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Chapter I

General Introduction

Estrogens and estrogen receptors in the murine heart

Introduction:
Kstrogcns arc steroid hormones known to influence growth, differentiation, and function of target
tissues from birth to adulthood. Target tissues include the female and male reproductive systems
such as mammary glands, uterus, vagina, ovaries, testes, epididymis and prostate.' Estrogens also
play an important role in bone homeostasis, the central nervous system as well as in the
cardiovascular system.' ' In contrast to the well known functions of 17|i-estradiol (E2) (Figure 1.1)
in some organs, the possible role of E2 in the cardiovascular system is less understood. Based on
cpidcmiological data, it has been hypothesized that E2 inhibits development of cardiovascular
disease in females. Recently however large clinical trials using hormone replacement therapy
including ^-supplementation were stopped because the negative effects override the beneficial
effects of K2 administration in post-mcnopausal women.''

1.1 Structure of 17P-estradiol (E2).

In prcmcopausal females, synthesis of the main physiological estrogen (E2) occurs in the ovaries
although there is also 1-2 synthesis in the peripheral tissues, such as skin and adipose tissue, skeletal
muscles, hair follicles and bone tissue.' These peripheral tissues arc the main source of E2 in post-
mcnopausul women In males, estrogens arc formed in the testes and in peripheral tissue by the
aromatasc enzyme, but to a much lower extent compared with pre-menopausal females.'

Estrogen synthesis
The precursor to H2 synthesis is cholesterol, which is derived from animal fat in the diet or from
local synthesis. First cholesterol is converted to pregncnolone in the mitochondria by the cholesterol
side-chain cleavage enzyme (C'YPI IA1). All subsequent reactions are microsomal. Pregnenolone is
converted to cither progesterone by 3p-hydroxystcroid dehydrogenasc (3(J-HSD) or to 17otOH-
pregnenolonc by I7a-hydroxylasc (CYP17). 17aOH-prcgncnolone can be metabolized to 17ctOH-
progesteronc by JP-HSD. The 17,20-lyase (CYPI7) cleaves the C2O.21-side chain and converts
l7ttOH-progesterone to androstcnedione and 17aOU-prcgnenolone to dehydrocpiandrosterone
(DHKA) respectively. Androstcnedione can be aromatized to cstrone by aromatase (CYP19). In
addition androstcnedione can be converted by 3P-HSD to testosterone, which is aromatized to E2
by IYP1*) or converted to dihydrotcstostcrone by 5a-rcductasc (Figure 1.2).™
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1 I
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Figure 1.2. Biosynthesis pathway of steroids Numbers refer to enzymes: (1) p450 side Chain Qeavage en
enzyme. (2) 3p-hydroxysteroid dehydrogenase, (3) aromalase, (4) 17u-hydroxylase. (5) 17, 20-Jyau, (6)
17p"-hydroxysteroid dehydrogenase. (7) 5n-reductase Adapted from (Gorelangton and Armstrong'; Ojeda.")

Levels of free F2 in scrum are generally low. since the majority (70%) is bound to either albumin or
to sex hormone-binding globulin(SHBG). Metabolism of B2 via oxidation or conversion to
glucuronidc and sulphate conjugates occur predominantly in the liver. Metabolites are excreted to
the bile, reabsorbed into the bloodstream and finally excreted via the urine.'

Estrogen signaling
Estrogens diffuse in and out of cells but are retained with high affinity and specificity in target cells
by intraccllular binding proteins, termed the estrogen receptors (F.Rs). F.2 and other steroid
hormones mediate their effects through ligand-activatcd transcription factors, the nuclear hormone
receptors. Common for these receptors is that they regulate transcription upon ligand binding
through interaction with specific DNA sequences and by interacting with other transcription
factors.'""" Once bound by estrogens, the ER undergoes conformational changes allowing the
receptor to interact with chromatin and to modulate transcription of target genes/' ' "
Estrogens have a variety of target tissues both in male and female vertebrates. The effects on these
targets can be very different and a single compound can be an agonist in one tissue while being an
antagonist in another. Tissue-specificity is thought to mainly result from three processes. (I)
Ligands can undergo different metabolism in different tissues, (2) expression of relative amounts of
estrogen receptor alpha (ERct) and estrogen receptor beta (FRp) or their co-factors may vary, (3)
target gene promoters could vary in accessibility amongst tissues or life stages.'* ER[J has a
different tissue distribution than the ERa." Differential binding and activation of l-Rr/ and HR{J by
estrogenic compounds'^" may explain some of the observed tissue specific effects. Recently, cell
type- and promoter-specific differences in co-factor recruitment were shown to be involved in cell-
specific response to selective estrogen receptor modulators (SERMs) /« v//r«.*' Finally additional
tissue specificity of E2 signaling can be accomplished via non-classical pathways e.g. through AP-1
responsive elements."
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Cardiac hypertrophy
The mammalian heart adapts to increased hemodynamic load such as in case of hypertension,
valvular heart disease, and loss of cardiomyocytes, by developing compensatory hypertrophy of the
remaining myocardial cells.""' The molecular response to hypertrophic stimuli of ventricular
myocytes is characterized by dedifferentiation.*'* This dedifferentiation involves re-expression of
genes that were transiently expressed during embryonic development. This molecular change could
indicate an attempt of cardiomyocytes to return to a stage, in which DNA duplication and mitosis
were possible. Major mediators of hypertrophic response are the Endothclin receptor A and o-
adrenergic receptor and intracellular signaling pathways, which ultimately give rise to selective
activation of transcription factors and finally expression of fetal genes like atrial natriuretic factor
(ANF). Thus the re-expression of fetal genes is the final outcome of a cascade of molecular
events."-"-*
Different receptor-signaling pathways in ventricular cardiomyocytes have been described for
sensing hypertrophic stimuli." For instance, treatment of cultured neonatal rat ventricular myocytes
(NRVMs) with phcnylcphrin (PK) or endothelin-l (F.T-1) results in expression of immediate early
genes, the induction of contractile protein synthesis*' and the reactivation of a fetal gene program.* "
•* Kndothclin receptor A is the predominant F.T-I receptor isoform found in cardiomyocyte
membranes'*. a-Adrenergic receptors have been shown to interact with G-proteins. Mostly,
signaling of both growth factors involves activation of the Ras/Raf pathway, but several other
routes of intracellular signaling can be used.'*' In general the signal transduction pathways between
the receptor for a hypertrophic stimulus and transcriptional regulation are diverse and highly
complex through cross-talk between the pathways involved.""
Although there are many similarities in the hypertrophic response induced by different fictors,
reports indicate that different fetal gene expression programs exist and the morphologic picture of
hypertrophy can vary. For instance, McDonough ct al.'* showed that during prolonged stimulation
with I'M, the expression of ANF was maintained for more than 72 hours at a constant level, whereas
ET-1 gave only a transient rise in ANF levels. Nevertheless treatment with each of these factors
results in morphologic signs of cardiomyocyte hypertrophy. Fuller et al" blocked the re-expression
of total genes induced by hypertrophic stimuli, by over-expressing mitogen-activated protein kinase
phosphutiise I (MKI'I). which is an inactivator of mitogen activated protein kinase and a key
protein in the RAS/RAI signaling pathway." However, this did not result in a significant reduction
of morphologic hypertrophy. Thus, although re-expression of fetal genes is a hallmark of
hypertrophy, it is not mandatory for hypertrophy.

Myocardial infarction
Myocardiul infarction (Ml) is the leading cause of congestive heart failure and death in developed
countries.'"•'"' Ml induces scar formation and changes in surviving myocardium, called post-MI
ventricular remodeling. Cardiac remodeling is defined by the structural and functional alteration in
the heart after an MI event. Ml induces architectural remodeling including ventricular dilatation,
myocardial hypertrophy, deposition of collagen and apoptosis in the infarcted area.'"' The early
hypertrophy of the viable portion of left ventricular (L.V) tissue after ischemic damage is considered
an adaptive response to compensate for the acute loss of functional myocardium to preserve cardiac
performance.'" High rates of cardiomyocyte apoptosis arc continuously present in the border zones
of the infarct-area and the un-infarcted area over a time period of 12 weeks following Ml.** Similar
findings have been reported in human studies where the presence of high rates of apoptosis have
been observed in hearts of patients dying within 12 to 62 days following acute Mf"
The composition of myocardial tissue will change following injury, the LV contractile function and
relaxation pattern adapt. Whether cardiac remodeling is adaptive or maladaptive has been
investigated extensively in the animal'''*' and man. using imaging techniques such as
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echocardiography*\ computer tomography**, radionuclide \ entriculography*' and more recently
magnetic resonance imaging.*'*' Current therapy of Ml in man can improve left ventricular
geometry/" Epidemtologic and animal studies have suggested that remodeling of the 1 V differs
between women and men after Ml.'" In ovarectomized mice H2 replacement therapy reduces infaret
size and cardiomyocyte apoptosis. Paradoxically. E2 increased post-Mi ventricular remodeling and
mortality/' The mechanism of action E2 in post MI remodeling is still unclear.

