7 cells, contributing to E2 induced tumor growth [119]. 

One of the genomic targets of E2/ERα signaling is the adenosine A1 receptor 

(Adora1). It is required for full transcriptional activity of ERα that favors breast 

cancer growth [120]. Among E2 targets is the pro-apoptotic protein PAR-4. E2 
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downregulates PAR-4 expression in breast cancer cells, providing selective advantage 

for survival [121]. 

Some other transcriptionally regulated targets of E2 that induce breast cancer 

proliferation are Hes-6, prostaglandin E synthase (PTGES), alkaline phosphatases 

(ALP) and the LRP16 gene, just to mention a few [122-125]. Among E2 non-

genomic signaling pathways that promote breast cancer cell growth is ERα dependent 

activation of PI3K/Akt axis [126] and ER-independent activation of maxi-K channels 

in breast cancer cells [127]. Some more complex effects of E2 signaling that are 

harder to associate with a particular trait are ERα dependent regulation of 

extracellular matrix molecules, repression of VEGFR2 mRNA levels and modulation 

of RIZ1 and Cap43 gene expression [128-131]. 

Estrogen plays important roles not only in the initiation and proliferation of 

breast cancers, but also in cancer metastasis. A recent study suggested that 

upregulation of Myocardin-related transcription factor A (MRTF-A) by E2 might be a 

switch between proliferation-promoting and metastasis-promoting functions of E2 in 

ER positive breast cancer cells [132]. One of the key components in tumor metastasis 

is the actin-binding protein ezrin. It is frequently overexpressed in human metastatic 

breast cancers [133]. A recent study showed that E2 promotes breast cancer motility 

by phosphorylation of ezrin [134]. Another proposed mechanism leading to E2 

induced metastasis is linked to E2 capacity to promote tight junction disruption 

during tumor progression, increasing cell motility [135]. Some of the E2-induced 

effects are associated with p53. Loss of p53 function in breast cancer contributes to 
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metastatic potential of estrogen responsive tumors through uncontrolled expression of 

the focal adhesion kinase (FAK) upon E2 stimulation [136]. 

Not all E2 effects on cancer cells are mediated through the classical estrogen 

receptors. The G-protein bound GPER receptor also mediates some of estrogen 

signaling in ER positive and ER negative cells. This explains why E2 can induce 

metastasis in ER negative cells in vitro as well as in mice [137]. E2 promotes 

migration and invasion in ER negative cancer by crosstalk between GPER1 and CXC 

receptor-1 (CXCR1), an active regulator in cancer metastasis upon binding IL-8 

[138]. Non-genomic E2 stimulation of GEPR in ER negative cancer cells also 

activates the ERK pathway, which promotes cell viability and motility [139], and 

upregulates the expression of Egr-1 leading to transcription of genes involved in cell 

proliferation [140]. 

Estrogen signaling within the cancer cells induces the synthesis of more E2 to 

fulfill the needs of the tumor by regulating key enzymes involved in estrogen 

biosynthesis. Rapid non-genomic action of E2 stimulates aromatase phosphorylation 

in breast cancer cells enhancing its enzymatic activity [141]. E2 also increases 

HSD17B7 transcriptional activity, an enzyme that converts estrone (E1) to E2. This 

ERα dependent local synthesis of E2 causes growth of estrogen-dependent breast 

cancers[142]. Another regulator of estrogen metabolism within the cancer cells is the 

pro-inflammatory cytokine TNFα. Stimulation of breast cancer cells with TNFα can 

lead to decreased E1/E2 ratio, by altering the expression of genes and enzymes 

involved in E2 activation [143]. Not only infiltrated immune cells secrete TNFα, ER 
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positive breast cancer cells also express this cytokine, in response to E2 regulation, 

creating a positive feedback loop for E2 synthesis [144]. 

1.5.2 Beneficial effects of estrogen signaling 

The cellular response to E2 stimulation not always leads to cancer progression 

and in some cases may be beneficial. The maintenance of low invasive behavior in 

ERα positive breast cancer can be partially attributed to E2 signaling. One example of 

that is the ability of E2 to activate GD3 synthase (GD3S) in an ERα dependent 

manner. Overexpression of GD3S enhances proliferation and migration of ERα 

negative breast cancer cells [145]. In ERα positive tumors E2 blocks its expression by 

preventing NFkappaB from binding to the GD3S gene ST8SIA1 core promoter [146]. 

E2 can also activate PAX2 (paired box 2), a transcription factor that inhibits the 

expression of ERBB2 (erythroblasic leukemia viral oncogene homolog 2), a pro-

invasive and pro-metastatic gene [147]. Genomic signaling of E2 through ERα 

increases the expression of Integrin α(5)β(1), conferring a stationary status to the 

cancer cells [148]. Breast cancer prognosis can also be improved through E2 

transcriptional regulation of the PHLDA1 and STEAP1 genes [149, 150]. 

In some cases E2 can induce apoptosis in breast cancer cells. There is 

evidence that JNK signaling plays an important role in mediating apoptotic effects of 

high concentrations of E2 in ERα positive but not ERα negative breast cancer cells 

[151]. One of the critical steps in cancer progression is the creation of new blood 

vessels that supply the tumor with nutrients, known as angiogenesis. A recent study 

showed that that angiopoietin-1 (Ang-1) expression, a known promoter of 

angiogenesis, is downregulated by E2 in ERα dependent manner [152]. 
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As mentioned before, not all E2 signaling is ER-dependent. A study in MCF-7 

cells showed that E2 can disrupt TGF-β signaling by non-genomic activation of the 

GPER receptor, potentially involving stimulation of mitogen activated protein kinases 

(MAPKs) [153]. The role of TGF-β in cancer is controversial, but high levels of 

TGF-β correlate with poor cancer outcome [154]. 

1.5.3 Determinants of the estrogen signaling outcome 

The wide range of consequences of estrogen signaling on breast cancer 

progression may be a key in the large diversity of cancer outcomes and opens up the 

question of what determines the nature of E2 signaling in these particular cases. There 

are many factors that can influence the way that cells react to E2 stimulation. One of 

these determinants is the nature of the intracellular pool of accessory molecules 

involved in targeted gene expression. A recent study in breast cancer T47D cells 

showed that the differential effects of E2/ERα signaling are dictated by recruitment of 

co-activators and co-repressors at target gene promoters, which is influenced by their 

expression levels [155]. 

 Phosphorylation status of ERα also plays a role in determining the nature of 

E2 response. ERα is phosphorylated on multiple aminoacid residues by several 

kinases in response to E2 binding. In general phosphorylation of serine residues 

appears to influence the recruitment of co-activators, promoting enhanced ER-

mediated transcription [156]. Inhibition of ERα phosphorylation at ser118 and ser167 

promotes increased growth, migration, invasion and disruption of E2 signaling in 

MCF-7 cells [157]. In contrast, tyrosine phosphorylation of ERα by Src regulates 
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cytoplasmic localization of this receptor. Inhibition of tyr537 phosphorylation traps 

ERα in the nuclei of E2 treated MCF-7 cells, and induces cell cycle arrest [158]. 

Although more is known about signaling through ERα than ERβ, the role of 

this other estrogen classical receptor can’t be dismissed. The ERα/β ratio within the 

cells influences the nature of estrogen signaling. ER subtype ratio has been shown to 

regulate the effect of E2 on mitochondria proliferation, functionality and oxidative 

stress in breast cancer cells, in such a way that by altering the ERα/β relative 

expression, completely opposite outcomes of E2 signaling can be achieved [159-161]. 

Lastly, E2 metabolism by cytochrome P450 enzymes can influence the fate of 

estrogen signaling [162]. Within the cell E2 can be metabolized giving rise to 

different molecules. Among these metabolites there are some like 2-hydroxyestradiol 

(2-OHE2) and 4-hydroxyestradiol (4-OHE2) that promote tumorigenesis by 

increasing cell proliferation and formation of reactive oxygen species that increase 

DNA mutations [163, 164]. Other metabolites, like 2-metoxyestradiol (2-ME) have 

the opposite effect on cancer promoting apoptosis of tumor cells [165]. 

Taken together, all the information presented above suggests that E2 signaling 

in breast cancer is very complex and can’t be judged as detrimental or beneficial. It is 

the particular combination of molecular assets within the cancer cell that helps to 

fine-tune the direction of molecular events triggered by estrogen. 
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1.6 Molecular mechanisms underlying the cardioprotective effects of E2 

Unlike the role of estrogen signaling in cancer, most of the studies in the heart 

point out that E2 has a beneficial effect on cardiac health. ERα expression, for 

example, is required to maintain physiological glucose uptake in the murine heart 

[166]. On the other hand, acute E2 injections enhance cardiovascular reflexes and 

autonomic tone in ovariectomized mice [167]. A great number of studies, discussed 

below, suggest that E2 attenuates the progression of cardiac hypertrophy and prevents 

congestive heart failure [168, 169].  

The molecular mechanisms of E2 effects on cardiomyocyte survival are still 

under study. Just to mention some, E2 reduces cardiomyocyte apoptosis in vivo and in 

vitro via activation of PI3K/Akt signaling [170]. In NRCM E2 counteracts Ang II-

induced increase in cell surface area, protein synthesis, skeletal muscle actin 

expression, nuclear translocation and transcriptional activity of the hypertrophic 

transcription factor NFAT [171]. E2 treatment of ovariectomized mice hearts and 

NRCM inhibits calcineurin activity and increases its degradation [171, 172]. E2 also 

limits undesirable extracellular matrix (ECM) remodeling through modulation of 

ECM protein expression [173]. A resent study suggested that upregulation of SIRT1 

expression and AMPK activity by E2 protects cardiomyocytes from Ang II – induced 

injury [174]. The majority of the effects discussed above are mediated by signaling 

through the classical estrogen receptors. 

Limited literature is available on the mechanistic insights of E2 cardiac effects 

mediated through ERα. Selective ERα agonists attenuate cardiac hypertrophy, 

increasing cardiac output, left ventricular stroke volume and cardiac α-myosin heavy 
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chain (MHCα) expression [175-177]. Signaling through the ERβ has been studied in 

more depth and has been shown to counteract the development of cardiac hypertrophy 

by reducing the expression of hypertrophic markers, attenuating fibrosis, apoptosis 

and inflammation [178-180]. ERβ regulates a network of miRNAs, modulates p38 

and ERK signaling and affects calcineurin expression [181, 182]. In fibroblasts, ERβ 

blocks TGFβ1 synthesis, that signals for production of fibronectin, vimetin, collagen I 

and III [183]. 

At least three different mechanisms by which ERβ modulates hypertrophic 

gene expression in cardiomyocytes have been described. First, E2 signaling through 

ERβ induces PI3 kinase activity that up-regulates MCIP1 transcription [171]. MCIP1 

blocks the Ang II-induced increase in calcineurin activity, preventing NFAT 

translocation to the nucleus and inhibiting the transcription of hypertrophic genes 

[184]. Second, ERβ signaling can reverse Ang II-induced inhibitory phosphorylation 

of Glycogen synthase kinase-3β (GSK3B) by Akt. This prevents GATA4 

transcription factor activation and also leads to decrease in hypertrophic mRNA 

expression [185]. The third mechanism involves regulation of histone deacetylases 

(HDAC). ERβ suppress the production and activation of the prohypertrophic 

HDAC2, while promoting the retention of antihypertrophic HDAC in the nucleus to 

inhibit hypertrophic gene expression [186]. 

After reviewing all this complex mechanisms of E2 action, a question rises 

whether the cardioprotective effect of E2 signaling is sex dependent. In the context of 

cardiac hypertrophy females show a better response to E2 than males [179], but that 

does not necessarily mean that E2 signaling is not beneficial for the male heart. It has 
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been shown that E2 treatment of male rats subjected to chronic volume overload 

attenuates ventricular remodeling and disease progression [187]. Another study 

showed that E2 stimulation of c-kit-expressing cardiac progenitor cells confers 

cardioprotection against cardiac injury. When co-cultured, ERα stimulation of c-kit+ 

cells enhances survival of post-infarct male myocytes [188]. 

 

1.7 Effect of estrogen depletion on cardiac disease progression 

1.7.1 Menopause and models used to study estrogen depletion 

Menopause is a permanent cessation of menstruation resulting from the loss of 

ovarian follicular activity. Women receive approximately 6-7 million follicles during 

fetal development, which they gradually lose over time. This gradual decline of the 

follicular pool is known as ovarian ageing and leads to amenorrhea and ultimately to 

menopause. During the process of ovarian aging not only the quantity, but also the 

quality of the follicles and oocytes goes down, which can conduct to miscarriages and 

infertilities. Multiple genetic and environmental factors determine ovarian ageing 

[189].  

Ovaries produce the majority of female sex hormones. As the number of 

primordial follicles goes down with age, there is a gradual decline in ovarian estrogen 

production. Therefore, menopause is characterized by gradual loss of E2, which over 

time drops to levels comparable to those found in males of the same age [190]. This 

makes menopause an attractive model to study the effects of estrogen loss on cellular 

and physiological processes.  
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There are at least two ways to recreate menopause in a rodent model. 

Menopause can be induced by surgically removing the ovaries, through a procedure 

called ovariectomy (OVX). Recently, a new method emerged, that employs an 

industrial chemical 4-Vinylcyclohexene-diepoxide (VCD) to produce gradual ovarian 

follicular depletion in the rodent. VCD specifically targets and destroys the primary 

and primordial follicles, slowly depleting the follicular pool [191]. The VCD model 

represents an advantage over the OVX model, as it closely mimics the physiological 

process of atresia, which is rather characterized by a gradual than abrupt loss of E2.  

1.7.2 Estrogen loss, AMPK and heart disease 

Pre-menopausal women have a better prognosis than men in response to aortic 

stenosis and hypertrophic cardiomyopathy[192]. After menopause women become 

more susceptible to heart disease, present a worse overall prognosis, and show higher 

risk of progression to advanced heart failure or death than men of the same age [193]. 

This is indicative of the cardio-protective role of E2. AMPK activation, as discussed 

previously, can also confer resistance to development of hypertrophy, under certain 

circumstances. Studies in our lab showed that AMPK signaling is decreased in female 

mice with ovarian failure [194]. AMPK being positively targeted by E2, and 

deregulated during menopause, puts it at a nodal point in the regulation of cardiac 

physiology in response to changes in circulating E2 levels. Although these pieces of 

evidence point to a physiological relevance of AMPK regulation by E2, further 

studies are needed to establish a direct link between E2 depletion, AMPK signaling 

and cardiac disease. 
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1.8 Statement of the problem 

Estradiol and AMPK signaling regulate a number of physiological processes 

and are important to maintain cellular homeostasis. They also play crucial roles in the 

development and progression of several pathological processes including cancer and 

heart disease. Estrogen signaling is cardioprotective. Therefore, estrogen depletion, as 

occurs during menopause, underlines changes in susceptibility to heart disease. 

AMPK plays a dual role in heart disease progression. In most scenarios AMPK 

activation inhibits the progression of cardiac hypertrophy, but under certain 

circumstances it can promote the hypertrophic phenotype. The nature of AMPK 

signaling and its impact on hypertrophy are greatly influenced by environmental 

factors and the etiology of the disease.  

Recently a link has been established between estrogen and AMPK signaling. 

Several studies have pointed out that E2 rapidly activates AMPK, by still an unknown 

pathway.  The first aim of this study was to describe the molecular mechanism behind 

AMPK activation by E2. The second aim was to study the physiological relevance of 

AMPK activation by E2 in a cardiac hypertrophy model. This was achieved by 

evaluating the impact of gradual estrogen loss on cardiac hypertrophy progression 

and cardiac AMPK signaling in female mice. Our hypothesis is that E2 activates 

AMPK non-genomically through direct interaction of the classical estrogen receptors 

with the α-catalytic subunit of AMPK. Furthermore, when this signaling gets 

disrupted, as happens during menopause, this would have a detrimental impact on the 

progression of heart disease. To address this hypothesis we have proposed the 

following questions: 
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I. What is the molecular mechanism for AMPK activation by E2? 

a. Is it a consequence of E2 genomic or non-genomic signaling? 

b. What is the role of classical estrogen receptors? 

c. Do classical estrogen receptors interact with AMPK? 

d. Is LKB1 involved in AMPK activation by E2? 

II. Is the proposed molecular pathway conserved in cardiac muscle? 

III. What is the impact of estrogen loss on AMPK signaling in the heart? 

a. Does ovarian failure impact the progression of cardiac hypertrophy? 

b. Does estrogen loss during ovarian failure promote decreased cardiac 

AMPK signaling? 
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CHAPTER II 

 

MATERIALS AND METHODS 
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2.1 Cells and reagents 

293-T and C2C12 cells were purchased from the American Type Culture 

Collection (ATCC, Manassas, VA). T47D and MDA-MB-231 cells were gifts from 

Dr. Joyce Schroeder from University of Arizona Cancer Center. Neonatal Rat 

Cardiomyocytes (NRCM) were provided by Marcus DiCaro from Dr. Carol Gregorio 

lab in the University of Arizona. pcDNA-eGFP-ERα and  pcDNA-flag-ERβ were 

purchased from Addgene (Cambridge, MA), pcDNA-myc-GFP, pcDNA-myc-

AMPKα2 and myc-tagged AMPKα deletion constructs were gifts from Dr. Tsu-

Shuen Tsao, University of Arizona. Phospho-AMPKα thr172 (#2535), AMPKα 

(#2532), phospho-ACC (#3661), ACC (#3676), flag (#8146), myc (#2272), MO25 

(#2716), LKB1 (#3047), PI3K (#4257), phospho-TSC2 (#5584), TSC2 (#3990), 

phospho-p70S6 kinase (#9205) and p70S6 kinase (#9202) antibodies were from Cell 

Signaling Technology (Beverly, MA). ERα (sc-787) and ERβ (sc-390243) antibodies 

were from Santa Cruz Biotechnology (Dallas, TX). eGFP antibody (TA150052) was 

from Origene (Rockville, MD). ERβ and MO25 siRNA, as well as Lipofectamine 

2000 were purchased from Invitrogen (Carlsbad, CA). 17-β-estradiol (E2), 

actinomycin D, phenylephrine (PE) and anti-sarcomere α-actinin monoclonal 

antibody were purchased from Sigma-Aldrich (St. Louis, MO). DPN was from Santa 

Cruz Biotechnology (Dallas, TX). PHTPP (TPP) and PPT were from Tocris 

Bioscience (Bristol, United Kingdom). G-15 was from Azano Pharmaceuticals 

(Albuquerque, NM). 5-amino-4-imidazole-1-β-carboxamide ribofuranosid (AICAR) 

was from Toronto Research Chemicals (Toronto, ON). The Co-Immunoprecipitation 
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Kit and BCA protein Assay Kit were purchased from Thermo Scientific (Waltham, 

MA). 

2.2 Experimental animals 

The experimental murine model for Hypertrophic Cardiomyopathy (HCM) 

has been described previously and consists of female mice heterozygous for the 

mutant α-myosin transgene[195]. All the animals were handled according to approved 

Institutional Animal Care and Use Committee protocols of the University of Arizona. 

2.3 Treatment with 4-vinylcyclohexene diepoxide (VCD) 

At 1 month of age, the mice were randomized to either treatment of control 

groups. They were weighed and given intraperitoneal injections of VCD (V3630; 

Sigma Aldrich, St Louis, MO) at a dose of 160 mg/kg for 20 consecutive days. 

Control mice were injected with vehicle (sesame oil) following the same protocol. 

Treatment regiments were individualized for each mouse, meaning that the VCD (or 

sesame oil) injection was given to each mouse as it reached exactly 1 month of age, 

as opposed to averaging mice age to approximately 1 month and injecting VCD in all 

mice at the same time. It is important to control the timing of events for consistency 

of the results. 

 After 20 days estrous cycles were monitored on a daily basis by performing 

vaginal cytology to determine when cycling ceased. Mice were considered acyclic 

after 15 consecutive days in persistent diestrus. At 5 months of age the mice hearts 

were harvested, snap frozen in liquid nitrogen and stored at −80°C for further 

analysis. At the moment of harvesting the body weight (BW), heart weight (HW) and 

tibial length (TL) were recorded. 
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2.4 Angiotensin II pumps implantation 

Following validation of ovarian failure, a group of mice were sedated with an 

inhaled anesthetic (Halothane) and injected with tribromoethanol (Avertin, 250 

mg/kg) and the back swabbed with 70% ethanol. A small incision was made behind 

the shoulder and osmotic mini-pumps (Alzet, Durect Corp) were implanted under the 

skin delivering Angiotensin II (AngII; 800 ng/kg/min) or vehicle (Veh; 0.9% saline 

with 0.02% ascorbic acid) for 10 days. Upon completion of the 10 days, animals were 

sacrificed, morphometrics recorded, and the hearts removed as described above. 

Treatment regiments were individualized for each mouse, meaning that the 

Angiotensin II delivering pump was implanted in each mouse after it had reached 

ovarian failure.	  All experiments were performed according to protocols that adhere to 

guidelines and are approved by the Institutional Animal Care and Use Committee at 

the University of Arizona.	  

2.5 Preparation of AMPK activator 

An activator AMPK, N-{4-[3-(1-Methyl-cyclohexylmethyl)-2,4-

dioxothiazolidine-5-ylidene-methyl]-phenyl]-4-nitro-3-trifluoromethyl-

benzenesulfonamide (compound OSU-53), was prepared with small modifications of 

previously published  procedure [196]. The crude compound was purified by column 

chromatography using silicagel 60 mm and HPLC. Preparative HPLC was performed 

on a 19 x 256 mm Waters X-Bridge Preparative C18 column. The mobile phase was 

10–90% acetonitrile and water containing 0.1% trifluoroacetic acid (TFA) within 50 

min. The flow rate was 10 mL/min. The dual UV detector system operated at 230 and 

280 nm. ESI experiments were performed on an ESI Bruker Apex Qh 9.4 T FT-ICR 



	   49	  

instrument using standard ESI conditions. Compound was 97%+ pure from analytical 

HPLC. Analytical HPLC (3.0 x 150 mm 3.5 mm Waters C18 X-Bridge column, flow 

rate 0.3 mL/min, linear gradient from 10–90% B in A over 45 min, where A is 0.1% 

TFA in water and B is 0.1% TFA in acetonitrile, detection at 220 and 280 nm). NMR 

spectra were recorded at 300 MHz for 1H NMR and at 125 MHz for 13C NMR. 

2.6 Cell culture, transfection and treatments 

T47D and MDA-MB-231 cells were maintained in tissue culture dishes 

(10cm) in RPMI medium (Cellgro, Corning, Manassas, VA) containing 10% fetal 

bovine serum (FBS), 100 IU/mL penicillin and 100µg/mL streptomycin at 37°C in a 

humidified incubator supplied with 5% CO2. siRNA transfections were performed 

using 100pmoles siRNA and Lipofectamine 2000 according to Invitrogen protocol. 

Briefly, when cells reached 40% confluence 100pmoles siRNA in 250µL OPTI-MEM 

I (Gibco, Life Technologies, Grand Island, NY) was mixed with 5µL Lipofectamine 

in 250µL OPTI-MEM I and added to the cells in 6-well plates along with 500µL fresh 

OPTI-MEM I to a final volume of 1mL. 4-6 hours after transfection the media was 

changed to fresh 10% FBS RPMI. 

For chemical treatments, T47D and MDA-MB-231 cells were cultured in 6-

well plates to 60-70% confluence and then incubated in serum/phenol red free RPMI 

medium for 24 hours. All the chemicals were dissolved in 0.5% or less 

Dimethylsulfoxide (DMSO) in cell culture media. For the receptor antagonist 

experiments, the specific amounts of TPP or G15 were added to the wells for 45 

minutes. Immediately after that, and without changing the cell culture media, E2 was 

added to the wells and incubated for an additional 1 hour. Afterwards, the cells were 



	   50	  

lysed and proteins were extracted. Control cells were treated with 0.5% DMSO. 

C2C12 cells were maintained in Dulbecco’s modified Eagle’s medium 

(DMEM) (Gibco, Life Technologies, Grand Island, NY) containing 4.5 g/L glucose 

and supplemented with 20% fetal bovine serum (FBS), 100 IU/mL penicillin, 

100µg/mL streptomycin and 2mM L-glutamine. They were then seeded in 6-well 

plates at 50% confluence and differentiated into myotubes in Dulbecco’s modified 

Eagle’s medium (DMEM) supplemented with 2% horse serum in an 8% CO2/air 

atmosphere for 7 days. At day 8, and when the myotubes were twitching, the media 

was changed to serum free DMEM for the next 24 hours. Then, without changing the 

media, E2 was added to the wells in different concentrations for the amount of time 

specified in each experiment. Control cells were treated with 0.5% DMSO. 

293-T cells were maintained in tissue culture dishes (10cm) in Dulbecco’s 

modified Eagle’s medium (DMEM) (Gibco, Life Technologies, Grand Island, NY) 

containing 4.5 g/L glucose and supplemented with 10% fetal bovine serum (FBS), 

100 IU/mL penicillin, 100µg/mL streptomycin and 2mM L-glutamine at 37°C in a 

humidified incubator supplied with 5% CO2. Cells were transfected with 5µg pcDNA 

constructs using the calcium phosphate precipitation method. 

2.7 Co-immunoprecipitation assay 

T47D cells were seeded on 10cm tissue culture dishes and incubated in 

serum/phenol red free RPMI medium 24 hours before treatment. Cells were left 

untreated or treated with E2 (10µM) for 1 hour followed by cell lysis. Estrogen 

receptors were immunoprecipitated using anti-ERα and anti-ERβ antibody coated 
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columns. 293-T cells were lysed 48 hours after transfection and immunoprecipitated 

using anti-eGFP and anti-flag antibody coated columns. 

 Undifferentiated C2C12 cells and NRCM were seeded on 10cm tissue culture 

dishes in complete DMEM media supplemented with 10% FBS. At 60-70% 

confluence the cells were pre-treated with 10µM TPP and then, without changing the 

media, treated with 10µM E2 for an additional 1 hour. The cells were lysed and ERβ 

was immunoprecipitated using anti-ERβ antibody coated columns. 

 Frozen heart samples from 4 month female mice were prepared in lysis buffer 

and total protein content was determined using the BCA assay. Whole heart lysates 

were immunoprecipitated using anti-ERβ antibody coated columns. 

2.8 Western blot 

Cell lysates and whole heart lysates were analyzed for protein concentration 

using BCA protein assay. In addition, Coomassie Blue stain was performed on whole 

heart lysates run on 12% SDS-PAGE gels to control for even loading before 

performing the immunoblotting. Cell and whole heart lysates were then loaded in 

equal amounts to a 12% SDS-PAGE gel for separation, followed by transfer to a 

polyvinylidene difluoride (PVDF) membrane. Specific antibodies were used to 

identify the proteins of interest. All immunoblot analysis was performed from the 

semi-quantitation of individual blots and was not compared across blots according to 

accepted guidelines. Some immunoblot images of a given target were cropped from 

the same blot in order to conserve figure space and redundancy. 
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2.9 Immunocytochemistry 

NRCM were seeded on 35 mm dishes and grown in complete DMEM media for 24 

hours. Then the media was changed to serum-free DMEM for an additional 24 hour 

period before the treatments. NRCM were treated with 10µM PE in combination with 

10µM E2, 10µM AICAR or left untreated but with media changed to glucose-free 

DMEM for 48 hours. A standard immunocytochemistry procedure was performed 

using anti-sarcomere α-actinin monoclonal antibody at a dilution of 1:1000 for 

staining of cardiomyocytes. DAPI fluorescent stain (Life Technologies, Carlsbad, 

CA) was used to stain nuclei. Several experiments were performed on separate days. 

Results represent a mean value of at least three separate experiments. 

2.10 AMPK activity assay 

AMPK activity of cultured cells was measured using Cyclex AMPK Kinase 

Assay Kit (Cyclex, MBL International, Woburn, MA). Briefly, 50µL of cell lysate 

was added to and incubated in wells pre-coated with a substrate-peptide 

corresponding to the amino acid sequence surrounding mouse IRS-1 S789, which 

contains the serine residue that can be efficiently phosphorylated by AMPK. An anti-

phospho-mouse IRS-1 ser789 monoclonal antibody was used to detect the 

phosphorylation of the substrate-peptide. 

2.11 Real-time PCR 

Total RNA was isolated from the cells using the RNeasy Mini Kit (Qiagen, 

Valencia, CA) according to the manufacturer’s protocol. cDNA was generated using 

the Maxima First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Scientific, 

Waltham, MA). Maxima SYBR Green qPCR Master Mix (Thermo Scientific, 
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Waltham, MA) was used for real time PCR reactions. 18S RNA was used as an 

internal control for real time PCR. 

2.12 Statistical analysis 

Each experimental series was performed at the same time and was then 

repeated at least 3 times on separate days. Then, results are presented as mean values 

of the experimental groups. A paired t-test (where appropriate), one-way ANOVA 

with Tukey’s post-test or two-way ANOVA was used to compare differences 

between mean values. Results are presented as mean ± SEM. P values of <0.05 were 

considered statistically significant. 
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CHAPTER III 
 
 

ESTROGEN RECEPTORS INTERACT WITH THE ALPHA 

CATALYTIC SUBUNIT OF AMP-ACTIVATED PROTEIN 

KINASE TO REGULATE ITS ACTIVITY 

 

 

Note: Excerpts from this chapter are intended for publication, journal unknown. 
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3.1 Introduction 

As a central metabolic sensor that helps maintain cellular energy homeostasis, 

AMP-activated protein kinase (AMPK) has emerged as a key player in many 

metabolic processes including glucose up-take and fatty acid oxidation in striated 

muscle, fatty acid synthesis and gluconeogenesis in the liver, and the regulation of 

food intake in the hypothalamus [197, 198]. AMPK is sensitive to any condition that 

depletes cellular ATP placing AMPK at the center of pathological processes 

including cancer [199] and cardiovascular disease [200]. 

AMPK is a heterotrimeric enzyme complex consisting of a catalytic α subunit 

and regulatory β and γ subunits. Increased intracellular AMP allosterically activates 

AMPK and permits phosphorylation of the α catalytic subunit at thr172 [4, 13, 201]. 