Aim and Methods
Cardiac hypertrophy and Ml are independent risk factors for cardiovascular morbidity and mortality
in men and women. Epidemiological studies indicate that 1-2 replacement therapy is
cardioprotective; the mechanisms involved in this process, however, are poorly understood We,
therefore, studied the effect of K2 on the development of pressure-overload hypertrophy and Ml.
The first part of the study focused on the in Wfro studies to find the important pathways of E2. To
further dissect the protective pathways and the role of the F.Rs in the process we used in vivo studies
in murine models. Finally mRNA microarray technology was used to identify the genes involved in
the left ventricular remodeling during left ventricular hypertrophy (LVH) in order to unravel the
molecular mechanisms underling F.2 protective effects.
Until recently F2 replacement therapy was considered to block atherosclerosis. However, recently
the large scale E2 supplementation studies have been stopped because of undesired effects on
stroke, breast cancer, tfeath and other possible side effects . Also animal studies have provided
variable data. The existence of more ERs may be (in part) responsible for the confusing data.
Therefore, we decided to investigate the effects of F.2 via ERn and LR(} respectively on cardiac
performance and remodeling. To this end we used two mouse models (FRa ' and FRP 7") in
experimental set-up of MI and pressure overload through thoracic aorta constriction (TAC),
Changes in the I.V wall were analyzed at the morphological and molecular levels by techniques
ranging from microscopy to microarrays. Assessment of LV function was performed as previously
described/"*"

Conclusions
Chapter 1 and 2 give the background about hypertrophy, where all recent definition and description
of myocardial, and LVH were given. A clear account was give about the estrogen and its action on
the heart. Description of the pathways of estrogen and its receptor were discussed in an explanatory
manner. This chapter also include information about some known cardiac diseases. In chapter 3 we
assessed the antagonistic potential of F.2 on ventricular cardiomyocyte hypertrophy. In vivo
experiment were used to dessect the role of ERs in TAC ( chapter 4) and Ml (chapter 5). In chapter
6 we used DNA microarrays t) identify the E2 target genes. In the last chapter (Chapter 7) the
effects of E2 on ventricular hypertrophy. The pathways of the effects, the relation between I{2 and
ANF, the role of ERs in the remodeling left ventricle in LVH and Ml and F2 target genes
expression were discussed. Our hypothesis was that the different ERs had different effects on the
myocardium. Dissection of the role of the two receptors may allow us to identify which of the two
receptor is required for E2 protection. In this manner it will be easier to concentrate on that receptor
and its downstream effectors. Using selective estrogen receptor modulators (SERMS) will enable
selecting a suitable agonist which could replace E2 in the treatment of LVH. Some downstream
elements could also be used for treatment.
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Chapter 2

Abstract
Cardiovascular diseases are the leading cause of death in the industrialised countries and display
significant gender based differences. Estrogen plays an important role in the pathogenesis of heart
disease and is able to modulate the progression of cardiovascular disease. The focus on the
beneficial influence of estrogen is gradually shifting from the vascular system to the myocardium.
The presence of functional estrogen receptors in the myocardium has been demonstrated. Estrogen
is important for cardiovascular baseline physiology and modulates the myocardial response under
pathologic conditions. Here we summarise the current knowledge of the regulatory network of
estrogenic action in the myocardium and its effects on cardiovascular function.

Introduction
There arc significant gender-based differences in the incidence of a wide variety of cardiovascular
diseases' *, like left ventricular hypertrophy (LVH) or coronary artery disease (CAD) and
subsequent cardiac remodeling after myocardial infarction (Ml).'"* Premenopausal women have a
lower prcvclancc of I.VH than their age-matched male counterparts.' For many years this was
attributed largely to differences between men and women in body size and risk factor profiles.
Careful analysis of the Framingham Heart Study data, however, has shown that left ventricular mass
is significantly greater in men than in women even after indexing for body surface area. . The
results of several recent studies demonstrating clinically relevant gendcr-bascd differences in the
pathophysiology of hypertensive heart disease have raised new questions regarding the mechanisms
responsible for the observed differences. The Coronary Artery Risk Development In young Adults
(CARDIA) study demonstrated that the higher prevalence of LVH in men remains even after
correction for a large number of risk factors and further demonstrated that these differences in left
ventricular mass (or wall thickness) begin early in life. These studies suggest that gender-related
intrinsic factors may modulate the response to pathophysiological factors that lead to LVH.''
In retrospective studies, cardiovascular mortality in postmcnopausal women receiving estrogen
/cpfaorrrKrrt fAenrpy (fe"R'O, with estrogen afone or in combination with progesterone, appears to be
lower than in untreated women.' From this perspective, it appears that the hormone I7(i-estradiol
(E2) might play an important role in the prevention of heart disease by lowering low-density
lipoprolein cholesterol (1.1)1), increasing plasma levels of high density lipoprotein cholesterol
(HDL), promoting coronary vasodilatation, improving glucose metabolism and decreasing serum
insulin levels. However, the effects of ERT on the risk factor profile only account for about 50 % of
the reduction in cardiovascular disease, indicating that there must exist additional mechanisms
whereby estrogen exerts its cardioprotcctive action.
The therapeutic application of estrogen in heart disease is hampered by the fact that its fundamental
myocardial actions are still poorly understood.'"'''''' Estrogens increase vasodilation and inhibit the
response of blood vessels to injury/ Estrogen induced vasodilatation occurs 5-20 minutes after
administration and is not dependent on changes in gene expression: this action of estrogen is
referred to as "nongcnomie". The estrogen-induced inhibition of the response to vascular injury and
the preventive effect of estrogen against atherosclerosis occur over a period of hours or days after
initiation of estrogen treatment and are dependent on tissue specific transcriptional regulation.
These actions are referred to as "genomic". The pleiotropic. cellular actions of estrogen mainly
result from binding of the hormone to intra-cellular estrogen receptors (ERs)." Despite recent
advances in our understanding of the vascular effects of estrogen, the mechanisms through which
estrogen modulates cardiac (patho)physiology'" arc still poorly understood. The scope of the
present review, therefore, is to summarize the recent insights on the nongenomic and genomic
action of estrogen in the heart.

22



Cardiac Estrogen Effects

Molecular mechanisms of estrogens

Estrogen Receptors
The main pathway of estrogen- mediated gene transcription is through the binding of estrogen (the
ligand) to the ERs.'°"'"* Two ER isoforms have been identified to date: ERu and ERJ}.'-'* ERo
contains 595 ami no acids, while ER{$ is shorter than ERa, containing 530 amino acids.'' Both KRa
as well as ER0 belong to the nuclear receptor (NR) gene family of transcription factors At the
molecular level, NR structure can be subdivided into six distinct functional regions, which have
been designated region A through F.'* NRs have a N-tcrminal domain of variable length, termed the
A/B domain (Figure 2.1 A) and this region displays the lowest homology among NR family
members. The A/B region contains a ligand independent transactivation domain (Al -1). whereas a
hormone-inducible transcription activating function (AF-2) is present within the hoimnne binding
domain (HBD) of the E region" Both AF-1 and AF-2 are required for maximal IK ii.in».iip(ioiml
activity.
Adjacent to the A/B domain is the DNA binding domain (DBD) or C domain, the most conserved
region among NRs. This region contains two zinc finger motifs, in which the I'-box confers DNA-
binding specificity to the different NRs and is critical for target gene recognition (Figure 2.1 Hi The
C domain is linked to the hinge domain or D domain. The E domain is less well characterized and
displays 53% homology among NR family members. Finally, the E/F domain is involved in heat
shock protein (HSP) interaction, binding with NR (antagonist, dimeri/ation properties, cofactor
binding, nuclear localization and transactivation function.' Furthermore, ER[i lacks a large portion
of the F domain."" It is known that this region is important for the (ant)agonistic effects of certain
anti-estrogens."' The gene for ERtt has at least three known polymorphisms. Pvull, Xh.il and I I
variant polymorphisms." "̂  In addition, the gene for human ERu contains a polymoiphism in the
regulatory region of the gene. The importance of ER polymorphisms is unknown in the heart. The
ERs were identified in atrial and ventricular myocytes and in cardiac fibroblasts and are operational
in both the male and female myocardium. Both the a and (1 isofonn arc present in the human head"'
as well as in rodents.'

Transcriptional aspects
ERa and ER(i are capable of forming homodimcrs and heterodimers to stimulate downstream target
genes.*' The two ER subtypes also have distinct physiologic roles, as suggested by their structural
differences in the HBD. ERa homodimers and ERa/ERP heterodimers arc preferentially formed
over ERP homodimers.*' ERs interact in a protein DNA manner with cognate DNA sequences
called hormone responsive cis elements.*'' Upon estrogen binding the ligand-rcceptor complex
recognizes the consensus sequence AGGTCA as a homo- or hcterodimcr and activates
transcription*^ (Figure 2.1C). Estrogen receptors may also suppress the transcription of selected
target genes by interacting with corcprcssors.'"

Little is known about the role of accessory proteins, but they may be required for optimal
interaction of ER with estrogen response elements (ERE).** Heat shock proteins of 72 KDa and 90
KDa (HSP70. HSP90) are thought to be involved in functional modulation of ER" for instance
HSP70 is able to bind 17|J-cstradior"\ and HSP70 expression is stimulated by estrogens." Removal
of HSP70 results in decreased hormone-ER/ERE association, which is restored by addition of
purified HSP70 to the complex, suggesting that HSP70 may act as a transcriptional co-activator.
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Figure 2.1. Schematic representation of the human estrogen receptor (ER) a and p. (A) Indicated are the
different functional regions (A/B, C, D, E and F) on top and ERa and ERP depicted as diagrams. ERP is
distinct from the a receptor in that it has a shorter A and F region. The number of amino acid residues is
indicated above the diagrams, which amount to 66 kDa and 46 kDa for the a and p ERs, respectively,
although different splice isoforms have been reported for both ERa and p which can give rise to smaller
protein products. (B) ERa zinc finger organization. Circled residues indicate the P-box motif for ERa. (C) P-
boxes of the different members of the nuclear receptor (NR) family and the corresponding DNA sequence
recognition sites. (GR) Glucocorticoid receptor, (MR) mineralocorticoid receptor, (PR) retinoic acid receptor,
(PXR) retinoid x receptor, (thR) thyroid hormone receptor, (VDR) vitamin D receptor, (PPAR) peroxisome
proliferator-activated receptor, (SF-1 and FTZ-F1) orphan receptors.

Recent studies suggest that some genomic actions of estrogen can not be attributed to either ERa or
ERp. For example, estrogen continues to protect against vascular injury in ERa and ERJ3 double
knockout mice, suggesting the presence of a third receptor.'" Orphan receptors or estrogen receptor
related receptors (ERR) are attractive candidates to fulfil this role. ERRs are members of the NR
superfamily too, but their specific ligands remain to be uncovered or not required for activation.
Indeed, ERR2 and ERR3 are able to bind specifically EREs and activate reporter genes under
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control of multimerized EREs." Of interest, ERR-1 is expressed in the heart and vessels.''* Taken
together, ERR1 may interact with ER via protein-protein interactions^, and may fulfil partially
redundant functions to cardiac ERs in the control over cardiac (dys)function and pathology.

Estrogen signaling in the cardiovascular system

Genomic estrogen effects
The longterm, genomic influence of estrogen on the cardiovascular system mediated via ERa or
ERp\ leads to changes in gene expression. Estrogen enters target cells and binds ERs located in the
cytoplasm, which undergo conformational changes and translocate to the nucleus to modulate
transcription of target genes.^* Immunofluorescent staining confirmed the colocalized intracellular
distribution pattern of both the a and (3 ER subtypes." Genomic effects have a delay which is at
least in the range of minutes to hours. For instance, nitric oxide synthase (NOS) expression in the
myocardium is modulated by estrogen, resulting in both increased expression of inducible (i)NOS
and endothelial (e)NOS in cardiomyocytes (Figure 2.2A).". The pure estrogen receptor antagonist
ICI 182,780 inhibited estrogen-induced NOS expression in cardiac myocytes" and an earlier study
reported that 17P-estradiol is capable of inducing eNOS gene expression in the endothelium.^ In
addition, ER, as well as the progesterone receptor, are able to regulate the transcription of the
predominant gap junction protein in the myocardium, connexin 43.
Estrogen influences the level of the L-type Ca^* channel gene expression. In ERa knock out
(ERKO) mice, L type Ca^* channel mRNA and protein levels are upregulated, leading to a
prolonged QT interval" and binding of a dihydropyridine Ca^* channel antagonist to cardiac
membranes was enhanced.'" These findings coincided with increased action potential duration and
an increased L-type Ca^* current density in isolated ventricular myocytes from these mice.'" In
patients with the long QT syndrome, no mutations have been found in Ca^ channels or ERs.
Estrogen increases the expression of atrial natriuretic factor (ANF), which is known to possess anti-
hypertrophic effects'"' and may therefore play a role in the modulation of the hypertrophic response
in postmenopausal hypertensive heart disease. Estrogen is known to alter several systemic factors
that may play a role in cardiovascular physiology and disease. Estrogen affects the renin
angiotensin system by inhibiting ACE activity, thus preventing the generation of Ang II while
increasing plasma renin and Ang 1.'"'^ Gordon et al.'" have demonstrated that estrogen treatment
induces significant and rapid angiotensinogen mRNA production, which could be due to the
presence of ERE in the promoter region of the angiotensinogen gene.'''* The proximal renin
promoter also contains EREs."** Estrogen deficiency upregulates Ang II receptor subtype 1 (AT])
expression.^ Taken together, it is tempting to speculate that the tissue renin and angiotensinogen
response to estrogen depends on tissue-specific expression of genes containing either ERE and/or
AP-1 sites.""
Non-genomic estrogen effects
A number of reported cellular effects of estrogen develop in such a rapid fashion, that they are
unlikely to be a consequence of altered gene expression. In contrast to the genomic effects of
estrogen, signal transduction pathways of non-genomic estrogenic effects on the myocardium have
been much less well characterized. Some effects seem to depend on the presence of the classical ER
a and P while others are ER independent (Figure 2.2B). There are some indications that membrane
impermeable ligand variants (estrogen coupled to BSA) have the ability to modulate L-type Ca^
channels via a cGMP dependent pathway/® Here estrogens bind to the external surface of the
membrane of endometrial cells'" or to a membrane receptor on pituitary tumour GH3/B6 cells and
increases calcium release.*" There is no direct evidence for the existence of membrane-bound ERs,
and data reporting on the non-genomic action of estrogen in various cell types*' including
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cardiomyocytes" suggest that estrogen may act via a membrane bound type receptor through G
protein ai. (Figure 2.2B).
An acute relaxing action of non-physiological |iM concentrations of estradiol on precontracted
vascular smooth muscle tissue has been demonstrated."*"* The relaxation was not dependent on the
presence of the nuclear ERs and was accompanied by a lower Ca** influx into endothelium denuded
arteries." " The reduced influx seems to be due to a partial block of Lrtype calcium channels by
estrogen."""
Comparable U.M concentrations of estrogen were associated with reduction of the contractile force
in the heart, e.g in human atrial trabeculae and ventricular papillary muscles'* as well as shortening
of ventricular myocytes*''. which may be explained by an estrogen-mediated reduction in btype
Ca^' current conductance as measured in the guinea pig.""'' rat and human.''' In addition, studies on
whole hearts revealed that |xM concentrations of estrogen produced an acute dose-dependent
decrease in sinusoidal frequency in rabbit and rat heart.''* The Ca'* antagonistic influence develops
within seconds'*' and may be induced by estrogen without ER involvement.". Cardiac L-type Ca~*
currents arc sensitive to NO via a cGMP signaling cascade*', suggesting one plausible mechanism
through which estrogen is able to influence L-type Ca*' current density. Indeed, estrogen causes a
rapid release of NO in endothclial cells'"* as well as adcnylate cyclase activation.*** Recently
Wyckoff ct al." showed a role for G protein ai in coupling plasma membrane receptor ERa to
cNOS.
In coronury arteries, an increase of intracellular cGMP may lead to phosphorylation of K-channels
by means of the cCJMP-dcpcndcnt protein kinasc (cGK) and this phosphorylation event increases
the opcn-slute probability of K-channels.'''' The hyperpolarization started 15-20 min after addition of
estrogen to the organ bath. Estrogen (5-10 u.M) is capable of enhancing the open probability of
BK(, . and this effect was depending on cGMP, and evident 30-60 min after addition of the
hormone.*" Conclusively, these studies suggest a role for estrogen in potassium channel regulation.
With respect to mtraccllular signalling, ER-dcpendent transcriptional activity has been shown to be
uniquely sensitive to extracellular signal regulated protein kinase (ERK1/2). but not p38 MAPK
phosphorylation."' These findings arc of particular interest in view of the recent findings that
selective ERKI/2 activation in the heart is correlated with relatively benign forms of hypertrophy in
transgenic mice'", while p3X MAPK activation is more closely associated with malignant forms of
(pressure overload) hypertrophy. Furthermore, steroid hormone receptors can be activated by
peptide growth factors in the absence of steroid hormone. ' There is evidence for a level of cross-
talk between ERs and insulin-like growth factor (KiF) signal transduction pathways (Figure 2.2C).
Indeed. KiF-1 shares important properties with estrogen in the control of cellular proliferation. IGF-
1R activation stimulates MAPKK and consequently phosphorylation of ERKI/2. Activation of
ERKI/2 may. in turn, lead to phosphorylation of ERa and this may provide a plausible mechanism
for ligand independent activation of ERa. " Other peptide growth factors like epidermal growth
factor (EOF) arc able to mimic estradiol actions in a similar fashion." Conclusively, there is
evidence to suggest that the nongenomic effects of 17|}-estradiol may impinge on cardiac NO
metabolism, ion homcostasis and intacellular signal transduction pathways.
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Figure 2.2 ER activation of gene expression. (A) Depicted are estrogens entering the cell by passive
diffusion and binding to intracellular ERs a and (V These receptors undergo conformational changes, form
homo or heterodimers and bind to specific sites in the control regions of their target genes (estrogen
responsive element) affecting the transcription of genes. (B) Mechanisms of rapid (non genomlc), estrogen-
mediated activation of NO pathways. Indicated is the activation of putative plasma membrane ERs, which
results in coupling of the ER with NOS by G protein ul and increasing NO production NO activates guanylyl
cyclase that stimulates cGMP formation and subsequent cGK activation. One downstream effect of cGK
activation is the opening of calcium channels and relaxation effects on the cell. (C) Interaction between ER
and IGF-1R signaling cascade. ERa binds to estrogen and activates IGF-1R, which In turn activates ERK1/2
MAPK. ERK1/2 stimulates the activity of ERu

Role of estrogens on cardiac physiology

Haemodynamic influences

Significant gender differences exist in baseline cardiovascular function.''* A number of studies have
shown that healthy women have higher ejection phase indices compared to healthy age-matched
men. " Moreover, normotensive women tend to have a greater aftcrload-corrected fractional
shortening under the age of 55 years'* Experimental animal studies support this notion. Papillary
muscles from female rats have higher rates of shortening than male." Pines and co-workers'* found
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that prcmcnopausal women have a higher pressure-volume ratio, ejection fraction and ejection rate
when compared to postmenopausal women Hormone withdrawal leads to a significant fall in aortic
peak flow velocity, mean aortic acceleration time and cardiac index/'' Using gonadectomised rats,
Schaiblc ct al.*" demonstrated a decreased ejection fraction, fractional shortening and ventricular
mass in estrogen-depleted female animals.
In addition to the generally improved cardiac function found in females under physiological
conditions, gender influences vascular homcostasis. Women have a higher arterial compliance than
men until the age of 50, after which arterial stiffness increases."' In spontaneously hypertensive
(SHR) rats, low doses of estrogen reduce arterial collagen and stiffness.**" Male rabbits exhibit
reduced vascular relaxation compared to their female counterparts."' The effects of peripheral
injection of estrogen on autonomic tone and reflex control of heart rate can be antagonized by
central injection of the ER antagonist IC'I 182,780.*'' In conclusion, there is evidence to suggest that
estrogens may positively modulate vascular homeostasis and myocardial function, and
hemodynamic function differs in a gender dependent fashion, with distinct profiles in pre-and
postmenopausal females.