This triggers a global metabolic response to energy deprivation leading to 

upregulation of ATP – producing pathways and downregulation of energy – 

consuming processes [13]. So far, two kinases that phosphorylate AMPK have been 

identified: the upstream Liver Kinase B 1 (LKB1) kinase complex and calcium-

calmodulin dependent protein kinase kinase β (CaMKKβ) [5, 15, 16]. The LKB1 

complex consists of LKB1 and two accessory subunits, STRAD and MO25, both of 

which are required for LKB1 activity [16, 17]. 

LKB1 was first identified as a tumor suppressor gene inactivated in patients 

with Peutz-Jegher’s syndrome [202] and, more recently, in certain types of breast 

cancer [203]. Moreover, AMPK activity is linked to stress resistance and survival in 

tumor cells [53, 204] and inactivation of AMPK accelerates tumorigenesis [49]. Not 

only is the LKB1/AMPK signaling axis an integral component of the tumor 
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suppressor network, it is also a critical regulator of energy homeostasis in the heart 

under normal conditions and during cardiac disease progression [79, 205]. In the 

heart, AMPK is activated during periods of cardiac ischemia [200]. Yet, long-term 

activation of AMPK in the heart leads to glycogen accumulation and overt 

cardiomyopathy [206]. The findings that AMPK can also promote or antagonize 

cancer [199] similar to cardiac disease demonstrate that AMPK is central to the 

energetic balance and can dictate the course of disease progression in multiple cell 

systems. 

It is likely that appropriate manipulation of AMPK activity in patients with 

certain types of cancer or cardiovascular disease may have a therapeutic benefit. 

However, adding to the complexity of developing AMPK-based therapies is the fact 

that both cardiovascular- and cancer-based diseases have significant sex 

dimorphisms. Although genetic and environmental factors contribute to these sex 

differences [207], the sex hormone, estrogen, plays a central role. 17-β-estradiol (E2) 

is one of the three major naturally occurring hormones in women whose effects are 

mediated by the intracellular estrogen receptors (ER) and by a membrane estrogen-

binding element [208]. E2-induced changes are primarily mediated through the two 

classical estrogen receptors (ERα and ERβ) found in the nucleus and discrete cellular 

pools in the cytoplasm, which after binding to E2 orchestrate genomic 

(transcriptional) and non-genomic functions.  

Several studies have shown that E2 activates AMPK by increasing the 

phosphorylation of its α catalytic subunit. However the mechanism that leads to E2-

induced increase in AMPK phosphorylation remains unknown [209-211]. We wished 
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to further elucidate the impact of E2 on AMPK activity by exploring the specific roles 

of ERs (ERα and ERβ) during the process of E2-induced AMPK activation. We 

hypothesized that E2 activates AMPK through direct interaction of ERα and ERβ 

with the AMPK/LKB1 complex to potentiate post-translational activation of AMPK 

and AMPK targets. To do this, we exploit an ERα and ERβ positive breast cancer cell 

line (T47D) to show that E2-depenendent activation of AMPK is mediated non-

genomically through ERs, specifically, ERα. We further employ a co-

immunoprecipitation strategy to not only demonstrate the ability of the ERs to 

interact with AMPK but to define the specific region of interaction. 
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3.2 Results 

3.2.1 17-β-estradiol activates AMP-activated protein kinase 

Both in vivo (using skeletal muscle) and in vitro (using skeletal, endothelial 

and vascular cell lines) studies demonstrate that estradiol (E2) is capable of activating 

AMPK [209-211]. Considering the complex role of estrogen signaling in breast 

cancer [118] and the findings that AMPK can promote or antagonize cancer [199], we 

set out to determine a mechanistic link between E2, AMPK activity and ERs using 

T47D cells, a metastatic, mammary gland cell line expressing both ERs [212]. AMPK 

activity was assessed by Western blot analysis on cell lysates targeting total and 

phosphorylated AMPKα at thr172 (pAMPKαT172) and acetyl-CoA carboxylase (ACC), 

a well-characterized AMPK cellular substrate [66, 213].  

To determine the effective dose of E2 under our experimental conditions and 

to validate E2-dependent activation of AMPK, we treated T47D cells with an 

increasing amount of E2 for 1 hour. Control cells in this, and all the subsequent 

experiments were treated with 0.5% DMSO, the solvent used to dissolve E2. 

Increased AMPK activity, as measured by pAMPKαT172, was observed at an E2 

concentration of 10 µM (Fig. 3.1A). In addition, AMPK targeting of ACC (pACC) 

was only elevated at this same E2 treatment concentration (10µM) (Fig. 3.1B). A 

time course was initially performed identifying that optimal AMPK activation is 

reached after 1 hour of E2 treatment (data not shown). This activation of the AMPK 

pathway by E2 is similar to previous studies at similar E2 levels [214, 215]. 

Furthermore, levels of pAMPKαT172 and pACC following E2 treatment were 

significantly less than levels following treatment with an AMPK activator, OSU 53 
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[196]. Although these previous studies suggest maximal activation at 10µM E2, our 

data suggests that this amount of E2 (10µM) did not maximally activate or saturate 

AMPK activity. 

 

Figure 3.1: Estradiol activates AMPK. T47D cells were treated with increasing E2 
concentrations (1nM-10µM) for 1 hour; a Western blot analysis was performed on 
total cell lysate. Control: 0.5% DMSO. OSU 53: AMPK activator. (A) Western blot 
(top panel) and bar graph representation (bottom panel) of pAMPKαT172/AMPKα 
ratio and (B) pACC/ACC ratio. (*P < 0.05 from all other treatment groups; #P < 
0.05.) Graphs represent mean values obtained from at least 3 experiments performed 
on different days. 

 

3.2.2 17-β-estradiol activates AMPK through a non-genomic pathway 

The cellular effects of estrogen are mediated through well-characterized 

transcriptional (genomic) and non-transcriptional (non-genomic) mechanisms [207]. 

To determine whether activation of AMPK by E2 was due to non-genomic or 

genomic pathways, T47D cells were treated with E2 in combination with or without 

1µM Actinomycin D (transcription inhibitor) [216, 217]. T47D cells treated with 

Actinomycin D alone resulted in similar levels of pAMPKα when compared to T47D 
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cells treated with E2. Addition of Actinomycin D in the presence of E2 potentiated 

pAMPKαT172 almost 2-fold (Fig. 3.2A). Again, using pACC as a measure for AMPK 

target activation, we concurrently determined pACC in the same T47D samples 

treated with Actinomycin D or Actinomycin D plus E2. Despite a significant increase 

in pAMPKαT172 following treatment with Actinomycin D, pACC was not different 

from control T47D cells. Furthermore, the combination of Actinomycin D plus E2 

elevated the amount of pACC to levels that matched the levels in T47D cells treated 

with only E2 (Fig. 3.2B). Considering that Actinomycin D induces cellular stress 

[217] that impact AMPK activation, we posit that Actinomycin D treatment induces a 

transient increase in AMPK phosphorylation that does not impact downstream AMPK 

targeting. Therefore, we postulate that the majority of E2-dependent changes in 

AMPK activity is mediated through the non-genomic E2 pathway. Further work is 

needed to confirm that genomic pathways do not contribute in any extent to AMPK 

activation by E2. For the purpose of this study, and the experiments discussed later, it 

is not an absolute requirement to determine the quantitative contribution by which 

genomic pathways contribute to AMPK activation. 

 About 5-10% of classical ERs are localized to the plasma membrane, where 

they activate signal transduction cascades [109, 218]. Another membrane receptor 

that mediates some of the E2-effects at a non-genomic level is a G-protein coupled 

receptor, GPER, previously called GPR30 [112, 208, 219]. To dissect the mechanism 

of E2-induced activation of AMPK, it becomes important to quantify the contribution 

of GPER activation. Accordingly, we treated T47D cells with G15, an antagonist to 

GPER, alone or in combination with E2. We found that G15 did not interfere with 
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AMPK activation (Fig. 3.2C) and did not impact AMPK targeting of ACC after E2 

treatment (Fig. 3.2D). Although inhibition of GPER resulted in a small increase in 

pAMPKαT172 levels (Fig. 3.2C), these data suggest that E2-dependent activation of 

AMPK is mediated mainly through classical ERs with a minimal, if any, contribution 

through GPER. 

 
Figure 3.2: Estradiol activates AMPK through non-genomic pathway and 
independent of GPER. T47D cells were treated with 10µM E2 in the presence or 
absence of 1µM Actinomycin D (ActD); Western blot analysis was performed on 
total cell lysate. Control: 0.5% DMSO. (A) Western blot (top panel) and bar graph 
representation (bottom panel) of pAMPKαT172/AMPKα ratio and (B) pACC/ACC 
ratio. T47D cells were pre-treated with 25nM G15, a GPER antagonist for 45 minutes 
and then treated with 10µM E2 for 1 hour; a Western blot analysis was performed on 
total cell lysate. Control: 0.5% DMSO. (C) Western blot (top panel) and bar graph 
representation (bottom panel) of pAMPKαT172/AMPKα ratio and (D) pACC/ACC 
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ratio. (*P < 0.05 from control group; #P < 0.05 from control and G15- or ActD-
treated group.) Graphs represent mean values obtained from at least 3 experiments 
performed on different days 

 

3.2.3 Estrogen receptor α mediates E2-dependent activation of AMPK 

As mentioned above, the cellular effects of estrogen are mediated by ERα, 

ERβ and by the membrane estrogen-binding element, GPER. We ruled out a major 

role for GPER in the mechanism of E2-dependent activation of AMPK. However, 

ERα and ERβ both regulate distinct ligand-activated transcriptional and non-

transcriptional pathways within a cell [220]. Therefore, we wished to determine 

whether AMPK activation and AMPK targeting is mediated through ERα, ERβ or 

both. To do this, we treated T47D cells with a specific ERα (PPT) or ERβ (DPN) 

agonist for 1 hour. Again, using pAMPKαT172 as an indicator of AMPK activation, we 

detected an increase in pAMPKαT172 with the ERα agonist, PPT but not the ERβ 

agonist, DPN (Fig 3.3A). Similarly, western blot analysis of AMPK-target activation 

paralleled pAMPKαT172 showing an elevation in pACC after treatment with the ERα 

agonist, PPT but not the ERβ agonist, DPN (Fig 3.3B). These data suggest that E2 

activation of AMPK and subsequent downstream targeting is an ERα-dependent 

event. 

 Next, we used three strategies to confirm that E2-dependent activation of 

AMPK is, indeed, mediated by ERα. First, T47D cells were pre-treated for 45 

minutes with an ERβ antagonist (TPP) followed by treatment with E2 for 1 hour. 

Treatment with the ERβ antagonist (TPP) did not prevent E2-dependent activation of 

AMPK. Instead, TPP treatment potentiated the impact of E2 on AMPK activation 

(pAMPKαT172) and target activity (pACC) by 3-5-fold over E2 treatment alone (Fig. 
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3.3C, D). Second, we silenced ERβ by transfecting T47D cells with ERβ siRNA. We 

confirmed that ERβ mRNA expression level following siRNA treatment was reduced 

by up to 60% (Fig. 3.3E). Attenuation of ERβ expression increased AMPKα and 

ACC phosphorylation by E2 treatment (Fig. 3.3F,G). In the third approach, MDA-

MB-231 cells, an ERα negative cell line with ERβ expression (Fig. 3.3H) [221, 222], 

were similarly pre-treated with TPP followed by treatment with E2. As expected, E2 

treatment of MDA-MB-231 cells in the presence or absence of the ERβ antagonist, 

TPP, did not increase pAMPKαT172 or pACC (Fig. 3.3I, J) whether measured by 

Western Blot or AMPK catalytic activity (Fig. 3.3K) [223]. 
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Figure 3.3: Estradiol activates AMPK through ERα and not ERβ. Western blot 
(top panel) and bar graph representation (bottom panel) of pAMPKαT172/AMPKα 
ratio (A) and pACC/ACC ratio (B) of total cell lysate from T47D cells treated with 
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1µM PPT (ERα agonist), 1µM DPN (ERβ agonist), 10µM E2, or 0.5% DMSO 
(control). (# P < 0.05 from control and DPN-treated groups.) Western blot (top 
panel) and bar graph representation (bottom panel) of pAMPKαT172/AMPKα ratio 
(C) and pACC/ACC ratio (D) of total cell lysate from T47D cells pre-treated with 
10µM TPP (ERβ antagonist) for 45 minutes and then treated with 10µM E2 for 1 
hour. Control: 0.5% DMSO. (*P < 0.05 from control group; #P < 0.05 from E2-
treated group.) (E) ERβ mRNA levels in T47D cells transfected with ERβ siRNA 
determined by RT-PCR. Western blot (top panel) and bar graph representation 
(bottom panel) of pAMPKαT172/AMPKα ratio (F) and pACC/ACC ratio (G) of total 
cell lysate from T47D cells transfected with ERβ siRNA and treated with 10µM E2 
for 1 hour. Control cells were treated with 0.5% DMSO (*P < 0.05 from control 
group; #P < 0.05 from E2-treated group; †P < 0.05 from ERβ siRNA transfected 
group.) (H) ERα and ERβ mRNA levels in T47D, MDA-MB-231 and 293T cells 
determined by PCR. Western blot (top panel) and bar graph representation (bottom 
panel) of pAMPKαT172/AMPKα ratio (I) and pACC/ACC ratio (J) of total cell lysate 
from MDA-MB-231 cells (ERα deficient) pre-treated with 10µM TPP (ERβ 
antagonist) for 45 minutes and then treated with 10µM E2 for 1 hour. (K) AMPK 
assay ELISA on total cell lysates from T47D and MDA-MB-231 cells pre-treated 
with 10µM TPP (ERβ antagonist) for 45 minutes and then treated with 10µM E2 for 1 
hour. Control: 0.5% DMSO. (*P < 0.05 from all other groups.) Graphs represent 
mean values obtained from at least 3 experiments performed on different days. Some 
immunoblot images of a given target were cropped from the same blot in order to 
conserve figure space and redundancy. 

 

3.2.4 Estrogen receptors α and β directly interact with AMPKα 

Acting as ligand-dependent factors, ERα and ERβ bind DNA to control gene 

activity or interact with other proteins to control signaling cascades [219, 220]. 

Therefore, we further hypothesized that the mechanism of E2-dependent activation of 

AMPK is through direct interaction of ERα and AMPK subunits. Accordingly, we 

investigated the interaction of AMPKα with the two ERs (ERα and ERβ) by 

performing co-immunoprecipitation experiments. Following 1-hour treatment with E2 

as described above, lysates from T47D cells were added to either ERα or ERβ 

antibody coated columns. The eluted lysates were analyzed by SDS-PAGE followed 

by Western blot analysis for the catalytic AMPKα subunit. Western blot analysis of 

eluates of ERα or ERβ antibody coated columns showed the presence of AMPKα 
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(Fig. 3.4A). The intensity of association did not appear to change significantly with 

E2 treatment compared to non-treated cells.  