Hole of estrogens in cardiac pathology

Hypertrophy
Limited information is available about early changes occurring in the left ventricle during pressure
overload."^ Cardiac hypertrophy occurs in response to either pressure or volume overload. In
response to this hemodynamic stress, myocytcs enlarge until wall stress is normalized. However,
myocytc lengthening with addition of new sarcomcrcs in series is sometimes prevailing, leading to
eccentric forms of hypertrophy, in which ventricular chamber dilation is accompanied by a
proportional or even reduced increase in wall thickness. Lateral expansion of myocytes with the
addition of new sarcomcrcs in parallel presents the typical pattern of myocyte growth after pressure
overload (concentric hypertrophy), in which wall thickness increases with minor chamber
enlargement.'"' Reactive compensatory hypertrophy after myocyte loss (e.g. in the non infarcted
portion of the heart following an acute Ml) is characterised by different degrees of myocyte
lengthening and widening.'"'
I.VH is associated with an increased frequency of ventricular arrhythmias in the absence of CAD."
The terminal phase of hypertrophy is the initiation of heart failure, a common cardiac disorder with
a highly unfavourable outcome."" Experimental data from clinical studies and animal models
suggest that estrogen may modulate cardiac hypertrophy."'' In fact, estrogen deficiency potentiates,
while estrogen replacement attenuates the development of both right and left ventricular
hypertrophy in rodent models of LVH."" Estrogen treatment attenuates myocyte hypertrophy, as
determined by cross-sectional area."'
We have recently demonstrated that estrogen attenuates the hypertrophic response to pressure
overload in mice.'" l-cmalc. ovariectomized C57BL 6 mice were randomised to receive cither a
physiologic dose of 17(J-estrudiol or placebo for one week before they underwent transverse aortic
constriction (TAC) or a sham operation. Estrogen supplementation reduced pressure overload
hypertrophy by 31 % and 26 % compared to placebo at 4 and 8 weeks after TAC. Estrogen-
supplcmentution had no effect on the degree of interstitial fibrosis in the hypcrtrophied hearts.
Western blot analysis revealed that estrogen blocked TAC-induced p38 MAPK. activation, while no
effect was observed on the activation of HRK.1 2 and c-Jun N-terminal kinase (JNK). Interestingly,
estrogen treatment led to an increased expression of ANF in animals with pressure overload.'*
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Heart failure
Congestive heart failure is a major clinical problem resulting in significant morbidity and
mortality."* Although considerable progress has been made elucidating the pathopln siologic
mechanisms that lead to failure, many details concerning the etiology and progression remain
unknown."' Heart failure is in part due to ventricular dilation and inadequate wall thickening that
leads to impaired cardiac performance. * Hypertension is associated with the development of
congestive heart failure by excessive stimulation of LVH. Reports on the natural history of
untreated hypertension indicate that at least 50°o of subjects develop congestive heart failure."' The
adaptive changes of the heart withstand the deleterious effects of cardiac ou-iUud only temporarily.
The ensuing heart failure demonstrates insufficient adaptation of the heart u> overload to maintain
proper excitation-contraction coupling."** Changes in the content and isoforms of proteins involved
in Ca*' handling, sarcomeric function and in extracellular matrix composition may all contribute to
impairment of diastolic and systolic functnn of the heart." Hypertensive and ischaemtc heart
diseases are by far the most common causes of heart failure and are associated with pronounced
systolic dysfunction, although some patients, particularly elderly females, have diastolic
dysfunction.** Ml may lead to ventricular remodelling with compensatory dilation and hypertrophy
and subsequent systolic and diastolic dysfunction resulting in failure." Although studies on the
effect of estrogen on the cardiovascular function in animals with heart failure arc very few. chronic
administration of estrogen in rats with sustained heart failure reduced total peripheral resistance iitul
left ventricular end-diastolic pressure."" The systemic effects of estrogens arc favourable in animul
models with cardiac failure.

The cpidcmiological evidence of protective effects of estrogens against heart failure in man is
strong. Currently the specific molecular pathways are unknown, but prevention of curdiomyocyte
apoptosis may play a role.'""

Myocardial ischemia
Ischemia results in cardiac injury ranging from short-term reversible contractile dysfunction to
cellular necrosis and infarct with irreversible loss of function. Intermediate is myocardial prolonged
reversible contractile dysfunction."" A consistent male to female ratio for CUD death rates ranging
from 2 to 5 in a population with very different heart disease rates and lifestyles has suggested that
sex hormones have a significant influence on the vasculaturc.'"* Sex hormone replacement might
reduce coronary mortality in postmenopausal women. This hypothesis is supported by a number of
retrospective and observational studies demonstrating an inverse relationship between estrogen use
and coronary event end points such as Ml and death from ischemic heart disease."" ' A c u t e
administration of estrogen by either the intramuscular or intracoronary route similarly prevented
ischemic""*"" and reperfusion"" arrhythmias and reduced infarct size."" Importantly, estrogen also
increased distal coronary perfusion during both ischemia and repcrfusion.'"' ERT, which provides
exogenous estrogen to postmenopausal women, increases the circulating estrogen concentration and
significantly decreases the morbidity and mortality of coronary heart disease in these patients.'"*
Thus estrogen appears to preserve endothelium-dependent coronary artery dilation and reduce
infarct size, in experimental models of regional ischemia-reperfusion. ""•"*' Estrogens appear to be
cardioprotective under ischemic conditions, probably due to improved vascular function.

Hormone replacement therapy and human studies
Evidence from multiple observational studies suggested a marked reduction in the risk of CHD
associated with postmenopausal estrogen use in primary prevention. A similar effect was observed
when estrogens were opposed with progestins. Recently published studies suggested 30% and 34%
reduction in the risk among users of unopposed and opposed therapy, respectively compared with
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non users."" Current and recent use of hormone replacement therapy (HRT) was associated with an
overall 28% reduction in the risk of first MI when compared with non users' ' ' In the Nurses health
study there was still a strong inverse association between current HRT and the risk of CAD after
controlling for many risk factors."' The risk of major coronary disease was substantially decreased
among current users of estrogen and progestin, as well as among current users of estrogen alone'"''
Still some null finding is present in the literature, Hulley et al"^ found during 4.1 years, that
treatment with oral conjugated equine estrogen plus medroxyprogesterone acetate did not reduce the
overall rate of CHI) events in postmenopausal women with established coronary disease (HERS:
Heart and L-strogen/Progestin Replacement Study). Also The CARS (Coumadin Aspirin
Rcinfarction Study) showed unexpected results. In this study the incidence of unstable angina was
markedly increased.'" Contradiction of these findings with the observational studies could be
because of the CAD risk profile and the duration of ERT, which is supposed to be preventive rather
than curative.
Other compounds in clinical use can activate estrogen receptors. Tamoxifen a non-steroidal
triphcnylene derivative used in treatment of breast cancer, acts as an estrogen agonist in some
tissues (e.g. the uterus) but as estrogen antagonist in other tissues (e.g. the breast). Tamoxifen has
also estrogen like effects on the cardiovascular system."'' It does produce a significant reduction in
the levels of low-density lipoprotein (LDL) cholesterol and fibrinogen."" Randomised, placebo-
controlled clinical trials showed a rapid and sustained reduction in LDL cholesterol levels by
approximately 12% accompanied by 15% increase in high density lipoprotein-2 cholesterol.
Raloxifene reduced scrum triglyceridcs and scrum fibrinogen levels by 7% and 10% respectively."'
Torcmifcnc. droloxifcne, idoxifenc. TAT-59, and GW5638, are known to have similar action to
tamoxifen while Ly353381 showed a clear similarity to raloxifene. ICI 182.780 demonstrates a pure
anlicstrogcnic profile on all genes and in all tissues studied to date, and could be a superior
antitumour agent.'"
Many phytoestrogern with mixed estrogen agonist and antagonist properties have been identified.
Phytoestrogens can have both estrogenic and antiestrogenic effects."" Soy consumption
significantly decreased total cholesterol, LDL Cholesterol, and triglyceride levels. The
cardiovascular benefits of soy phytoestrogens appear to be equal for males and females."'' All heart
studies thus far focused on vascular effects and not on a possible influence of estrogen on left
ventricular mass.

Conclusions
Cardiac hypertrophy. Ml and heart failure are important clinical problems in the industrialised
countries. Although several methods of control and treatment have improved our clinical care, new
therapeutic targets arc still needed. Clinical data indicates that estrogen may have beneficial short
and long-term cardiovascular effects; thus, it is important to consider the role of estrogen as a
therapeutic agent for the treatment of cardiovascular diseases. The mechanisms that mediate the
rapid effects of estrogen arc not fully understood, but current data suggest involvement of enhanced
NO release, effects on calcium handling and regulation of potassium currents. The long-term effects
of estrogen arc due to changes in cardiomyocyte gene expression, mediated by ERot and ERj}. The
identity and effects of these target genes remain to be uncovered. Direct myocardial effects of
physiological estrogen lev els on cardiac structure and function appear to be of great value. Still a
large number of questions remains to be addressed such as the various estrogen dependent
pathways, cross-talk and phenotypical consequences. Selective estrogen receptor modulators
(SKRMs) should be studied and classified according to their effects on the cardiovascular system
and some of them could be selected to be used as alternatives for HRT. These SERMs could be
more appropriate tools for the future treatment of selected heart diseases.
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Chapter 3

Abstract
Introduction: Pressure-overload necessitates the left ventricle (LV) to adapt to changing conditions
by left ventricular hypertrophy (LVH). It has been shown to be a major risk factor for
cardiovascular morbidity and is a well accepted prognostic indicator for subsequent cardiac
dysfunction. Hstrogen (E2) is known to antagonize LVH. To obtain more complete understanding
of the mechanisms of F.2 function, it is necessary to identify the target genes for estrogen receptors
(FRs). To study the beneficial effects of E2-treatment on pressure overload induced LVH, we usec
DNA microarray technology to profile gene expression in LVH and E2-treatment in ERa knockout
(I-RKO) and ER0 knockout (BERKO) mice.
Methods and Results: 10 weeks old female mice underwent transverse aortic constriction (TAC) ot
sham operation. Four weeks after intervention hemodynamic function was assessed, and animals
were sacrificed. Total RNA was isolated from LV tissue. For comparative microarray hybridization.
cRNAs were synthesized from the RNA samples and applied on microarrays. TAC and E2-
treatment led to a change in expression of several genes in the experimental animals. A number of
genes, divided in groups, were selected for further analysis. Structural genes including those which
are usually expressed in the fetal period (fetal genes) such as beta myosin heavy chain <PMHC),
regulatory myosin light chain (MLC-2a) and alpha-skcletal-actin (a-sk-actin), were induced by
TAC and down regulated by E2-treatment. Expression of stress genes like heat shock proteins
(MSP) HSPIa. HSPIb and HSP8 decreased by TAC and E2-trcatmcnt, but only in the presence of
ERp. Growth factors such as transforming growth factor beta (TGF(i) were found to be induced by
TAC in both mouse models and down regulated by F.2-treatment in presence of ERp. TAC also
increased the expression of cell adhesion molecules such as cartilage oligomeric matrix protein
(Comp). procollugcn. type I. alpha 2 (Colla2), tumor necrosis factor receptor superfamily. member
12a (Tnfrll2a) and thrombospondin (Thbs4) in both animal models and E2-treatment decreased the
expression of these genes via HRP and increased it in presence of ERa.
Conclusion: These findings demonstrate that TAC induced expression of several clusters of genes.
F2-treatment reduces the levels of pressure overload induced genes. This inhibitory effect is ERP
mediated.