To determine whether the interaction between ERα/ERβ and AMPKα is a 

consequence of direct association, we overexpressed eGFP-tagged ERα or flag-

tagged ERβ in combination with myc-tagged AMPKα2 (one of 2 distinct AMPKα 

isoforms) or myc-tagged GFP (negative control for binding) in 293-T cells.  After 

harvesting the cells we co-immunoprecipitated cell lysates using anti-flag or anti-

eGFP coated columns and performed a Western blot on the eluted samples using an 

antibody that recognizes myc on the myc-tagged AMPKα2. Our results showed that 

AMPKα2 binds to ERα as well as ERβ (Fig. 3.4C). We confirmed that the pulldown 

product was indeed AMPKα2 using liquid chromatography tandem mass 

spectrometry (Arizona Proteomics Consortium). 
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Figure 3.4: The catalytic subunit (AMPKα) of AMPK heterotrimer binds to the 
ERs. (A) T47D cells were treated with 10µM E2 for 1 hour. Cell lysates were 
immunoprecipitated with anti-ERα (IP: ERα) or anti-ERβ (IP: ERβ) antibody, 
followed by Western blot analysis using anti-AMPKα (WB: AMPKα) antibody. (B) 
The same lysates were immunoblotted directly using anti-ERα (WB: ERα), anti-ERβ 
(WB: ERβ) and anti-AMPKα (WB: AMPKα) antibodies. (C) 293-T cells were co-
transfected with constructs expressing flag-ERβ, eGFP-ERα, myc-AMPKα2 and 
myc-GFP. Cell lysates were immunoprecipitated with anti-flag (IP: flag) or anti-
eGFP (IP: eGFP) antibody, followed by Western blot analysis using anti-myc (WB: 
myc) antibody, (D) anti-flag antibody or (E) anti-eGFP antibody. (We show that the 
anti-eGFP antibody used recognizes only eGFP-tagged recombinant proteins, but not 
wildtype GFP.) 
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3.2.5 Estrogen receptors α and β directly interact with the βγ-binding domain 

of AMPKα 

AMPKα is composed of a catalytic kinase domain, an autoinhibitory domain 

(AID), and a βγ-binding domain [224]. Knowing that the α subunit of AMPK can 

directly interact with both ERs, we wanted to determine the specific domain of 

AMPKα that harbors the binding site specific to ERα or ERβ or both. To do this, we 

used previously generated myc-tagged AMPKα deletion constructs that contain the 

catalytic kinase domain (1-312), catalytic kinase and autoinhibitory domains (1-398), 

autoinhibitory and βγ-binding domains (303-552), or βγ-binding domain (386-552) of 

AMPKα2 (Fig. 3.5A). Each of these constructs was co-transfected with eGFP-tagged 

ERα or flag-tagged ERβ in 293-T cells. Then, we co-immunoprecipitated the cell 

lysates using anti-eGFP (ERα) or anti-flag (ERβ) antibodies followed by SDS-PAGE 

and Western blotting. 

First, we confirmed expression of AMPKα2 full length or deletion constructs 

including the GFP-myc construct as a negative binding control using the anti-myc 

antibody (Fig. 3.5B, C). Similarly, ERα or ERβ were co-expressed with each of the 

AMPKα constructs (Fig. 3.5F, G). As shown in Figure 3.5D, we found that ERα 

bound strongly to constructs a+b (autoinhibitory and βγ-binding domains) and b (βγ-

binding domain) but not constructs c (catalytic kinase domain), c+a (catalytic kinase 

and autoinhibitory domains), or GFP-myc (anti-eGFP does not interact with GFP) 

suggesting interaction with the βγ-binding domain of AMPKα, only. An identical 

pattern of interaction was observed in cells co-transfected with ERβ and AMPKα 

constructs (Fig. 3.5E). 
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Figure 3.5: The βγ-binding domain of AMPKα2 binds to the ERs. (A) A 
schematic of AMPK illustrating its full-length α catalytic subunit and the AMPKα 
deletion constructs. 293-T cells were co-transfected with full-length myc-AMPKα2, 
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myc-tagged AMPKα2 deletion constructs or myc-GFP along with eGFP-ERα or flag-
ERβ. Cell lysates were co-immunoprecipitated using anti-eGFP (IP: eGFP) or anti-
flag (IP: flag) antibody followed by a Western blot analysis using anti-myc (WB: 
myc) antibody. (B, C) Western blot analysis of total cell lysates. (D) Western blot 
analysis of eGFP immunoprecipitated cell lysates. (E) Western Blot analysis of flag 
immunoprecipitated cell lysates. (F) Western blot analysis using anti-eGFP antibody 
on cells transfected with eGFP-ERα expression construct. (G) Western blot analysis 
using anti-flag antibody on cells transfected with flag-ERβ expression construct. 
 

3.2.6 Disruption of the LKB1/MO25/STRAD activation complex blocks 

estrogen-dependent activation of AMPK 

The LKB1/MO25/STRAD complex is capable of targeting the alpha catalytic 

subunit of AMPK at thr172 and activates AMPK by phosphorylation [4, 13, 201]. We 

wished to determine whether estrogen activation of AMPK is dependent on upstream 

activation by the LKB1/MO25/STRAD complex. Co-immunoprecipitation with ERα 

or ERβ in T47D cells revealed the presence of LKB1 as well as MO25 in the elution 

samples of control and E2 treated cells (Fig. 3.6A). The suggestion is that, at the very 

least, LKB1 and MO25 of LKB1/MO25/STRAD complex are present in the ER 

pulldowns and possibly interact with both ERs. To further test the importance of this 

complex in the activation of AMPK by E2, we silenced MO25 by transfecting T47D 

cells using siRNA for MO25. First, we confirmed that MO25 mRNA expression level 

following siRNA treatment was reduced by up to 75% (Fig. 3.6D). In Figure 3.6B, 

we showed that genetic deletion of MO25 expression disrupted AMPK 

phosphorylation by E2 treatment. Moreover, AMPK targeting of ACC was similarly 

reduced (Fig. 3.6C). This shows that E2-dependent activation of AMPK requires the 

upstream LKB1/MO25/STRAD complex. 
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Figure 3.6: Estradiol activates AMPK through the LKB1 kinase complex. (A) 
Anti-ERβ/ERα antibody was used to co-immunoprecipitate (co-IP) endogenous 
proteins from T47D cells treated with 10µM E2, followed by Western blot analysis 
for co-IP LKB1 and MO25. (B) Western blot (top panel) and bar graph 
representation (bottom panel) of pAMPKαT172/AMPKα ratio and pACC/ACC ratio 
(C) of total cell lysate from T47D cells transfected with MO25 siRNA. (*P < 0.05 
from all other groups.) Control cells were transfected with scramble siRNA and 
treated with 0.5% DMSO. Graphs represent mean values obtained from at least 3 
experiments performed on different days. (D) MO25 mRNA levels in T47D cells 
transfected with MO25 siRNA determined by RT-PCR. (*P < 0.05.) 
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3.3 Discussion 

AMPK is a highly conserved heterotrimeric complex that functions as a 

versatile metabolic “sensor” with a wide tissue distribution. During pathological 

conditions such as cardiac disease, diabetes or cancer, AMPK is central to the 

metabolic flexibility displayed by the cells in the afflicted organ or tissue. Yet, 

targeting the AMPK pathway for the development of therapeutics must consider the 

impact of modifying factors such as sex hormones. This becomes especially critical in 

pathological settings that display identifiable sex differences such as cardiac disease 

and diabetes/obesity [193, 225]. In addition, breast cancer tumors can be classified as 

estrogen-responsive or non-responsive based on the amount and type of ERs found 

within the resident cancer cells [212]. Moreover, estrogens are shown to play an 

important role in the genesis and development of non-small cell lung cancer [226]. 

Several studies demonstrate that E2 directly and rapidly activates AMPK in 

multiple cell systems [209-211]. We validate these findings in several cell systems 

showing that E2 elevates phosphorylation levels of AMPK and its downstream target, 

ACC. Considering the rapid increase in AMPK activation and target phosphorylation 

and the typical duration for steroid hormones to impart genomic regulation (more 

than 2 hours after stimulation) [227], we predicted that this effect is a consequence of 

non-genomic E2 regulation of AMPK. Therefore, we co-treated cells with E2 and 

Actinomycin D, a potent inhibitor of transcription [216, 228]. In the presence of 

Actinomycin D, E2 is still able to increase phosphorylation levels of AMPK as well 

as ACC, suggesting that E2-dependent activation of AMPK is at least partially 

mediated through a non-genomic pathway. 
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The cellular effects of estrogen are mediated by intracellular ERs (ERα and 

ERβ). Therefore, we asked the question, which of these two receptors mediate the 

activation of AMPK. To answer this question, we treated an ERα/ERβ positive 

human breast cancer cell line (T47D cells) with specific ERα and ERβ agonists. 

These studies reveal that agonist activation of ERα promotes AMPK activation, 

measured by an increase in phosphorylation of AMPK and its target ACC, while 

agonist activation of ERβ does not.  

We also provide two additional pieces of evidence to verify a specific role for 

ERα. First, AMPK activation by E2 is not impacted by ERβ antagonism; instead, ERβ 

antagonism potentiates it (to be discussed below). Second, AMPK is not activated by 

E2 in a cell line that does not express ERα but expresses ERβ (MDA-MB-231). We 

are able to further posit that the E2-mediated increase in AMPK activity does not 

depend on recruitment of the membrane estrogen-binding element, a G protein-

coupled estrogen receptor (GPER) [208]; inhibition of the GPER using G15, a known 

antagonist to the GPER, does not prevent the increase in pAMPK or pACC following 

E2 treatment. Taken together, these data confirm that E2 activates the AMPK 

pathway through ERα and not ERβ, with a minimal, if any, contribution by GPER. 

Direct association of the ERs with other proteins such as phosphatidylinositol 

3-kinase (PI3K) and p130Cas are known to mediate the non-genomic actions of E2 

[229-231]. Although AMPK is not considered a scaffold protein, an interactome 

analysis using a combination of immunoprecipitation and ion trap mass spectrometry 

identified 325 proteins that have the potential to interact with AMPKα and 243 for 

AMPKβ [232]. These proteins are linked to major pathways associated with AMPK, 
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such as metabolism, translation and biosynthesis, and are distributed broadly 

throughout the cytosol, mitochondria, nucleolus and ribosome [232]. Therefore, we 

hypothesized that E2 regulated the AMPK pathway through direct interaction with 

AMPK. In a series of co-immunoprecipitation experiments using T47D cells, we 

show that the both ERα and ERβ associate with the catalytic α-subunit of AMPK in 

the presence and absence of E2. We confirm that this is a direct interaction between 

AMPKα2 and both ERα and ERβ using co-transfection followed by co-

immunoprecipitation in 293-T cells that lack functional ERs. The AMPKα2 isoform 

has previously been shown to attenuate breast cancer progression when overexpressed 

in tumor cells [44]. Although it shares 77% sequence identity with the AMPKα1 

isoform [233], further studies are needed to confirm that AMPKα1 also interacts with 

the estrogen receptors.  

Regardless of the isoform type, the α-subunit of AMPK is composed of 

several domains. Its N-terminal ser/thr kinase domain (KD) (residues 1-312) has the 

activation loop, which is phosphorylated at thr172 during activation. Next to the KD 

there is a putative autoinhibitory domain (AID), spanning across residues 313-335 

and a C-terminal βγ-subunit binding domain (residues 396-552) that scaffolds the γ-

subunit to the complex [6, 224]. A linker sequence (LS) consisting of 60 residues is 

responsible for connecting the last two domains [14]. Identifying the specific domain 

where ERs interact with AMPK may provide insight regarding the mechanism by 

which ERα activates AMPK. Therefore, we co-transfected (293-T cells) specific 

deletion constructs spanning each of the AMPKα regulatory domains with each ER 

followed by co-immunoprecipitation with the respective ER.  Using these deletion 
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constructs we were able to tease out the binding domain for both ERα and ERβ within 

the βγ-subunit binding domain. This location strategically positions ER binding in 

close proximity to the regulatory γ-subunit that binds AMP and activates AMPK by 

eliciting allosteric changes and the β-subunit that may sense the status of cellular 

energy reserved in the form of glycogen [6, 224]. 

LKB1 is an upstream kinase that phosphorylates the AMPKα subunit, whose 

activity is dependent on complex formation with two accessory proteins, MO25 and 

STRAD [234, 235]. It also phosphorylates and activates 12 other kinases that are 

closely related to AMPK [236, 237]. A recent study showed that LKB1 associates 

with ERα and enhances its catalytic transactivation [238]. We found that the LKB1 

complex associates with both ERα and ERβ potentially through the scaffolding 

protein MO25; moreover silencing of MO25 suppresses E2-induced activation of 

AMPK in T47D cells. These findings indicate that transactivation of AMPK by E2 

requires the LKB1 kinase complex.  

Although the nature of this ER-LKB1 interaction was not determined in this 

study, it is known that LKB1 phosphorylation of the α-subunit of AMPK is dependent 

on allosteric activation of AMPK. Small changes in the AMP/ATP ratio within the 

cell regulate AMPK activity by modifying the extent of AMP binding to the γ-subunit 

and leading to conformational changes that enhance the availability of thr172, being 

permissive to its phosphorylation (or preventing dephosphorylation) [239]. Our 

finding that LKB1 directly or indirectly associates with ER or ER-AMPK pools 

suggests that ERs may also modulate LKB1-dependent targeting of AMPK. Co-

immunoprecipitation experiments in cells overexpressing components of the LKB1 
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complex are needed to test whether its association with ERs is a consequence of 

direct binding.  

Despite a minimal role, if any, for ERβ in E2-mediated activation of AMPK, 

the fact that ERβ associates with AMPKα similar to ERα implicates a potential 

regulatory function for ERβ. In our study, inhibition of ERβ potentiates E2 activation 

of AMPK. We find a similar response in T47D cells where ERβ expression was 

genetically disrupted by siRNA. This is not surprising considering that a regulatory 

role for ERβ has been found in other cell systems. In the mammary gland, activation 

of ERα stimulates cell proliferation that can be antagonized by activation of ERβ 

[240]. Moreover, proliferation in response to E2 is inhibited in T47D cells stably 

transfected with ERβ [241]. 

Although the exact mechanism by which ERβ inhibition potentiates E2 

stimulation of AMPK activity is not clear, transient coexpression of ERβ and ERα 

leads to formation of ER heterodimers [242]. The suggestion is that the βγ-binding 

domain of AMPKα may act as a nodal point for the integration of ER signaling 

allowing cells to fine-tune the intensity of E2-dependent AMPK activation by varying 

the expression level of ERα and ERβ. In this scenario, we can potentially exploit the 

ability of E2 to activate AMPK and act as a tumor suppressor in human breast cancer. 

In summary, we provide evidence that support our hypothesis that the 

mechanism by which E2 activates AMPK is through direct interaction of ERα and 

ERβ with the α-subunit of AMPK. Our discovery places these two receptors at a 

nodal point of regulation for cellular energetics. The implication is that many sex 

dimorphisms in disease, especially in the context of cancer, diabetes and 
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cardiovascular disease, may differentially enroll the AMPK signaling network. Our 

findings do not take away from previous reports that have suggested that E2 

metabolites activate AMPK in a different cell system [209]. ER-dependent regulation 

of AMPK activity could account for only one part of E2-induced AMPK activation. A 

more complex interplay of direct and indirect effectors modulating AMPK signaling 

in response to E2 stimulation surely exists. 