Introduction
Cardiac hypertrophy is a common complication of hypertension, and is recognized as a risk factor
for the development of congestive heart failure.' Hypertrophy, an increase in cell size without cell
division, is an adaptive process employed by post-mitotic muscle cells." In response to humoral and
mechanical stimuli, the myocardium adapts to the increased work load through the hypertrophy of
myocytcs. Characteristics of the myocardial hypcrtrophic response include an increase in contractile
protein content, induction of a more efficient contractile phenotype and the expression of several
embryonic genetic markers. In vitro, rat cardiomyocytes, react with a characteristic succession of
changes in gene expression. Some of these changes are considered to be markers of hypertrophy.
These markers include the so-called early response genes (Egr-1. hsp70. c-fos, c-jun. c-myc). for
which increased expression within 30 min of exposure to a hypcrtrophic stimulus has been reported.
In cultured ventricular rat cardiomyocytes, re-expression of fetal genes, such PMHC. a-sk-actin and
ANF, may occur after 6 12 h./ but accumulation of the these proteins. |JMHC\ a-sk-actin*" and
ANF™ can only be demonstrated after several days in culture. An uprcgulation of some contractile
proteins, such as ventricular Ml.C-2 may follow after 12 24 h in culture." In the heart this transient
response of fetal gene expression reflected a general pattern of growth induction in terminally
differentiated cells that have lost the ability to undergo DNA replication.'"'* /« Wvo. in
spontaneously hypertensive rats it has been shown that maladaptivc remodeling of cardiac myocytes
because of pressure overload begins long before the onset of clinical signs or impaired heart
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function in the progression of heart failure." Also in male rats aortic handing leads to re-expression
of LV hypertrophic genes, including jJMHC. a-sk-actin and ANF.'* E2 is a potent mitogen that is
involved in a wide scope of processes in mammalian cells.'* The functions of E2 arc largely
mediated through two distinct ER isoforms. F.Ra and F.RP"*'" HRs arc ligand-modulated DNA-
binding transcription factors, that regulate the expression of genes controlling cell growth and
differentiation." Following E2 binding, the ER modulates gene expression, either by directly
binding to specific DNA response elements or indirectly via protein protein interactions in the
regulatory regions of the E2-target genes. Activation of transcription by the ligaml-bouiul receptor
occurs through its association with specific transcriptional coactivators. such as the SRC ploO
family."'"' Both ERa and ER0 have homology at the amino acid level within the ligand- and DNA-
binding domains. However, differences between these ER isoforms exist in terms of tissue
specificity and response to various ER agonists and antagonists."'*

Identification of E2 target genes will reveal the effects of 12 on cardiac remodeling and the ER
involved. Although we and others have identified a number of E2-rcsponsivc genes, we suppose
that a large part of E2-regulated genes arc unknown." •"* DNA microarray technology permits the
simultaneous analysis of a large number of transcribed genes. Array studies can provide gene
expression profiles of tissues under well-defined experimental conditions. Combining such data
with genc-expression profiles of large numbers of tissues from patients will ultimately result in the
definition of gene-expression patterns associated with a particular cardiac condition and IK status
as has been unraveled for instance in breast cancer." Already microarray studies have helped to
define gene expression in an ;'n w'/r« model and identified novel I-2-responsive genes of potential
clinical relevance."'* Furthermore, a few studies have compared the regulation of endogenous genes
via ERa and ER|J in human osteoblastic cell lines expressing either ERa or ERp.**
The aim of this study was to get an overview of the gene expression due to effects of E2 on TAC
induced pressure overload. We used two mouse models, ERa knockout (ERKO) and ERp knockout
(BERKO) to differentiate for the ER involved in the E2 modulation of pressure overload induced
gene expression.

Material and methods

Animals
The study comprises 16 groups of animals (Table 3.1). ERKO mice were produced as described
previously by Lubahn et al.'° BERKO mice were generated and provided by Organon (Oss, the
Netherlands) (Chapter 4). The animals were housed under standard conditions. The study was
approved by the animal ethics committee of the University of Maastricht. For ovaricctomy, pellet
placement and transverse aortic constriction (TAC), animals were anesthetized with ketaminc (100
mg/kg, intraperitoneal) and xylazine (10 mg/kg, intraperitoneal). Animals were randomly assigned
to continuous 0.18 mg E2 supplementation or placebo via a subcutaneous pellet (Innovative
Research, Sarasota, USA). E: serum levels were evaluated with a radioimmunoassay (DPC
Biermann, Bad Nauheim, Germany) and by macroscopic observation of the uteri post mortem in a
subset of animals.
TAC was performed, as described previously by Rockman et al." Ten weeks old WT, ERKO and
BERKO mice provided by Organon (Oss. the Netherlands) were anesthetized. Mice were intubatcd
and connected to a rodent ventilator. The chest was entered through the second intercostal space at
the left upper sternal border through a small incision. The pericardium was opened and the
transverse aorta was isolated. Aortic constriction was performed by tying a 7-0 nylon suture ligature
against a 27-gauge needle to yield a narrowing 0.4 mm in diameter, when the needle was removed
to obtain a reproducible TAC with 65-70% lumen reduction. After TAC the chest was closed, the
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Table 3.1. Study groups, Treatment groups of WT and ERKO mice (A) and treatment groups of WT and
BERKO mice (B).

pneumothorax was evacuated, and the mouse was extubatcd and allowed to recover from
anesthesia. Sham-operated animals underwent the same surgical procedure except for TAC.

KNA Extraction and Microarrays
Briefly total RNA was isolated from LV tissue using Trizol Reagent (Invitrogen). The total RNA
was further purified using RNeasy columns (Qiagen, Crawley, UK) then cDNA from each sample
was prepared according to the protocol recommended by Affymetrix Inc. 10 ng of total RNA was
reverse transcribed with a T7 oligo-dT primer using the Superscript Choice system (Invitrogen). /n-
v/7/o transcription was performed using the ENZO Bioarray high yield RNA T7 labelling kit (Enzo,
Furmingdale. NY). The resulting cRNA was cleaned up using RNeasy spin columns (Qiagen) and
fragmented for 35 minutes at M T in 40mM Tris-acetate. pH 8.1. lOOmM KOAc, 30mM MgOAc.
The fragmented cRNAs from hearts of controls and treated mice were subjected to expression
analysis using AITymetrix mouse MG-U74Av2 oligonucleotide microarrays (Affymetrix, Santa
Clara, CA). These micro-arrays contain oligonuclcotidcs corresponding to approximately 12000
known mouse genes and expressed sequence tags (ESTs). A full gene listing is available at:
http://www.atTymetnx.com productsyarrays/specific/mgu74.affx. Hybridisation to mouse MG-
U74Av2 arrays and laser scanning was carried out using a GcneChip Fluidics Station 400 and an
Agilent CicneArray scanner. Scanned images were analysed using the Affymetrix GeneChip
Microarray Suite (version 5.0) and scaled transcript abundance data for each pair of samples was
compared. The Microarray Suite (version 5.0) software uses a standard alogarithm
(http://www.alTynielrix.com,-products.software indcx.affx) to determine whether the signal for each
transcript ill tiers significantly between the pair of samples and classifies them as decreased,
increased or no change. We only considered genes with more than 2 fold increase or decrease for
further analysis.These cutoff values provide a conservative estimate of the numbers of genes whose
expression level is altered by TAC or E2 treatment.

Results
E2 replacement led to a reconstitution of physiological estrogen levels (122 pg ml in E2 treated
versus ^5 pg ml m placebo treated). All measured E: levels in animals receiving placebo were under
the detection level. To obtain gene profiles due to TAC and E2-treatment. hybridizations were done
using cONA samples from TAC and E2 treated ERKO and BERKO mice four weeks after
intervention (Table 3.1 and Figure 3.1). The number of genes that differed more than 2-fold
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between two experimental groups are given in table 3.2. In ERKO mice TAC led to change of
expression of 103 genes in E2-trcated. and 154 genes in placebo-treated ERKO - ••>•»
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Table 3.2. Number of genes up- or down-regulated with TAC and E2-treatment in ERKO and BERKO mice

mice as compared to E2-treated and placebo-treated sham mice, respectively. In the absence of ERa
the expression of 266 genes changed in TAC E2-treatcd and 93 in sham K2-treated mice as
compared to placebo-treated TAC and sham F.RKO mice, respectively. In BERKO mice TAC
changed expression of 340 genes in E2-treated and 240 genes in placebo-treated mice compared to
E2-treated and placebo-treated sham BERKO mice respectively. Absence of ER{J in presence of E2
changed the expression of 340 in TAC and 240 in sham E2-trcated BERKO mice compared to
placebo-treated TAC and sham BERKO mice respectively.

, TRKO

Placebo Placebo

BhRKO

Figure 3.1. Schematic representation showing the animal groups and treatment in ERKO and BERKO mice.
The circle represents the treatment and conditions compared in this study.

From the different experimental animal groups we selected clusters of genes for further
comparisons. These clusters consisted of genes coding for structural proteins (cytoskeletal genes),
stress proteins, growth factors proteins, cell adhesion proteins, metabolic proteins and signaling
proteins (Table 3.3 and 3.4).
In ERKO and BERKO mice structural genes (cytoskeletal genes) such as pMHC, MLC-2a and a-
sk-actin show a significant increase in their expression after TAC. Only in F.RKO mice E2-
treatment resulted in a significant decrease in the expression of these genes (Table 3.3, 3.4 and
Figure 3.2) indicating mediation of antihypertrophic E2 effects through the ERf). Stress genes ike
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Hsp8, Hspla and Hsplb showed a decreased expression after TAC or E2-treatment in ERKO mice.
However, in BERKO mice both TAC and E2-treatment, induced Hsp la (Table 3.3 and 3.4). The
expression of the growth factor genes such as TGF(J increased significantly with TAC in both
ERKO and BERKO mice in the absence of E2-treatment. Only in the ERKO mice E2-treatment
decreased the expression of these genes (Table 3.3 and 3.4) again suggesting that suppression of
TAC induced remodeling by E2 is mediated by ERji. TAC increased the expression of cell adhesion
molecules such as Comp, Colla2, Tnfrfl2a and Thbs4 in both animal models and E2-treatment
decreased the expression of these genes via ER|}. Interestingly, ERa had the opposite effect of ER0,
it significantly increased the expression of these genes with E2-treatment in BERKO mice (Table
3.3 and 3.4). Signaling proteins like mitogen-activated protein kinasc kinase kinase 6 (Map3k6) and
cardiac responsive adriamycin protein (Crap) showed a tendency to a decreased expression with E2-
treatment via ERp. However, TAC increased the expression of these genes only in the presence of
E2 and F-.R(i (Table 3.3 and 3.4). There are a few genes that do not fit in one of these groups.
However, the change in their expression levels are consistent and strong. Von Willebrand factor
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Tabl* 3.3. Gene regulated by E2-treatment in ERKO and BERKO mice four weeks after TAC.
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homolog (vWF homolog) increased with TAC in ERKO mice and with E2-trcatment via HRot in
BERKO mice. An EST sequence with moderate similarity to ANF showed an increase in
expression with TAC and a decrease in expression with E2-treatment in KRKO mice. Comparing
ERKO and BERKO mice showed that structural, cell adhesion molecules, signaling and growth
factor proteins decreased with E2-treatment in presence of ERp and not I-Rn lor these genes I-Ro
showed an opposite effect to ERp. Stress proteins showed a decrease in expression in I-!RKO mice
while there is no clear effect in BERKO mice (Table 3.3 and 3.4).
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î

A M

f-miH

»iln
1 1 1 f«H 11 (11

TV «"

.

11 M

/. s

3 03

"IT"

•

...»

.* i

-,

h i

> ,
J_5

W 7 I

IV v»

A 1

i ^

1 1

' H

1 1 11

2-3

1 rU

:

; . . ^ . . , ™ .

1 ill.r! M-f

!.«».*•) UU.1-

L ,„,.,„ , . „ _ .

l . , , ^ , l ^ - ,

AVII UM

MM...*. . I

NM wwnn

AU.IU>>i\X
NW niir i '

SiM Ill'hJI '

BMI.Vtuw

ItlWUK^/.

s;u iiMU/i

M.V.V,..

<m»wth

lv.iu.ih

Imiulh

Table 3.4. Genes regulated by TAC in ERKO and BERKO mice four weeks after TAC.

Discussion

Technology
Microarray technology has become a common tool for developing expression profiles. Initially used
in the analysis of cell lines and homogeneous tissues, this technique has been applied to more
complex tissues." DNA microarray technology permits the transcriptional analysis of a large
number of genes and gene products simultaneously." Microarray studies have helped to establish
gene expression data derived from experimental models and to identify genes of potential clinical
relevance.""" In this study we used microarrays to determine the effect of TAC and E2-treatment
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on the gene expression profile in hearts of ERKO and BERKO mice. To limit the possibility of false
positives, due to the reported limited sensitivity of the microarray method''"*"", only those genes up-
or downrcgulated more than 2- fold on the microarray were included in the analysis. • ,

Induced genes

Flgur* 3.2. Schematic representation showing areas of interference between TAC and E2 treatment in both
mouse models. The arrow indicate the position of the fetal genes.

Changes in gene expression following aortic banding
Hypertrophy is accompanied by distinct qualitative and quantitative changes in gene expression. '
In this study we confirmed that TAC induced hypertrophy is associated with increased expression
of cytoskelctal genes. Among these genes are a number of genes normally expressed in the fetal
heart. The expression of PMHC, MLC'-2a, and oc-sk-actin was increased by TAC in both models.
Other groups have demonstrated re-expression of fetal genes such as pMHC and a-sk-actin" and
MLC-2*.'* /A/so srgmficarU accumulation of the re-expressed proteins, for example, (JMHC*'"' and
ot-snvactin'' was demonstrated following hypertrophy induction. Re-expression of the atrial MLC-1
was observed in the left ventricles of patients with various forms of compensatory hypertrophy.'"'
This MI.C-I is identical to the embryonal skeletal muscle Ml.C-l and is normally expressed in fetal
but not in adult ventricular tissue. The amount of Ml.C-l in the left ventricle is correlated with the
hemodynumic load that the heart must bear and diminishes in patients after successful improvement
of the hemodynamic performance."" The uprcgulated group of structural genes in mice with TAC
corroborates with data from patients and animal experiments. These data are in agreement with
previously published data from patients and animals and obtained by other methods and support the
validity of the array techniques. In addition to these confirmatory data, proteins not previously
associated with I.VII such as microtubule associated protein (Mtaplb) and calcium binding protein
(SIOOu*)) were shown to be uprcgulatcd. Further research will be required to validate these results.
Our data showed an increase in the expression of cell adhesion genes like Comp, Colla2. Osf2,
Tnfrsf. and Thbs4 with hypertrophy. Cell adhesion proteins are involved in cardiac cmodeling.
Animal models as well as patient studies have shown changes in expression levels of these proteins.
Hypertensive patients with concomitant risk factors indicating an adverse prognosis have elevated
levels of circulating cell adhesion molecules like E-selectin, intercellular adhesion molecule-1
(1CAM-1). vascular adhesion molecule-1 (VCAM-1) and E-selectin."**"*"* Previous studies show that
angiotensin II stimulates the release of ICAM-1 m v/rro and //i vivo.**"*' Wang and Gerdcs"*' noticed
a change in the distribution of beta-catcnin and vinculin in hypcrtrophic hearts. ICAM-1 was also
found to be involved in the remodeling of hypertrophic hearts in rats.""* ET-1 produces hypertrophy
in NRVM and activates fical adhesion kinasc (FAK)."" Surprisingly, the most mentioned cell
adhesion molecules (ICAM-1 and VCAM) arc not found to be affected in the array analysis. These
molecules are shed during the early phase of cardiac remodeling. Absence in the analysis may
therefore be due to temporal changes following aortic banding.
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Our array analysis displayed a decrease in the expression of stress genes HSPlb. HSP8 and HSPla
with TAC in ERKO. In BERKO mice TAC increased the expression of HSPla while the expression
of HSPlb and HSP8 was not affected. There is convincing proof that (over-) expression of stress
proteins is an important mechanism of cytoprotection. also in the heart.""'** Overexprcssion of
hsp70 and hsp«X) by transfection of plasmid vectors has been shown to protect cardiac cells against
LVH. but overcxpression of hsp56 had no effect.*' Izumo ct al'" did observe an increase in hsp70
levels following TAC. On the contrary. Tajima et al.** showed that Hsp72 was down regulated in
hypertrophic hearts. Thus, reports of previous studies vary for the different HSP genes Taking
pressure overload as a hypertrophy inducing condition we expected the expression of these genes to
increase with TAC.

We noticed that the expression of growth factors genes such as TGF'P increased with TAC in both
mouse models. These genes arc known to be very important in the modulation of l.V after pressure
overload. The expression of these genes increased with hypertrophy and decreased with treatment.
In pressure overload induced hypertrophy. TGFp expression is uprcgulated three to four fold in
adult rat cardiomyocytes. but not in ron-myocytcs.** TGFP mRNA expression in cardiomyocytcs
has previously been shown to be increased during LVH induced cither by pressure overloiid or by
norepinephrine treatment."'** An increase in TGFfi expression is also observed during LVH
development in rats, a monogenetic model of hypertension.*' Increased expression ol ' TGF;i was
observed in non-failing hypertrophy after abdominal aortic constriction.*" This indicates that 1-2
protects the heart against LVH via ER0 by controlling the expression of many genes including
various growth factors.