On the same note, another important question that needs to be addressed is 

whether E2 signaling alters intracellular AMP pools, and, consequently, impacts 

AMPK activity. It becomes especially important, in order to translate these findings 

into clinical therapeutic targets, the integration of cellular changes in E2-dependent 

ATP release. Although this is a possibility, our data indicates that any impact of E2-

dependent ATP release is integrated with a direct modulation of AMPK signaling by 

E2. In order to translate these findings into clinical therapeutic targets, a more 

detailed understanding is required of the site-specific and local regulation of AMPK 

activity.  

It would not be surprising if cellular pools of ER-LKB1 or ER-LKB1-AMPK 

exist. Presumably, the LKB1-ER-AMPK complex can form in presence and absence 

of E2 stimulation, but only when E2 is added to the system, AMPK is 

phosphorylated. We pose that a small amount of the cellular pool of AMPK is always 

bound to the ERs waiting for a signal to become activated. When E2 binds to this 

complex, it signals LKB1 to phosphorylate this bound AMPK, which once activated 

is released from the complex, leaving the space for a new AMPK molecule to join the 

complex. This sequence of events continues until E2 is released from its receptor. 
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Although we don’t have data to fully support this hypothesis, Western blot results 

from pull-down experiments using ERα and ERβ coated columns in T47D cells (data 

not shown) reveal that only total, but not phosphorylated AMPK associates with the 

ERs in the absence of E2 stimulation.  

Therefore, we propose a model for E2-mediated activation of AMPK (Fig. 

3.7). Based on our data, there are at least 2 possible mechanisms: (A) ERα binds as a 

heterodimer with ERβ to the α-subunit of AMPK at the βγ-subunit binding domain 

and facilitates (+)  phopshorylation at thr172 by the upstream kinase LKB1; (B) ERα 

binds as a homodimer with ERα at the same site on AMPKα  and more robustly 

(+++) facilitates phosphorylation at thr172 by the upstream kinase LKB1. We show 

that ER pulldowns contain LKB1 but we do not know whether this is by direct 

interaction or through association with another protein. Subsequently, downstream 

targeting by AMPK imitates a changing energetic landscape in the cell. 
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Figure 3.7: Proposed model for Estrogen Receptors as mediators of AMPK 
activation. AMPKα catalytic subunit binds to ERα or ERβ as a heterodimer (A) or a 
homodimer (B) in the presence or absence of E2. Considering that inhibition or 
genetic deletion of ERβ potentiates E2 activation of AMPK, we predict that the ERs 
are acting as heterodimers. Next, either through direct or allosteric activation of the 
LKB1 complex, AMPKα is activated through phosphorylation at thr172 of the 
catalytic AMPKα subunit. 
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3.4 Future directions 

We have proposed a model for non-genomic regulation of AMPK activity by 

E2. However, our results fall short to explain several unsolved questions. The first, 

and very important limitation of this study is our inability to quantitatively determine 

the contribution of the proposed non-genomic pathway to the overall regulation of 

AMPK activity by E2 in cancer cells. Although our ActD data fully supports the non-

genomic pathway as the major contributor to AMPK activation, estrogen genomic 

signaling might also play a role.  

To test for estrogen genomic signaling we would use a commercially available 

ERE Reporter kit. This technique is based on the Luciferase reporter system. The kit 

contains a reporter, which is a mixture of inducible transcription factor responsive 

construct and constitutively expressing Renilla luciferase construct. The transcription 

factor responsive construct encodes the firefly luciferase under the control of a basal 

promoter element (TATA box) joined to tandem repeats of ERE. Briefly, the 

transcription factor reporter or negative control (firefly luciferase reporter without 

ERE) would be transfected into T47D cells. After the transfection the cells would be 

treated with E2 for 1 hour, and Dual Luciferase assay performed, to measure for 

activation of firefly luciferase. This would tell us if 1 hour of E2 treatment activates 

non-genomic signaling in the cell. 

To further assess the direct contribution of genomic signaling to the AMPK 

pathway we would perform transfection experiments. Briefly, we would use a cell 

line that normally expresses none to minimal levels of ERs, like MDA-MB-321 cells. 

These cells would be transfected with constructs expressing wild type or mutated 
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ERs. The mutants would lack the ability to bind to estrogen responsive elements 

(ERE) within the DNA and elicit a transcriptional response. We would then stimulate 

the cells with E2 and compare AMPK activation in cells transfected with functional 

ERs and those transfected with ER mutants. 

Once the impact of estrogen genomic signaling is elucidated, it would also be 

very insightful to determine the relative contribution of other indirect mechanisms to 

AMPK activation. These include, but are not limited to regulation of AMPK activity 

by E2 metabolites, changes in intracellular AMP/ATP ratio and signaling through 

other cascades, such as PI3K/Akt that are also regulated by E2. 

Lastly it is important to determine the physiological relevance of our findings 

in cancer cells. We anticipate that non-genomic E2-AMPK signaling is beneficial, 

and if disturbed, will impact several intracellular processes including cell 

proliferation and apoptosis. A quick and easy assay to assess cell viability and 

proliferation is the colorimetric MTT assay. It measures reduction of yellow MTT to 

purple formazan, a reaction carried in living cells by NAD(P)H-dependent 

oxidoreductase enzymes. We expect that E2 treatment of cancer cells with impaired 

AMPK signaling would increase cell proliferation. 
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CHAPTER IV 

 

ERβ ASSOCIATES WITH AMPK AND MO25 IN CARDIAC 

MUSCLE 

 

 

Note: Excerpts from this chapter are intended for publication, journal unknown. 
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4.1 Introduction 

 Skeletal and cardiac muscles are characterized by high energetic demand, and 

therefore must continuously generate ATP to sustain contractile function and basal 

metabolic processes. The serine-threonine kinase AMPK helps maintaining the 

energetic balance in skeletal and heart muscle, by regulating major metabolic 

processes [243]. AMPK signaling also plays an important role in muscle adaptation to 

exercise and hypertrophy [64, 244]. 

 The resent discovery that estrogen regulates AMPK signaling by increasing its 

activation, gives a new insight into sex-dependent regulation of cellular energetics 

[209, 210, 245]. Furthermore, this ties back to the question of how males and females 

handle hypertrophic stress. Describing the mechanistic link between E2 signaling and 

AMPK activation will be a major contribution to our understanding of how sex 

hormones impact fundamental cellular processes that are involved in the regulation of 

heart disease progression. The purpose of this chapter is to prove the redundancy of 

the proposed mechanism of AMPK regulation in Chapter III and present evidence 

supporting its operation in muscle cells. 

 Briefly, we show that E2 activates AMPK in C2C12 myotubes in a time and 

concentration-dependent manner. We also test for interaction between ERβ and 

AMPKα and MO25, and find that they associate in skeletal (C2C12) and cardiac 

(NRCM) cells, as well as in whole heart lysates of female mice. These findings 

validate the proposed mechanism of non-genomic AMPK regulation by E2 and 

support the idea that this pathway is conserved in different cell systems. 
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4.2 Results 

4.2.1 E2 rapidly activates AMPK in C2C12 myotubes 

We wanted to determine the effect of E2 treatment on the activation of AMPK 

pathway in C2C12 myotubes. To accomplish that, we treated the myotubes with three 

different concentrations of E2 for 1 hour and assessed AMPK activation by looking at 

the total and phosphorylated levels of AMPKα and ACC (Fig 4.1A). E2 increased 

AMPKα phosphorylation at thr172 at all tested concentrations. The optimal activation 

of AMPK, denoted by a significant increase in the ratio of phosphorylated ACC to 

total ACC, is reached at 10µM E2 (Fig 4.1A). To keep consistency with the 

concentration of E2 used in previous chapter, and because of the prominent difference 

in pACC levels, we decided to use 10µM E2 for all the subsequent experiments. 

In order to establish how fast E2 can activate AMPK, we conducted a time-

course experiment in C2C12 myotubes using 10µM E2. We treated the cells for five 

different time periods, ranging from 5 minutes up to 1 hour. Western blot data 

revealed that after only 5 minutes of treatment, phosphorylation levels of AMPK 

elevated compared to non-treated cells (Fig 4.1B). The ratio of phosphorylated ACC 

to total ACC increased significantly after 5 minutes of E2 treatment. At 30 and 60 

minutes of E2 treatment, the pACC/ACC ratio increased even further, reaching a 

three-fold difference when compared to non-treated myotubes (Fig 4.1B). The 

velocity of the response to E2 treatment suggests that E2 activates AMPK at least 

partially through a non-genomic pathway. 
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Figure 4.1: Estradiol activates AMPK in C2C12 myotubes. C2C12 myotubes were 
treated with 100nM, 1μM and 10μM E2 for 1 hour; a Western blot analysis was 
performed on total cell lysate. Control: 0.5% DMSO. (A) Western blot of pAMPKα
T172, AMPKα, pACC, ACC (top panel) and bar graph representation of pACC/ACC 
ratio (bottom panel). C2C12 myotubes were treated with 10μM E2 for several time 
periods ranging from 5 minutes to 60 minutes; a Western blot analysis was performed 
on total cell lysate. (B) Western blot of pAMPKαT172, AMPKα, pACC, ACC (top 
panel) and bar graph representation of pACC/ACC ratio (bottom panel). (*P<0.05 
from control group). Graphs represent mean values obtained from at least 3 
experiments performed on different days. Some immunoblot images of a given target 
were cropped from the same blot in order to conserve figure space and redundancy. 

 

4.2.2 ERβ associates with AMPKα and MO25 in C2C12 myotubes, Neonatal 

Rat Cardiomyocytes (NRCM) and female mice hearts 

To link our findings to the T47D data and bring them into a broader picture 

we performed a series of co-immunoprecipitation experiments testing for interaction 

between ERβ and AMPKα or MO25. These experiments were performed in C2C12 

myotubes, NRCM and in whole heart lysates from female mice. Briefly, the cells 

were incubated in the presence or absence of 10µM E2 with or without 10µM TPP 

(selective ERβ antagonist) for 1 hour. The cells lysates were run through a column 

pre-coated with an anti-ERβ antibody. The eluates were then separated on a SDS-
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PAGE gel. Western blot analysis was performed using antibodies that recognize 

AMPKα, MO25 and PI3K. We used PI3K, a known estrogen receptor binding partner 

[246], as our positive control for interaction. The whole heart lysates used in the co-

immunoprecipitation experiments were from 4-month female mice injected with 

vehicle or VCD (induces menopause). Some of the mice were then implanted with 

pumps delivering Angiotensin II (Ang II) for 10 days. At the time of the experiments 

the VCD mice had reached perimenopause (data not shown). A more detailed 

explanation of the effects of VCD and Ang II is presented in Chapter V of this 

dissertation.  

The western blot results showed presence of PI3K, AMPKα and MO25 

proteins in the total lysates (Fig 4.2B) and in ERβ column eluates (Fig 4.2A) of 

C2C12 myotubes. Although this technique is not suitable for quantitative comparison 

between groups, there were no visible changes in the band intensity of any of the 3 

proteins between the control, E2 and TPP and E2 treated cells (Fig 4.2A). Western 

blot analysis of total lysates and ERβ column eluates in NRCM revealed similar 

results for PI3K, AMPKα and MO25 (Fig 4.3). These data suggests that ERβ 

associates with AMPKα and MO25 in C2C12 myotubes and NRCM, regardless of 

exposure to E2 or activation status of ERβ. 
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Figure 4.2: ERβ associates with AMPKα and MO25 in C2C12 myotubes. C2C12 
myotubes were treated with 10µM E2 for 1 hour with or without a 45 minutes 
pretreatment with TPP. (A) Cell lysates were immunoprecipitated with anti-ERβ (IP: 
ERβ) antibody, followed by Western blot analysis using anti-AMPKα (WB: 
AMPKα), anti-MO25 (WB: MO25), anti-PI3K (WB: PI3K) and anti-ERβ (IP: ERβ) 
antibodies. (B) The same lysates were immunoblotted directly using anti-AMPKα 
(WB: AMPKα), anti-MO25 (WB: MO25) and anti-PI3K (WB: PI3K) antibodies. 
 

 
Figure 4.3: ERβ associates with AMPKα and MO25 in NRCM. NRCM were 
treated with 10µM E2 for 1 hour with or without a 45 minutes pretreatment with TPP. 
(A) Cell lysates were immunoprecipitated with anti-ERβ (IP: ERβ) antibody, 
followed by Western blot analysis using anti-AMPKα (WB: AMPKα), anti-MO25 
(WB: MO25), anti-PI3K (WB: PI3K) and anti-ERβ (IP: ERβ) antibodies. (B) The 
same lysates were immunoblotted directly using anti-AMPKα (WB: AMPKα), anti-
MO25 (WB: MO25) and anti-PI3K (WB: PI3K) antibodies. 
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Next we explored this association in whole heart lysates of 4-month-old 

female mice. We were able to detect PI3K, AMPKα and MO25 in ERβ column 

eluates of all the heart lysates (Fig 4.4A). However, the intensity of the MO25 band 

in the ERβ column eluate of the Ang II/VCD mouse heart was visibly higher 

compared to the rest of the eluates. MO25 expression in the total lysates was similar 

between all four mice (Fig 4.4B). This suggests that the association between ERβ and 

MO25 is greater in hypertrophic hearts of perimenopausal mice. This observation is 

inconclusive and additional co-immunoprecipitation experiments using more mice per 

group are needed to confirm this observation. 

 
Figure 4.4: ERβ associates with AMPKα and MO25 in female mice hearts. (A) 
Whole heart lysates of WT, VCD, Ang II and Ang II / VCD 4-month female mice 
were immunoprecipitated with anti-ERβ (IP: ERβ) antibody, followed by Western 
blot analysis using anti-AMPKα (WB: AMPKα), anti-MO25 (WB: MO25) and anti-
PI3K (WB: PI3K) antibodies. (B) The same lysates were immunoblotted directly 
using anti-AMPKα (WB: AMPKα), anti-MO25 (WB: MO25) and anti-PI3K (WB: 
PI3K) antibodies. 
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4.3 Discussion 

In the previous chapter we explored the activation of AMPK by E2 in a cancer 

cell line expressing both classical estrogen receptors. Briefly, we described a novel 

non-genomic pathway of AMPK activation that is mediated by ERα and involves 

negative feedback from ERβ. We further established that these receptors directly 

interact with the α catalytic subunit of AMPK and associate by yet an unknown 

mechanism to LKB1, which is required for AMPK activation by E2. 

The aim of this chapter is to translate these findings into skeletal and cardiac 

cells and ultimately to the whole heart. Previous studies have shown that E2 activates 

AMPK in C2C12 myotubes [209, 214]. We showed that this activation is reached at 

several nanomolar and micromolar concentrations of E2, presumably being 

maximized at 10µM. Although we do not have all the evidence to conclude that E2 

regulates AMPK exclusively through a non-genomic pathway in C2C12 myotubes, 

our data from the time course experiments strongly supports that hypothesis. We 

showed that AMPK is activated as soon as 5 minutes after E2 treatment. More 

experiments need to be done to access the quantitative contribution of non-genomic 

signaling to the activation of AMPK in myotubes. 