Effect of estrogens on gene expression following TAC
Monroe and co-workers"'' elegantly demonstrated by microarrays in an osteoblast cell line with
either ERoc or ERP overexpression, that the two receptors affect different sets of genes. Ihe data
presented here also show distinct expression profiles in the hearts of ERKO versus B1-1RKO mice,
confirming that the two receptors interact with different sets of genes. Previously, it was shown that
E2 was able to reduce LVH after TAC." We deduced then that the cardiac protective effects of E2
were effectuated via ERP.
E2-treatment decreased the expression of the structural genes such as [JMHC, MLC-2a, and a-sk-
actin, but only if the ERP was present in the treated mice. The protective effects of E2 are in line
with the reduced LVH in ERKO mice.*", (Chapter5). The expression of stress genes like HSPlb,
HSP8 and HSPla is decreased with E2-treatment by ERp. ERa with E2-trcatmcnt increased the
expression of HSPla while the expression of HSPlb and HSP8 was not affected. From this we can
deduce that the effects of E2 on stress genes can be distinct for the different receptors. Depending
on the condition, tie different HSPs are presumed to be involved in different processes in the
cardiomyocytes. A recent study^" reported that HSP72 levels were increased in the hearts of male
rats after exercise, bu not of females indicating that E2 decreased the expression of this gene.
Recently it was proven that E2 increases levels of HSP72 in male rat cardiac myocytes, but has no
effect on HSP27, HSP60. or HSP90.*' Few studies have addressed the effects of 1-2 on HSP
expression, and gender differences have not previously been reported except for higher levels of
HSP72 in serum of normal adult females versus males.'* The role of stress genes in cardiac
remodeling deserves more attention. Bearing in mind the protective effects of E2, we expected
decreased expression in TAC mice with E2-treatment. Surprisingly, we found a decrease after E2-
treatment in the absence of TAC. This indicates that E2 keeps stress genes at a low level in cardiac
tissue. In general HSPs are known to facilitate the transition from one condition to another. Their
expression increases at the onset of the adaptation e.g. hypertrophy and Ml and change in
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expression coincides with the induced tissue modulation. The time of sacrifice of the TAC mice
after 4 weeks may have been too late to detect a transient rise in HSP expression.
E2-treatment decreased the expression of growth factor genes such as TGFP in mice. However,
there were no changes in the expression level of this gene in E2-treated BERKO mice. In line with
this result, improved ventricular function by combined angiotensin and endothelin receptor
blockade was associated with reduced gene expression of TGFp.*' TGFP was also shown to be E2-
rcgulatcd in another microarray analysis.**'*' Our data support this notion as our results showed an
increase of TGFP with hypertrophy in both ERKO and BERKO mice, but only a down regulation
by E2 in ERKO mice. The beneficial effect of E2, therefore is mediated by the ERP, which is in line
with our results which showed that E2-trcatmcnt decreased LVH in ERKO (Chapter 4).
Signaling genes such as MAP3K6 decrease only with E2-treatment in ERKO. E2 could be one of
the ligands, that decrease the expression of MAP3K6. Once activated the MAPKs phosphorylate
scrinc or thrconine residues in various nuclear and extranuclear substrates.** Many important
substrates for MAPKs are transcription factors that have been shown to be phosphorylated after
MAPK translocation to the nucleus.
Some individual genes such as VWF are uprcgulated by TAC. E2-treatment down regulated this
TAC induced expression via ERji. This could mean that presence of E2 prevents the expression of
VWF in hypertrophic hearts in the presence of ER0. VWF is a large secreted protein involved in
blood clotting through interaction with factor VIII.** The gene expression profile for VWF
exhibited a strong 4.9-fold induction by E2 in the U20S-ERa cell line on microarray analysis. It
has been suggested previously lhat VWF is associated with E2 signaling.*" E2 has a suppresive
effect on the expression of VWF in presence of ER(J, which could indicate a specific role for VWF
in bypeitrqpby, hul jls .functocw .w -Ow rAn&vac .ty'jVterc? i*rvf\?tAf &rfitar<r«;riVfirtivm.
Finally expression of a sequence with a moderate similarity to ANF (ANF homolog) was found to
increase with TAC and decrease with E2-treatment in the presence of ERp. Although this sequence
is not identical to ANF, the I-1ST showed an increased expression with TAC. We and other groups
have demonstrated re-expression of fetal genes such as ANF after E2 supplementation.**' ' *
Accumulation of the re-expressed proteins, for example ANF' was demonstrated following
hypertrophy. The ANF like I'ST showed a decrease with E2-treatmcnt, which is opposite to the
response of ANF.*'•'" Further studies will be of importance to detect the relation of this sequence to
ANF and E2. So these differences in gene expression between TAC ERKO aid BERKO in
presence of E2-treatment support the hypothesis that ERP is essential for blocking the development
of hypertrophy. This is in line with previous studies, which showed the importance of ERp for the
effects of E2 on the myocardium.

Limitations of the study
The sdiily is limited by the fact that only at 4 weeks after TAC/treatment remodeling was analysed.
Temporal aspects are therefore not taken into account. In the array analysis a number of genes
known to be activated after TAC are not found. Nevertheless, some genes of interest have been
identified by this limited study, and can now be investigated in more detail. Including temporal
aspects and focusing on the HRp mediated pathways may provide a more detailed picture of the
molecular events following TAC and the way E2 influences LVH.

Conclusion
Although this is a preliminary study, which requires further validation, the results suggest a
different response of the two receptors to F.2-treatment. E2-trcatment suppresses TAC induced
expression of gpnes via 1-R0 and not ERa. Further analysis arc required to validate these findings.
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Chapter 4

Abstract
Background: Significant gender-related differences exist in the development of left ventricular
hypertrophy (LVH). In addition, administration of 17p-estradiol (E2) to ovariectomized female
mice attenuates the development of LVH, demonstrating an antagonistic role for E2 in this process,
although no molecular mechanism has been proposed for this phenomenon.
Methods and Results: E2 attenuated phenylephrine (PE) and endothelin-1 (ET-1) induced
hypertrophy in neonatal cardiomyocytes, and E2 directly induced atrial natriuretic factor (ANF)
expression as assessed by Northern blot, immunocytochemical analyses, and transient transfection
assays using ANF promoter deletion fragments. Both the anti-hypertrophic effects and ANF-
induction could be blocked by the estrogen receptor antagonist ICI 182,780, which demonstrates a
genomic, estrogen receptor-dependent pathway. To mimick E2-induced auto/paracrine effects
through stimulation of the guanylyl cyclase A receptor (ANF receptor), cardiomyocytes were
stimulated with phenylephrine or endothelin-1 in the presence of exogenous ANF or 8-bromo-cyclic
guanosinc monophosphatc (cGMP), both of which attenuated agonist-induced hypertrophy. Both
estrogen and ANF increased cGMP activity. The antihypcrtrophic effect of ANF could be reduced
with extracellular ANF antibodies in a dose-dependent manner. cGMP-dependent protein kinase
mediates the anti-hypcrtrophic effects of E2, so cardiomyocytes were agonist stimulated in the
presence of cGMP-dcpendent protein kinase blocker KT-5823. KT-5823 not only reversed the anti-
hypertrophic properties of E2, ANF and 8-bromo-cGMP, but also evoked potentiation of
hypertrophy.
Conclusions: E2 mediated induction of ANF in cardiac hypertrophy contributes to its antagonistic
effects in LVH.

Introduction
The mammalian heart elicits hypertrophy in response to stimuli that elevate wall stress in an attempt
lo decrease wall tension.' Cardiomyocytc hypertrophy is characterized by an increase in cellular
volume and enhanced sarcomcric organization of individual myocytes.' The molecular response of
ventricular myocytes to left ventricular hypertrophy (LVH) involves the reinduction of genes
transiently expressed during cmbryogencsis." and is initiated by complex cascades of cytoplasmic
signaling events.'
Sex hormones such as estrogen have properties that arc of potential benefit to inhibit the
progression of cardiac disease. The incidence and severity of cardiovascular disease, including
LVH, in premenopausal women is lower than in men of comparable age. even after correcting for
various risk factors/* However, the molecular effects of estrogen on ventricular cardiomyocytes
which may account for this clinical observation, are less well understood. Cardiomyocytes express
functional estrogen receptors (ERs) and estrogen treatment modulates the expression of cardiac-
specific genes.* Recently, we demonstrated that female, ovariectomized mice develop a more robust
LVH response in a model of pressure-overload than ovariectomized nice with replacement of
physiological levels of 17(i-estradiol. In particular, more pronounced ventricular expression of atrial
natriurctic factor (ANF) in the banded, estrogen-supplemented group, as compared to vehicle-
treated, banded animals was noticeable.*
ANF is a peptide hormone, that under physiological conditions displays a restricted atrial
expression pattern in the adult heart.' Increasing evidence favors the notion that ANF may function
as a local endocrine inhibitor of LVH." In support of this notion. ANF administration to cultured
cardiomyocytcs has been associated with growth-limiting effects."*
Here, we studied the relationship between estrogen-mediated inhibitor of hypertrophy, ANF
expression and guanylyl cyclase A receptor (GC-A) signaling in cultured cardiomyocytes. E2
exerted profound anti-hypertrophic effects on ventricular myocytes and this finding was
accompanied by a direct stimulation of ANF transcription. Both ANF and 8-bromo-cGMP exhibited
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similar anti-hypcrtrophic effects in a dose-dependent manner, suggesting autocrine/paracrine
stimulation of GC-A receptor signalling following estrogen administration.

Methods

Materials
17p"-estradiol (E2). 17a-estradiol. hydroxytamoxifen, phenylcphrinc (PE). endothclin (FT-h, 8-
biomo-cGMP. ANF. KT-5823. antiserum to sarcomene a-aciimn (FA-53). tciramcihylrhodaminc
(J-isothiocyanate (TRITO-conjugated goat ami-mouse antibodies, and fluorcscein isothiocyanalc
(FITC) goat anti-rabbit antibodies, were purchased from (Sigma Aldrich. Steinheim. (iennany). KM
182.780 was a kind gift of Dr. A. Wakeling (AstraZeneca. Wilmington. IX'I), and monoclonal and
polyclonal anthANF antibodies were obtained from Peninsula laboratories. Veclashield was
purchased from Vector Laboratories. Animals were handled according to the guidelines of the
animal welfare committee of the university of Maastricht. Primary cultures of 1-4 day old lewis
neonatal rat ventricular myocytes (NRV'M) were obtained as described previously.'"

Transfection analysis: Luriferase
Human embryonic kidney (HEK293) cells were maintained in DMFM (Life Technologies. Paisley.
UK) supplemented with 10 % calf bovine serum (IBS) and transiently transfected with pGI.3
vectors containing ANF promoter deletion fragments encompassing 7OObp(ANF-7(M)luc) or I.Mlhp
(ANF-150 luc) of the proximal rat ANF promoter." an estrogen rcccptor-a expression vector
(HEGO, kind gift of Dr. P. Chambon, Universitc Louis Pasteur/college de France, lilkirch. France),
and SV40-|JGal (Promega) using the lipid-based reagent Fugcnc 6 (Roche Molecular Biochcmicals)
as described previously.'' A set of 3 individual transfection experiments was performed and
measured 3 times. NRVM were treated with E2 (lO""* mol/L) and/or 1CI 182.782 (10"' mol/L) for 48
hrs and harvested as described earlier. Data are presented as relative luciferase activity based on the
lucifera.se/galactosidase (Luc/Gal) ratio.

Northern Blot analysis
Total RNA was isolated from cardiomyocytes with TRIzol reagent (Life Technologies). Northern
blot hybridizations were performed by use of a modified protocol." In brief, a 600 bp fragment of
rat ANF cDNA or a 300 bp fragment of rat GAPDH cDNA, were labelled with "P-d(TP (Dupont
de Nemours, NV) using a random labeling kit (Life Technologies), added to the hybridization
solution at IxlO*" cpm/mL and incubated overnight at 58°C. Stringent post-hybridization wash
conditions were used (0.1 x SSC, 0.1% SDS at 58 °C).