We next wanted to assess the interaction between AMPK, MO25 and ERs in 

skeletal and cardiac muscle cells. So far these experiments were only performed using 

ERβ, and not ERα. Our co-immunoprecipitation experiments revealed that ERβ 

associates with AMPKα and MO25 in C2C12 myotubes and NRCM. This association 

is presumably not affected by E2 treatment. Based on our previous findings there are 

at least two potential explanations for this.  
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The first possibility is that E2 stimulation induces a transient increase in 

association between ERβ (and potentially ERα) and AMPKα (and/or MO25) that was 

not detected in our experimental window. This increase in association helps to 

promote rapid AMPK activation after only minutes of E2 exposure. After less than 

one hour of constant E2 stimulation, the association strength between these proteins 

decreases back to basal levels, by yet an unknown mechanism. This dynamic protein-

protein interaction might explain why ACC phosphorylation increases in the first 30 

minutes of E2 treatment, but is relatively similar between myotubes treated with E2 

for 30 and 60 minutes. In this model of dynamic pattern of protein-protein interaction, 

changes in ER-AMPK association strength might act as a regulatory feedback loop 

for AMPK activation. Similar changes in the association pattern between ERα and 

PI3K were previously described in cortical neurons [231].  

The second possible scenario is that the strength of the association between 

ERs and AMPKα / MO25 is not affected by E2 treatment. A small amount of total 

intracellular AMPK is always bound to the ERs. Once E2 is introduced in the system, 

this interaction facilitates a rapid phosphorylation and release of active AMPK, which 

is immediately substituted by a new inactive AMPK molecule. This molecular loop 

continues until E2 stimulation ceases, or there is a negative regulatory signal that 

stops AMPK release from ERs. This proposed mechanism is discussed in more depth 

in Chapter III. Despite of high structural similarity between ERα and ERβ, it is 

particularly critical to assess ERα binding to AMPKα in C2C12 myotubes and 

NRCM. This will help to further elucidate the specific roles of the two ERs. 
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The association between AMPKα, MO25 and ERβ was further validated in 

female mice hearts. In contrast to our findings in cells, the Ang II / VCD mouse heart 

showed an increase in ERβ-MO25 association when compared to the rest of the 

hearts. This finding is inconclusive, since for the purposes of identifying an 

interaction we only used one mouse heart per treatment group in our co-

immunoprecipitation experiment. Additional experiments increasing the n-number of 

mouse hearts per treatment group are needed to confirm this finding. If confirmed, it 

would speak to the dynamic nature of the ERβ-AMPKα-MO25 complexes. 

VCD treatment induces a gradual transition to menopause, which is 

characterized by progressive estrogen loss. At the time of harvesting the 4-month 

VCD-injected mice were in perimenopause, as confirmed by vaginal cytology, and 

therefore still had some circulating estrogen. The mice implanted with Ang II 

delivering pumps experienced an acute hypertrophic stress. This, summed to the 

VCD-induced perimenopause, represents even a greater challenge for the female 

mouse heart, which needs to adapt to hypertrophy in the context of estrogen loss. In 

support of that, a recent study conducted in NRCM and female mice hearts revealed 

that E2 protects cardiomyocytes from Ang II – induced injury by upregulating SIRT1 

and activating AMPK. This protective effect is reverted by blocking the classical 

estrogen receptors using ICI 182,780 [174]. The increase in ERβ-MO25 association 

could reflect the effort of the heart to maintain proper AMPK regulation while 

adapting to the gradual estrogen loss at least in the initial stages of hypertrophy. By 

maintaining high levels of the LKB1-MO25-STRAD complex close to the estrogen 

receptors, the system secures a more effective activation of AMPK. 
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In summary our findings speak of the versatility of AMPK regulation by E2. 

In addition to the non-genomic mechanism described in T47D cells, we now 

established that E2 rapidly activates AMPK in C2C12 myotubes, and that ERβ 

associates with AMPK and MO25 in skeletal and heart muscle. Although 

inconclusive, our results open up the possibility that the nature of this interaction is 

dynamic, and can adapt to a low-estrogen environment. 
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4.4 Future directions 

To complete the studies of E2 signaling in C2C12 myotubes, we need to 

determine the specific roles of the two classical estrogen receptors in the regulation of 

AMPK activity. We will accomplish that by treating the myotubes with specific ER 

agonists and antagonists and assessing their effect on AMPK activation. siRNA 

silencing of ERα and ERβ will also be very helpful to further validate those findings. 

We will also repeat the co-immunoprecipitation experiments but now using 

ERα-antibody coated columns to confirm that it also interacts with AMPKα and 

MO25 in C2C12 myotubes, NRCM and female mouse hearts. In the co-

immunoprecipitation experiments using mouse hearts we will increase the n-value to 

4 hearts per treatment group. That will enable us to make inter-group comparisons 

and determine whether the ER-MO25 interaction is dynamic or not. 
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CHAPTER V 

 

THE ABILITY OF CHEMICALLY INDUCED MENOPAUSE TO 

INHIBIT AMP-ACTIVATED PROTEIN KINASE IN 

HYPERTROPHIED HEARTS DEPENDS ON THE MODEL USED 

 

 

Note: Excerpts from this chapter are intended for publication, journal unknown. 
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5.1 Introduction 

In industrialized countries, the prevalence of congestive heart failure is 

increasing steadily and has become one of the leading causes of hospitalization [247]. 

In addition, sex differences exist in cardiac disease resulting from many disease 

etiologies. There are genetic and environmental factors underlying the sex 

dimorphism in heart disease. 

It is becoming increasingly appreciated that the risk of cardiovascular disease 

increases in post-menopausal women [193]. Changes in hormonal levels during 

menopause may play an important role in predisposing older women to cardiac 

pathologies. Interestingly, the hormone estrogen attenuates the development of 

cardiac hypertrophy in rodents [167-172, 248]. Although there are some studies that 

argue against the advantages of using hormonal replacement as heart disease 

therapeutic [207, 249-251], more studies need to characterize the link between 

menopause and heart disease. 

Recently, AMP-activated protein kinase (AMPK) has emerged as a central 

regulator of energy homeostasis in the heart and has been implicated in the 

development of cardiac hypertrophy and heart failure [64, 79, 205]. AMPK is a 

heterotrimeric enzyme complex consisting of a catalytic α subunit and regulatory β 

and γ subunits. Increased intracellular AMP levels allosterically activate AMPK by 

allowing the phosphorylation of its α-catalytic subunit activation loop at threonine 

172 (T172) [201]. This triggers a global metabolic response to energy deprivation 

leading to upregulation of ATP – producing pathways and downregulation of energy 

– consuming processes [13].  
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The role of AMPK signaling in cardiac hypertrophy is controversial as it can 

inhibit or promote the hypertrophic phenotype depending on the timing of the events. 

Rapid AMPK activation has been shown to block the development of cardiac 

hypertrophy [92, 252-254], whereas sustained AMPK activation in the diseased heart 

can have the opposite effect. AMPK activity increases during chronic stages of 

hypertrophy. This increase in AMPK signaling can be a compensatory response to 

energy depletion and is associated with alteration of substrate utilization favoring 

glucose as the main source of ATP production. This leads to promotion of the 

hypertrophic metabolism [79, 255]. 

Adding to the complexity of AMPK regulation during hypertrophy, there is 

increasing evidence suggesting that cardiac AMPK signaling is differentially 

regulated in males and females [256]. Moreover, previous studies in our lab showed 

that induction of menopause in female mice suppresses AMPK activity potentially 

through downregulation of total AMPK protein levels [194]. Although this may 

suggest that the AMPK pathway could be underlying sex differences in heart 

hypertrophy, so far, none of the studies have addressed the effect of menopause on 

AMPK signaling in the context of heart disease. 

Considering the sex-dependent regulation of the AMPK pathway and its 

involvement in the progression of heart hypertrophy, we hypothesized that treatment 

of female mice with VCD, as a model of menopause, would decrease cardiac AMPK 

activity, which in the context of heart hypertrophy would contribute to worsening of 

pathology. We measured body morphometrics and the activation of the AMPK 

pathway in WT, HCM and Angiotensin II-treated mice hearts that were injected with 
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VCD or vehicle. VCD treatment had opposite effects on AMPK signaling in healthy 

and hypertrophied hearts. This is an on-going study and this chapter contains 

preliminary data collected so far. Upon completion of the study we are aiming to 

better understand how loss of ovarian function affects chronic pathological states of 

hypertrophy. 
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5.2 Results 

5.2.1 Cardiac adaptation to VCD treatment in female mice 

Intraperitoneal VCD or vehicle (sesame oil) injections were given to mice at 1 

month of age for 20 consecutive days. Then, vaginal cytology was performed to 

determine the estrous cycles of the mice. Vehicle-injected mice continued having 

regular estrous cycle patterns, while VCD-injected mice cycles became irregular and 

ceased cycling within 60 to 90 days after the start of VCD injections (data not 

shown). As shown in a previous report from our lab[194], ovarian failure was further 

confirmed by hematoxylin and eosin staining of ovarian tissue collected at the 

moment of harvesting. There was a complete depletion of primordial follicles in the 

VCD-treated ovarian tissue (data not shown). At the moment of VCD injections, the 

mice were either WT or HCM. A group of WT mice were then implanted with Ang II 

delivering pumps (discussed later).  

After VCD treatment and once the mice entered a persistent diestrus cycle at 5 

months of age, they were euthanized, the hearts excised and whole heart weight as 

well as body weight and tibial length was recorded. There was a significant impact of 

hypertrophic agonists on HW/BW where HCM and Ang II mice showed a significant 

increase (P<0.05) in the HW/BW characteristic of hypertrophy, when compared to 

vehicle treated WT mice (Table 5.1). This trend continued in the VCD-treated group 

where HCM and Ang II hearts following VCD treatment displayed a significant 

increase in HW/BW over VCD-treated WT hearts. There was not a significant effect 

of VCD treatment on cardiac morphometrics as shown in Figure 5.1. 
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 BW 
(g) 

HW 
(mg) 

HW/BW 
(mg/g) 

HW/TL 
(mg/mm) 

Ovary-Intact 

WT 
(n=5) 23.9±1.5 95.1±4.8 3.99±0.08 5.10±0.24 

HCM 
(n=5) 21.7±0.8 94.6±5.3 4.57±0.20* 5.17±0.23 

Angiotensin 
(n=7) 22.9±0.4 118.5±2.4* 5.16±0.05* 6.44±0.11* 

VCD 
WT/VCD 

(n=5) 24.8±2.4 96.3±4.1 3.97±0.23 5.14±0.21 

HCM/VCD 
(n=5) 24.0±1.3 101.6±4.3 4.33±0.09† 5.28±0.18 

Angiotensin/VCD 
(n=7) 22.2±0.2 115.1±1.5† 5.52±0.20† 6.26±0.08† 

 

Table 5.1: Body and cardiac mass. Summary of morphometric data from untreated 
and VCD-treated mice from each hypertrophic group as indicated. HW/BW was 
determined by dividing cardiac mass (in mg) by body weight (in g). Likewise HW/TL 
was determined by dividing cardiac mass (in mg) by tibial length (in mm) (*P<0.05 
from values obtained for ovarian intact WT group; †P<0.05 from values obtained for 
VCD-treated WT). 
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Figure 5.1: VCD treatment does not influence morphometric values in female 
mice. (A) Bar graph representation of the relative change in heart weight (HW) of 
VCD treated mice compared to ovarian intact mice. (B) Bar graph representation of 
the relative change in heart weight to body weight ratio (HW/BW) of VCD treated 
mice compared to ovarian intact mice. n=4. Results were not statistically significant.  
 

5.2.2 VCD treatment decreases AMPK signaling in WT female mice 

We assessed the effect of ovarian failure induced by VCD on the AMPK 

signaling axis in the heart of WT female mice at 5mo of age. AMPK becomes 

activated following phosphorylation of T172 within its α-catalytic subunit [13]. To 

determine the activation status of AMPK, we performed a western blot analysis of 

whole-heart extracts looking at total and phosphorylated AMPKα as well as at its 

downstream target, ACC. Although VCD treatment did not alter expression levels of 

AMPK (Fig 5.2A, B), it lowered the pAMPKαT172 as well as total ACC levels in WT 

mice compared to the vehicle-treated group (Fig 5.2B, C). These lower 

phosphorylation levels of AMPKα, although uncoupled from pACC (Fig 5.2C) 

suggest a decrease in AMPK activity following VCD treatment. 
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Figure 5.2: VCD treatment decreases cardiac AMPK activation in WT female 
mice. (A) Western blot analysis of total heart lysates from WT and VCD female mice 
using anti-AMPKα, phospho-AMPKαT172, ACC and phospho-ACC antibodies. (B) 
Bar graph representation of total expression levels of AMPKα and ACC. (C) Bar 
graph representation of phosphorylation levels of AMPKα and ACC. n=4. Results 
were not statistically significant. 
 

5.2.3 VCD treatment decreases AMPK signaling in Ang II – treated female 

mice 

The next step of this study was to determine the effect of VCD treatment on 

cardiac AMPK signaling in mice administered with Angiotensin II (Ang II). Ang II 

induces heart hypertrophy by stimulating mitochondrial oxidative stress through 

activation of NAD(P)H oxidases, a predominant source of ROS [257, 258]. We chose 

the 6-month time point in our study because the dose of Ang II used induces an 

increase in blood pressure under this experimental setting. Moreover, it was around 6 

months of age when most of the mice injected with VCD had entered in menopause. 

Female mice received intraperitoneal VCD injections, and then some of them were 
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implanted with osmotic pumps delivering Angiotensin II for 10 days. At 6 months of 

age the cardiac tissue was harvested and western blot analysis was performed on 

whole-heart extracts looking at total and phosphorylated forms of AMPKα and ACC. 

The expression levels of AMPKα and ACC were not significantly altered in mice 

with osmotic pump implantations compared to WT controls (Fig. 5.3A, B). Phospho-

ACC levels were slightly increased in Ang II mice, uncoupled from changes in 

phospho-AMPKα (Fig 5.3C).  Ang II/VCD mice, which by the time of harvesting 

had reached menopause, showed a significant decrease in pAMPKα T172 and pACC 

levels when compared to vehicle-treated Ang II mice (Fig. 5.3B, C). 

 

 
 
Figure 5.3: Ang II treatment of VCD mice decreases cardiac AMPK activation. 
(A) Western blot analysis of total heart lysates from WT, Ang II and Ang II/VCD 
female mice using anti-AMPKα, phospho-AMPKαT172, ACC and phospho-ACC 
antibodies. (B) Bar graph representation of total expression levels of AMPKα and 
ACC. (C) Bar graph representation of phosphorylation levels of AMPKα and ACC 
(*P<0.05 from values obtained for WT mice; # P<0.05 from values obtained for WT 
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and Ang II mice. Immunoblot images were cropped from the same blot in order to 
conserve figure space and redundancy. n=4. 
 
 

5.2.4 VCD treatment increases AMPK signaling in HCM female mice 

We then wanted to see the effect of ovarian failure on the AMPK pathway in 

the context of HCM, caused by a R403Q missense mutation in the myosin heavy 

chain. Activation of the AMPK pathway measured by the levels of AMPKα and ACC 

phosphorylation was similar between WT and HCM mice (Fig 5.4A-C). In contrast to 

the effect seen in WT and Ang II mice, VCD-treated HCM mice displayed a 

significant increase in the phosphorylation levels of AMPKα compared to vehicle-

treated HCM mice (Fig 5.5A, C). This was accompanied by an increase in 

phosphorylation of the downstream target, ACC (Fig 5.5A, C), suggesting higher 

AMPK activation status in these mice. The expression levels of both of these proteins 

did not change with VCD treatment (Fig 5.5B). 
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Figure 5.4: Cardiac AMPK signaling is not altered in HCM female mice. (A) 
Western blot analysis of total heart lysates from WT and HCM female mice using 
anti-AMPKα, phospho-AMPKαT172, ACC and phospho-ACC antibodies. (B) Bar 
graph representation of total expression levels of AMPKα and ACC. (C) Bar graph 
representation of phosphorylation levels of AMPKα and ACC. Immunoblot images 
were cropped from the same blot in order to conserve figure space and redundancy. 
n=4. Results were not statistically significant.  
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Figure 5.5: VCD treatment increases cardiac AMPK activation in HCM female 
mice. (A) Western blot analysis of total heart lysates from HCM and HCM/VCD 
female mice using anti-AMPKα, phospho-AMPKαT172, ACC and phospho-ACC 
antibodies. (B) Bar graph representation of total expression levels of AMPKα and 
ACC. (C) Bar graph representation of phosphorylation levels of AMPKα and ACC 
(*P<0.05 from values obtained for WT mice). n=4. 
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5.2.5 E2 antagonizes hypertrophy in Neonatal Rat Cardiomyocytes (NRCM) 

After studying the effect of ovarian failure on cardiac AMPK signaling and 

morphometric parameters, we wanted to explore an opposite scenario, by determining 

the effect of estrogen (E2) as well as AMPK activation on agonist-induced myocyte 

hypertrophy. We pose that both, E2 stimulation and AMPK activation, prevent the 

development of cardiac hypertrophy. Primary cultures of NRCM are a simpler, useful 

model to study cardiac hypertrophy, because they bypass side effects, such as 

elevation in blood pressure, that contribute to the development of cardiac hypertrophy 

in animal models. We took the liberty of exploring yet another hypertrophic 

mechanism, by using Phenylephrine (PE), a α1-adrenergic receptor agonist that 

causes cardiac hypertrophy by elevating intracellular calcium levels [259]. PE is the 

most commonly used hypertrophy-inducing agent for treatment of NRCM. 

NRCM were treated with 10µM PE for 48 hours, and then stained with α-

actinin to determine the cell surface area. PE induced a typical hypertrophic 

phenotype characterized by significant increase in cell size of about 75% when 

compared to non-treated cells (Fig 5.6A, B). The presence of E2 attenuated the PE-

induced cell size increase substantially (Fig 5.6C, D). When NRCM were co-treated 

with PE and AICAR, a known AMPK activator (Fig 5.6E), the cell surface area did 

not change significantly and was similar to that of cells treated with E2 in presence of 

PE (Fig 5.6G). Similarly, cells grown in media without glucose did not experience 

any cell surface area change when treated with PE (Fig 5.6F). 
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Figure 5.6: Estradiol antagonizes hypertrophy in NRCM. Immunocytochemistry 
analysis was performed using the α-actinin antibody (green) and DAPI to stain nuclei 
(blue) on NRCM (A) that were treated for 48 hours with 10µM PE alone (B), 10µM 
PE and 10µM E2 (C), with 10µM E2 alone (D), with 10µM PE and 10µM AICAR (E) 
or treated with 10µM PE in media with no glucose (F). (G) Bar graph representation 
of relative surface area change (*P < 0.05 from control and E2 treated cells). The bar 
graph contains mean values from at least 3 experiments performed on different days. 
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5.2.6 Changes in the mTOR pathway are uncoupled from TSC2 

phosphorylation by AMPK 

Lastly, we wanted to look at the activation status of the mammalian target of 

rapamycin complex 1 (mTORC1) pathway in the hearts of female mice subjected to 

cardiac hypertrophy and ovarian failure. For that, we assessed the phosphorylation of 

the downstream mTOR target, p70S6 kinase (p70S6K). We also looked at the 

phosphorylation of TSC2 at Ser1387, the site targeted specifically by AMPK [36]. 

When phosphorylated, TSC2 inhibits mTORC1 signaling [260]. In WT mice VCD 

treatment did not affect the total and phosphorylated levels of p70S6K (Fig 5.7A), but 

it increased total and phosphorylated TSC2 by more than two fold when compared to 

vehicle injected WT mice (Fig 5.7B, C). This suggests that VCD itself, although 

affecting TSC2, does not have an effect on the mTOR pathway. 

 Ang II treatment significantly increased phosphorylated TSC2 levels in 

ovarian-intact and VCD mice (Fig 5.8A, C). It was only the Ang II/VCD mice 

however, that showed elevated levels of total and phosphorylated p70S6K when 

compared to WT and Ang II mice (Fig 5.8B, C). Although uncoupled from TSC2, 

this matches our findings for the AMPK pathway, which is downregulated in Ang 

II/VCD mice. VCD treatment of HCM mice did not have an effect on TSC2 or 

p70S6K expression and phosphorylation (Fig 5.9A-C). 
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Figure 5.7: Effect of VCD treatment on TSC2 and p70S6K phosphorylation in 
WT mice hearts. (A) Western blot analysis of total heart lysates from WT and VCD 
female mice using anti-TSC2, phospho-TSC2, p70S6K and phospho-p70S6K 
antibodies. (B) Bar graph representation of total expression levels of TSC2 and 
p70S6K. (C) Bar graph representation of phosphorylation levels of TSC2 and 
p70S6K. (*P<0.05 from values obtained for WT mice). Immunoblot images for p-
p70S6K and p70S6K were cropped from the same blot in order to conserve figure 
space and redundancy. n=4. 
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Figure 5.8: Effect of VCD treatment on TSC2 and p70S6K phosphorylation in 
Ang II mice hearts. (A) Western blot analysis of total heart lysates from WT, Ang II 
and Ang II/VCD female mice using anti-TSC2, phospho-TSC2, p70S6K and 
phospho-p70S6K antibodies. (B) Bar graph representation of total expression levels 
of TSC2 and p70S6K. (C) Bar graph representation of phosphorylation levels of 
TSC2 and p70S6K. (*P<0.05 from values obtained for WT mice; # P<0.05 from 
values obtained for Ang II mice). Immunoblot images were cropped from the same 
blot in order to conserve figure space and redundancy. n=4. 
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Figure 5.9: Effect of VCD treatment on TSC2 and p70S6K phosphorylation in 
HCM mice hearts. (A) Western blot analysis of total heart lysates from HCM and 
HCM/VCD female mice using anti-TSC2, phospho-TSC2, p70S6K and phospho-
p70S6K antibodies. (B) Bar graph representation of total expression levels of TSC2 
and p70S6K. (C) Bar graph representation of phosphorylation levels of TSC2 and 
p70S6K. Immunoblot images for p-p70S6K and p70S6K were cropped from the same 
blot in order to conserve figure space and redundancy. n=4. Results were not 
statistically significant. 
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5.3 Discussion 

Sex differences exist in the progression of heart disease, as premenopausal 

women have a better prognosis than men in response to hypertension, aortic stenosis, 

myocardial infarction (MI), hypertrophic cardiomyopathies and better survival in 

congestive heart failure (CHF) [261]. Transition to menopause increases the risk of 

developing cardiac pathologies in women, underlined by a noticeable increase in 

hypertension incidence [262]. It also puts them in a more compromised position than 

men, as post-menopausal women are at higher risk of progression from hypertrophy 

to advanced heart failure or death than men of the same age [193]. This phenomenon 

might be regulated by multiple genetic and environmental factors. However, the 

changes in hormonal levels, underlined by a sudden estrogen decrease in women 

going through menopause certainly play a crucial role in changing how the heart 

responds to external stress stimuli.  

Recently AMPK emerged as an important player in the development of 

cardiac hypertrophy. Since AMPK is a known E2 target, we hypothesized that loss of 

E2 during menopause would impact AMPK signaling in the heart and affect how it 

responds to hypertrophic stimuli. By looking at the regulation of the AMPK pathway 

in two different models of cardiac hypertrophy we can gain insight on AMPK driven 

energetics of healthy and diseased hearts of female mice in the absence of estrogen. 

We used the occupational chemical 4-vinylcyclohexene diepoxide (VCD) to 

induce ovarian failure because it mimics closely the physiological changes that 

women go through once they reach menopause. More specifically VCD targets and 

destroys primary and primordial follicles in rats and mice by accelerating the natural, 
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apoptotic process of atresia [191]. As seen in previous studies, 20 consecutive days of 

VCD injections lead to ovarian failure in female mice. 

VCD treatment did not significantly impact the heart to body weight ratios in 

WT female mice, but it did have an effect at the molecular level in terms of regulation 

of the AMPK signaling axis. In accordance with a previous study conducted in our 

lab [194], VCD treated WT mice showed reduced activation of AMPK compared to 

their vehicle-injected counterparts. This is an expected scenario, since ovarian failure 

is accompanied by a substantial decrease in circulating estrogen levels. Estrogen, 

which is primarily produced by the ovaries, is a known activator of the AMPK 

pathway [209].  

We then wanted to see how hypertrophied mouse hearts respond to chemically 

induced menopause. In this study we used two different models of cardiac 

hypertrophy, a chronic HCM model and an acute stress-induced hypertrophy model, 

induced by Ang II. In addition, the timing of VCD treatment in relation to the 

hypertrophic stimuli was different in the two models. 

In our model of acute hypertrophy, Ang II treatment did not significantly alter 

cardiac AMPK expression and activation levels in ovarian-intact mice when 

compared to WT mice. However, Ang II dosing of VCD-treated mice significantly 

decreased the phosphorylation levels of AMPKα and pACC. In other words, the lack 

of estrogen with concurrent acute disease onset altered AMPK activity in a similar 

fashion to WT VCD-treated mice. Of paramount importance to this story is the timing 

of events. In contrast to the HCM mice, Ang II mice were first given the VCD 

injections in order to reach ovarian failure, and only later received the acute 
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hypertrophic stimulus consisting of 10 consecutive days of Angiotensin II infusions. 

This is analogous to women in menopause developing severe hypertension. Ang II 

itself has no effect on AMPK activity, however in the context of estrogen removal, 

AMPK activity drops.  

Previous work shows that Ang II-infused mice, which develop hypertrophy 

and diastolic dysfunction, do not show a change in fatty acid β-oxidation [263]. In 

addition, mice over-expressing angiotensinogen only showed signs of decreased FAO 

at a later stage of heart failure [264]. It may be that we can surmise that the acute 

onset of hypertrophy via Ang II treatment does not alter the energetic landscape in a 

sufficient temporal manner to alter the activity of AMPK. Therefore with AngII/VCD 

treatment, the primary effect of lowered AMPK activity is due to the lack of estrogen 

as seen in the WT VCD-treated mice.  

AMPK signaling can be considered protective against Ang II-induced 

hypertrophy. A recent study suggested that there is crosstalk between AMPK and 

Ang II, where increased AMPK activation downregulates cardiac AT1R levels and 

prevents mitochondrial dysfunction through the SIRT1/eNOS/p53 pathway [85]. 

Reduced AMPK signaling in menopausal Ang II mice could eventually contribute to 

the worsening of hypertrophy. Although we did not see changes in HW/BW ratios 

after 10 days of Ang II treatment, if prolonged, it is likely that the menopausal mice 

would show worse signs of hypertrophy than cycling mice implanted with Ang II 

delivering pumps. 

The next step was to assess the VCD effect on a chronic progression of 

hypertrophy underlined by a genetic mutation, as opposed to external stress stimuli. 
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To study chronic heart hypertrophy, we used a mouse model harboring the R430Q 

missense mutation in the α-myosin heavy chain (αMHC) [195]. This model mimics 

well the development and progression of FHC in humans. There is evidence that the 

location of this mutation alters the interaction of myosin with actin, thus changing the 

efficiency of crossbridge cycling [265, 266]. Indeed, it has also been found that mice 

harboring this mutation have decreased phosphocreatine content and increased 

inorganic phosphate content [267]. Given that phosphocreatine is essential for the 

production of ATP, and Pi is a product of myosin detaching from actin, this study 

suggests that energy-regulating processes may be central to the progression of this 

disease model. Overall, these studies suggest an altered molecular energetic landscape 

for hearts harboring this mutation. 

Previous work on this model showed that the first signs of hypertrophy appear 

at 15 weeks of age, but the histologic changes such as significant myocyte 

hypertrophy, injury, and fibrosis become more pronounced at 30 weeks and seem to 

affect more males than females [268]. HCM 5-month female mice would therefore be 

expected to have modest signs of hypertrophy. 

Indeed, HCM mice showed a modest increase in the heart weight to body 

weight ratio characteristic of hypertrophy. The AMPK signaling axis did not show 

any significant alterations in the hypertrophied hearts compared to hearts of WT 

mice. This suggests that at this age the HCM mice have not yet reached a critical 

metabolic turning point where AMPK is highly active in order to compensate for the 

effects of the mutation. 
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VCD treatment of HCM mice leads to an increase in cardiac AMPK activation 

compared to vehicle-treated HCM mice. A transient decrease in AMPK activity in 

response to estrogen depletion may have happened initially, but was not detected in 

our experimental window. If happened, it would immediately be compensated. The 

hypertrophied heart of an R403Q mouse is in great need of constant ATP supply. An 

increase in the AMP/ATP ratio would immediately signal the heart to restore its 

AMPK activity. 

Although increased AMPK signaling protects the heart from developing 

hypertrophy, long-term AMPK activation in cardiac hypertrophy may contribute to 

pathogenesis. A study conducted in a model of LVH caused by chronic pressure 

overload showed altered AMPK expression in hypertrophied hearts accompanied by 

significant elevation of its activity levels. This AMPK activation was linked to 

changes in myocardial energetics in those hearts [79]. Previous work in rat hearts 

subject to pressure overload-induced LV hypertrophy resulted in elevated AMP and 

ADP levels and a subsequent increased activity of AMPK [80]. Another study argues 

that increased AMPK activation in the hypertrophied hearts may lead to alterations in 

glucose use[255]. These studies speak of AMPK activation as a key feature 

underlying hypertrophy. In our HCM model, an increase in AMPK activation in 

menopause mice, if maintained, might lead to development of worse signs of 

hypertrophy at a later age. 

To further validate our findings, we wanted to determine the effect of E2 on 

hypertrophy in NRCM. In accordance to previous findings [269], E2 treatment 

attenuated PE-induced increase of cell surface area characteristic of hypertrophy in 
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NRCM. Interestingly, activation of AMPK using AICAR had a very similar effect on 

the cell surface area of PE-treated NRCM. Since E2 activates AMPK [209], the 

attenuation of the hypertrophic phenotype by E2 might be at least partially achieved 

through modulation of the AMPK pathway. Further studies are needed to confirm this 

hypothesis. 

Lastly we wanted to determine if the changes detected in AMPK signaling 

translate into modulation of the mTORC1 pathway in female mice hearts. To assess 

mTORC1 activation we measured total and phosphorylated levels of its downstream 

target, p70S6K. In WT and HCM mice VCD treatment did not have an effect on 

p70S6K. Interestingly, Ang II/VCD mice showed a significant increase in p70S6K 

expression and activation when compared to Ang II and WT mice. Although 

congruent with a decrease in AMPK signaling in Ang II/VCD hearts (decreased 

AMPK signaling leads to increased mTORC1 signaling), we fall short in establishing 

a direct link between those two observations. 

We also assessed the phosphorylation of TSC2 at ser1387, a site specifically 

targeted by AMPK [36]. Surprisingly, the phosphorylation pattern of TSC2 in the 

murine hearts did not match the activation status of AMPK. In VCD-treated WT and 

Ang II mice, for example, pTSC2 was elevated. In this same heart samples pAMPK 

was downregulated. There are several possible explanations for this observation. First 

of all AMPK can phosphorylate several different residues on TSC2. Besides ser1387, 

thr1227 is another major phosphorylation site targeted by AMPK [36]. Second, 

presumably AMPK is not the only kinase that can phosphorylate ser1387 on TSC2. A 

resent study showed that Nicotinamide phosphoribosyltransferase (Nampt), 
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implicated in the development of cardiac hypertrophy, also phosphorylates this 

residue[270, 271]. Lastly, TSC2 is not the only link between AMPK and mTOR 

pathways. AMPK has been shown to phosphorylate Raptor at ser722 and ser792, 

leading to inhibition of mTORC1 [37]. Further studies are needed assessing Raptor 

and TSC2 phosphorylation at thr1227, to be able to predict the extent in which AMPK 

signaling translates in mTORC1 modulation in female mice hearts. 

Back to the main findings of this study, the regulation of AMPK signaling is 

complex and cannot be generalized based on a single physiological model. The 

specific effect of ovarian failure on cardiac AMPK signaling depends on other 

physiological determinants, such as hypertrophy. Moreover, the removal of estrogen 

in Ang II-treated mice must be treated as a separate and distinct acute event and 

cannot be directly compared to how HCM mice handle the removal of estrogen. 

Although VCD treatment alone did not increase HW/BW ratio in hypertrophic mice, 

we believe that at a later time point the modulation of the AMPK pathway, result of 

estrogen depletion, would translate in worsening of the hypertrophic phenotype. 
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5.4 Future directions 

To follow-up with the in vivo findings, it would be of paramount importance 

to assess the effect of ovarian failure on AMPK signaling, heart weight and body 

weight in a later stage of hypertrophy. For that we would harvest the hearts of HCM 

female mice around 12 months of age. For the Ang II – induced model of cardiac 

hypertrophy we would increase the Ang II osmotic pump administration period to 4 

weeks. Our study would also be complemented by looking at the expression levels of 

hypertrophic markers, such as ANP, BNP and βMHC. 
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CHAPTER VI 

 

DISCUSSION 
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6.1 Biological sex and rationale behind the system selection 

Our study deals with describing the molecular mechanism of action of a sex 

hormone. Therefore it is particularly important to take into account the biological sex 

of the cell systems used to acquire the data. Female and male cells display the same 

general characteristics, ranging from metabolic processes to their intracellular 

structure. This makes it easy sometimes to ignore the gender of the organism from 

which they are derived. Nevertheless, all the cell lines possess a complement of sex 

chromosomes, which influence several intracellular processes and cell physiology 

[272]. At the whole organism level this translates in differences in adiposity, feeding 

behavior and glucose homeostasis, just to mention some, and is independent of the 

hormonal effect [273]. 

Moreover, the intracellular levels of hormone receptors vary between cells 

derived from males and females. Since we studied a female sex hormone, for the 

establishment of the AMPK activation mechanism by E2 we exclusively used cell 

lines with female biological sex. T47D are epithelial cells derived from a metastatic 

site of a mammary gland tumor from a female patient. They are highly estrogen 

responsive, because they express the classical estrogen receptors. MDA-MB-231 cells 

are also epithelial metastatic cells derived from a female mammary gland. In contrast 

to T47D cells, they don’t express ERα and have reduced levels of ERβ, which makes 

them a good negative control in our studies. Another advantage in using a cancer cell 

line in establishing our mechanism is that AMPK signaling has been vastly studied in 

these cells. 
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To prove redundancy of our mechanism we used C2C12 myotubes and 

NRCM. The biological sex of C2C12 cells is hard to predict, since they were 

established as myoblasts isolated from a mixed culture of primary rat skeletal muscle 

cells [274]. C2C12 express both ERα and ERβ in different cell compartments, 

including the cytosol [275]. We did not compare their relative ER content to T47D or 

MDA-MB-231 cancer cell lines. The main reason for using C2C12 cells was because 

they can be differentiated to myotubes and more closely resemble a muscular 

environment.  

Female and male NRCM contain functional estrogen receptors [276]. The 

biological sex of NRCM can be controlled, by performing a physical exam or 

genotyping the rat pups used for the cell preparation. Unfortunately, we did not 

determine the sex of the pups in our study. NRCM were not our primary choice to 

study the mechanism behind AMPK activation, as they are not an established cell 

line, and experimental variability can arise from day to day preparations.  

Down the line it is very important to fully translate the proposed mechanism 

to cardiac cells, and the use of NRCM or adult cardiomyocytes to validate our 

findings is imminent. There are several advantages of using NRCM over adult rat 

cardiomyocytes. These include easier and less costly isolation procedures, greater cell 

yield and a better adaptation to calcium-containing medium after dissociation [277]. 

Neonatal cardiomyocytes are also more easily transfected than their adult 

counterparts. 
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6.2 Molecular triggers of AMPK phosphorylation upon E2 interaction with ERα 

Our model falls short to explain the specific mechanism by which E2 

interaction with ERα induces phosphorylation of AMPKα by LKB1. We did not 

detect any changes in association between the ERs and AMPKα or LKB1 upon E2 

stimulation, suggesting that there is a missing piece of information that would 

complement our model. The molecular mechanisms behind estrogen non-genomic 

signaling remain largely unknown, making it hard to extrapolate previous findings to 

our model. Proposed contribution of accessory proteins, such as NMAR, to non-

genomic activation of kinases by ER has been retracted [278]. That being said, there 

are only a few options left to explain this phenomenon: a dynamic association with a 

molecular chaperone and/or posttranslational modifications of ER or LKB1. 

Dynamic association of the ER with other accessory proteins such as heat 

shock proteins could regulate E2-dependent activation of AMPK. Heat shock protein 

90 (HSP90) controls ER ligand binding. This molecular chaperone associates with 

un-ligated forms of ER. Hormone binding to ER disassociates HSP90 from the 

receptor and promotes its dimerization [279]. This chaperone has been mainly 

thought to control E2 genomic activity. Interestingly, HSP90 could also play a role in 

estrogen non-genomic signaling. When non-genomic activation of PI3K was 

discovered, it was shown that HSP90 inhibits the interaction of ERα with p85α, the 

regulatory subunit of PI3K [246].  

We conducted preliminary co-immunoprecipitation experiments testing for 

HSP90 interaction with ERα and ERβ in the presence or absence of E2. Although we 

detected HSP90 in whole cell lysates, our ERα/ERβ-coated column eluates did not 
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show any trace of HSP90 (data not shown). More experiments using the appropriate 

controls are needed to discard the contribution of HSP90 to E2-induced AMPK 

activation. If not HSP90, there could be other molecular chaperones, such as HSP56 

and HSP70, or even a different type of accessory protein, mediating this non-genomic 

pathway. The idea is that this molecular inhibitor, when bound to ER, prevents it 

from forming functional interactions with other proteins. E2 stimulation relieves this 

inhibition by releasing the inhibitory molecule from the estrogen receptor. This 

triggers conformational changes of the molecular complex, permitting translation of 

the signal to AMPKα phosphorylation (Fig 6.1A). 

Another explanation for this “black box” in our model lies in posttranslational 

modifications. It is possible that ERα, LKB1, or both undergo molecular changes, 

such as phosphorylation, upon E2 binding that translate into AMPKα 

phosphorylation. It is now widely accepted that phosphorylation of ERα mediates its 

activity [156]. LKB1 can also be phosphorylated enhancing its catalytic activity. 

PKC-ζ phosphorylates LKB1 at ser428 enhancing its association with AMPK and 

therefore AMPKα phosphorylation [280]. Other phosphorylation sites on LKB1 

surely exist; this is supported by the resent discovery of ser307, which is also 

phosphorylated by PKC-ζ  [281]. In our experimental design, we did not test for 

association between LKB1 and AMPK; we just assumed they interact based on the 

fact that they both associate with the estrogen receptors. It is possible that E2 signals 

for LKB1 phosphorylation by another upstream kinase. This enhances LKB1 

association with AMPK promoting phosphorylation of its α-catalytic subunit (Fig 
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6.1B). The proposed mechanisms could work alone, or in combination, to help 

translate E2 binding to the ER into AMPKα phosphorylation. 

 

 

 

Figure 6.1: Proposed mechanistic alternatives for stimulation of AMPKα 
phosphorylation by LKB1. (A) ER exists in a complex with AMPKα, LKB1 and an 
unknown accessory protein. Once E2 binds to the ER, it promotes the disassociation 
of the receptor from the accessory protein. This triggers a conformational change of 
the complex promoting AMPKα phosphorylation by LKB1. (B) An inactive form on 
AMPKα and LKB1 are bound to the ER. When E2 binds to the ER, it signals for an 
upstream kinase to phosphorylate LKB1. Once phosphorylated, LKB1 forms a 
stronger association with AMPK, and phosphorylates its α-catalytic subunit, 
activating it. 
 
 
6.3 Sex differences in the regulation of cardiac AMPK by E2 

Sex differences in AMPK regulation exist [282, 283]. Sex hormone signaling 

could at least partially account for that. To bring our findings into a boarder picture, it 

would be important to explore if the proposed mechanism of estrogenic regulation of 

AMPK works in both sexes, and what are the implications.  We don’t have 
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experimental data to support our model in males, but in the next couple of paragraphs 

we will explore this possibility. 

In Chapter III we suggested that regulation of AMPK activity by E2 could be 

fine-tuned by altering the relative expression levels of ERα and ERβ in the cell. 

Therefore, AMPK activation would be limited by two factors: availability of E2 and 

ER expression. First, the overall impact of E2 signaling on AMPK activation in males 

is expected to be very scarce, since males have much lower circulating E2 levels 

compared to females [284]. Second, the relative cardiac ER expression would dictate 

the nature of E2 effect on AMPK. ER expression varies between the sexes, and the 

magnitude of this variation is tissue specific. While cardiac ERβ expression is similar 

in males and females, ERα66 expression in males averages only 1% of female values 

in the heart. ERα46 and ERα36 show similar expression levels in female and male 

hearts [285]*. 

One of the limitations of our model is that it does not describe the specific 

roles of the different ERα splice variants in AMPK activation. Moreover, the lack of 

information on their physiological effects makes it hard to predict their influence on 

AMPK activation. We hypothesize that decreased ERα66 expression in male hearts, 

added to low E2 circulating levels would result in a minimal impact on cardiac 

AMPK activation. Moreover, the robust ERβ expression might in turn mediate an 

opposite effect on AMPK signaling, decreasing it in response to E2. To further 

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
*	  ERα36 and ERα46 are splice variants of full length ERα66. Both ERα36 and ERα46 
are truncated in the N-terminus. ERα46 lacks the first transcriptional activation 
domain (AF1), while ERα36 lacks both (AF1 and AF2). Both splice variants were 
initially identified in cancer cell lines and their contribution to estrogen signaling in 
normal tissues has not been studied. 
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translate these speculations to sex differences in AMPK regulation, we would need to 

consider the effect of other sex hormones, such as testosterone. 

The next question is how the transition through menopause impacts cardiac 

estrogen signaling. Circulating E2 levels in postmenopausal women are very similar 

to those in men of the same age [190]. We would assume that the expression of 

estrogen receptors would increase after menopause to compensate for the decrease in 

E2 circulating levels. This is indeed the case of several tissues. A study in rats 

showed that after menopause ERα expression increases in the uterus, kidney and 

cerebral cortex. Interestingly, ERα levels in the heart do not experience any 

significant change [286]. To our knowledge, postmenopausal cardiac ERβ levels have 

not been quantified.  

The lack of compensatory mechanisms, such as up regulation of ER 

expression, may account for a misbalance in cardiac estrogen signaling. In fact, in 

Chapter V we show that loss of estrogen, consequence of ovarian failure, translates 

in a decrease of cardiac AMPK signaling. This is only one example of the molecular 

pathways affected by impaired estrogen signaling. The sum of all the affected cellular 

mechanisms can translate in an increased risk of cardiovascular disease. In fact, the 

development of hypertension, an important determinant of cardiovascular risk in 

women, is associated with loss of endogenous E2 levels [262].  
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6.4 Modulation of the AMPK axis by estrogen and its implications in heart 

disease 

Cardiovascular disease (CVD) is underlined by a changing metabolic and 

energetic landscape in cardiac cells. The dynamics of cardiac contraction and 

relaxation during CVD are dictated by the kinetics and energetics of the cross-bridge 

cycle [287]. AMPK impacts myofilament function and cross-bridge dynamics [288]. 

Several studies have shown that AMPK targets ser150 of Troponin I (p-cTnIser150) and 

subsequently increases myofilament sensitivity to Ca2+ [288-291]. In addition, LKB1 

treatment of cardiac fibers increases the phosphorylation of Myosin Binding Protein 

C (MBPC) [288]. Preliminary data from our lab suggests that components of the 

AMPK signaling network interact with myofilament proteins, presumably localizing 

to the z-disk. Furthermore, this association is impacted by energetic stress, such as 

AICAR treatment, and the R403Q phenotype. Our preliminary results also suggest 

that the classical estrogen receptors are similarly present at these microdomains 

(unpublished data). 

In addition, a recent study showed that myocardial ERα distribution is altered 

in heart tissue of male and female patients with dilated cardiomyopathy (DCM). 

While in healthy hearts ERα co-localizes with β-catenin to the intercalated discs, in 

cardiac tissue from DCM patients that interaction and expression pattern is lost [292]. 

This is also accompanied by an increase in cardiac ERα expression levels in both 

sexes, which may represent a compensatory mechanism to this structural 

reorganization. 
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Based on these findings we propose a regulatory model, where AMPK 

represents a nodal point for estrogen-dependent modulation of CVD. Briefly, AMPK 

and LKB1 can be found in so-called myofilament “microdomains”. They sense the 

local AMP concentration and adjust contractility by targeting microfilament proteins. 

Estrogen receptors, which also localize to at least some of these microdomains, 

contribute to AMPK regulation by fine-tuning its activity in response to E2 in 

females. In males and postmenopausal females this regulatory mechanism is 

impaired. During cardiac remodeling, characteristic of heart failure, these 

microdomains are re-organized, and ERα is left out of the equation. This, among 

other factors, severely impacts myocardial contraction. 
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