Immunocytochemistry
Cardiomyocytes were prepared for immunocytochemistry as described previously.'" Morphological
changes were documented with a Nikon Eclipse CFL60 Epifluorcsencc Microscope. Surface area
measurements were performed on fixed cardiomyocytes using NIH image analysis software
(Ascion). At least 100 NRVM in 20 to25 fields were examined in each experiment, and data arc
expressed as pooled averages of 3 independent experiments.

Biochemical Analysis
Lactate dehydrogenase (LDH) activity was measured. TUNEL assay was performed with the
CardioTACS kit (Trevigen) according to the manufacturer's instructions on both stimulated and
nonstimulated NRVM.'"* NRVM were treated with an ice cold lysis buffer containing 0.5% Nonidet
P40. 150 mmol NaCI, 10 mmol Tns-HCI pH 8.0, 0.5mmol EDTA in the presence of a cocktail of
proteinase inhibitors (2 ng/jil leupeptin, 10 ng/mL PMSF (Sigma), 2ng/mL soybean trypsin
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inhibitor (Gibco BRL). The amount of protein was estimated by the method of Bradford. ANF
levels were measured using radioimmunoassay.

Statistical Analysis
Data arc expressed as mean ± SEM. For all statistical analysis, Instat 3.0 GraphPad software was
used. Differences between experimental groups were evaluated for statistical significance by either
one-way ANOVA followed by Bonferroni's post hoc test or a Student's t-test when appropriate. P
values < 0.0S were considered to be statistically significant.

Results

Estrogen antagonizes cardiomyocyte hypertrophy
NRVM were exposed to the hypcrtrophic agonist PE (10"' mol/L) for 48 hrs. PE induced a typical
hypcrtrophic phenotype characterized by increased cell surface-area and enhanced sarcomeric
organization compared with cells exposed to vehicle treatment (Figure 4.1, A and B). The presence
of F.2 in a physiological concentration (10'** mol/L) attenuated the PE-induced hypertrophic
morphology (Figure 4.1C ) substantially. Co-adminstration of the ER antagonist ICI 182,780 (10"'
mol/L) resulted in reappearance of the hypertrophic morphology and sarcomeric organization
(Figure 4ID). 1-12 treatment alone resulted in a reduction in cardiomyocyte size (Figure 4.IE).
Similar results were obtained when the NRVM were exposed to 10 ET-1 in the presence or
absence of F2 (data not shown).

i^lf administration caused'an approximate increase ot 69% in cell surface area. In line with the
immunocytochcmical observations, the presence of E2 reduced the PE-induced increase in cell
surface area by 85 % (P>0.05 vs PE alone). The effect of E2 on PE-induced hypertrophy was fully
reversed by coincubation with ICI 182,780 (Figure 4.IF). Similar findings were obtained for
curdiomyocytcs stimulated with IT-1 (data not shown).
To further demonstrate the autihypertrophic effect of E2, total cellular protein content of
cardiomyocytcs subjected to the different treatment conditions was determined. PE-induced
hypertrophy was associated with a 21 ± 2 % increase in total cellular protein content (P<0.05 vs
untreated cells; Figure 4.IG). 12 tractment prevented the PE-induced increase in protein synthesis,
whereas treatment with ICI 182.780 reversed the E2-mediated anti-hypertrophic effects (Figure
4.1G). I-.2 stimulation alone evoked a small but significant reduction in total cellular protein
content, an effect abolished in the presence of ICI 182.780 (Figure 4.1G).
To exclude the potential of 1-12-mediated cellular stress and toxicity in our experimental model.
1 1)11 activity in the culture medium was determined as a marker of viability. No difference in LDH
was detected under any condition tested as compared to untreated cardiomyocytes (data not shown).
Furthermore, in a subset of experiments. E2-treated cardiomyocytes were subjected to TUNEL
staining, but no induction of cardiomyocyte apoptosis was evident (data not shown). Taken
together, these results indicate that E2 specifically antagonizes agonist-induced cardiomyocyte
hypertrophy. Moreover, the effects were efficiently reversed by addition of the ER antagonist ICI
182,780, confirming that ER-depcndent mechanisms arc involved.
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i

Figure 4.1. E2 antagonizes PE-induced cardiomyocyte hypertrophy. Cardiomyocytes were identified with a-
actinin antibody (red signal) and nuclei were stained with bis-benzamide (white). Cardiomyocytes stimulated
with PE (10'5mol/L) demonstrated a significant hypertrophic response (B) compared to non treated ()
cultured myocytes (A). Costimulation with E2 (10 9mol/L) attenuated myocyte hypertrophy (C). whereas
costimulation with ICI 182,780 (10'5 mol/L) resulted in hypertrophic and sarcomeric reorganization (D)
Stimulation with E2 alone resulted in a significant reduction in cardiomyocyte surface area (E). Quantification
of cell surface area (F) and total protein content (G) of 3 independent experiments. "P<0 05 vs. control (-)
conditions.

Estrogen specifically induces ANF gene expression
ANF immunorcactiviry of cardiomyocytes was analyzed in the presence of PE and/or E2. a-
adrenergic stimulation resulted in an increased intensity of perinuclear ANF staining in a larger
number of cardiomyocytes compared to non-treated cardiomyocytes (Figure 4.2, A and B).
Costimulation with PE and E2, a condition that was associated with attenuation of all
morphological aspects of myocyte hypertrophy (Figure 4.1C), did not diminish ANF
immunoreactivity (Figure 4.2C), whereas the presence of ICI 182,780 did reduce ANF (Figure
4.2D). In fact, E2 treatment of NRVM in the absence of PE was sufficient to induce the typical
perinuclear ANF staining (Figure 4.2E).
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I :PE
E2
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Figure 4.2. E2 stimulates ANF mRNA expression. Cardiomyocytes were stained with ANF antibody (green).
Cardiomyocytes were stimulated with PE (10 5 mol/L), with or without presence of E2 (109 mol/L) and/or ICI
182.782 (105 mol/L) for 48 hrs and immunostained with an antibody against ANF. Cells cultured under
serum free conditions f) revealed no ANF protein expression (A), whereas PE (B) induced a typical
perlnuclear ANF protein expression (white arrow). Presence of E2 (C) increased ANF protein expression
which Is reduced in presence of ICI 182.780 (D). Stimulation of cardiomyocytes with E2 alone resulted in an
abundant ANF expression (E). Quantification of percent ANF expressing cells (F) from 3 independent
experiments *P<0.05 vs. control (-) conditions; t indicates P < 0.05 vs. PE.

Quantification of ANF-positive cardiomyocytes supported the immunocytochemical observations.
Only 8 + 2 % of cardiomyocytes cultured under serum free conditions displayed the characteristic
pcrinuclciir ANF staining pattern. In contrast, 54 ± 4 % of PE-stimulated cardiomyocytes revealed
intense ANF immunoreactivity (P*-0.05 vs serum free; Figure 4.2F). Co-stimulation with PE and E2
resulted in additional induction of ANF immunoreactivity in a larger number of cells (73 ± 9 %,
P--0.05 vs serum free and PF; Figure 4.2F), whereas ICI 182,780 reduced this percentage back to
the level of PH stimulation alone. Most strikingly, E2 stimulation of cardiomyocytes already
resulted in ANF expression in 64 ± 8 % of the cells (P<0.05 vs serum free; Figure 4.2F).

I : uiiil
1*

#

ill
Figure 4.3. ANF antibody reverses the antihypertrophic properties of estrogen in cardiomyocytes (A).
*P<0 05 vs. control (-) conditions. tP<0.05 vs. E2. #P<0.05 vs PE. and " P<0 05 vs PE/E2 ANF antibody
depleted ANF in the culture medium (B).*P<0.05 vs control fr).tP*0.05 vs E2 and ANF antibody, and
#P<0.05 vs PE and ANF antibody
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The induction of ANF after E2 stimulation was confirmed by Northern blot analyses. We showed
an approximate 2-fold induction in ANF mRNA expression after either scrum (10 % FBS) or PE
stimulation. E2 stimulation alone of NRVM resulted in a 5-fold induction in ANF mRNA. an effect
that could be abrogated in the presence of the ER antagonist II1 182.780.

ANF TUP

129000

worn

now

ERa . . . • • • - - - • • *

E2 . • • . • • . • • . • •

ICI 182.780 - - • . . • . - • . . •

Figure 4.4. Results of transient transfection using ANF promoter deletion fragments in cultured HEK293
cells. ANF promoter fragments included -150 and -700 bp of proximal ANF promoter. After stimulation with
17p-estradiol (109 mol/L) and/or ICI 182,782 (10'* mol/L) for 48 hours.

To address the requirement of extracellular presence of ANF in the inhibitory effects of F.2 on
cardiomyocyte hypertrophy, an antibody directed against ANF was added in increasing
concentrations. The E2-inhibition of cardiomyocyte hypertrophy was abrogated in a dose-dependent
manner. In addition, PE and antibodies-treated cardiomyocytes showed a dose-dependent increase
in the overall surface area compared with PE-treatment alone (Figure 4.3A). The presence of the
antibody led to reduced bio-availability of ANF (Figure 4.3B).
To further dissect the role of E2 in the transcriptional control of the ANF gene. ANF promoter
deletion fragments (linked to a luciferase reporter) were tested for their ability to induce luciferasc
expression following E2 stimulation. A deletion fragment of 700 bp of the ANF promoter
demonstrated substantial transactivation following E2 treatment, and this effect was attenuated in
the presence of ICI 182,780. The proximal 150 bp fragment of the ANF promoter, showed a
reduced response to E2, suggesting that the estrogen responsive transactivation elements are located
within the region between -150 and -700 bp of the proximal promoter (Figure 4.4).

E2 activates the guanylyl cyclase-A receptor
Accumulation of ANF may result in autocrine paracrine stimulation of NRVM through its cognate
transmembrane GC-A receptor. E2 and ANF increased cGMP activity by 14.58 ± 3.5, and 26.21 ±
5.8 pmol/mg protein respectively compared to control (below detection level). We found that
administration of either ANF (10^ mol/L) or 8-Br-cGMP (10'' mol/L) resulted in attenuation of
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cardiomyocyte hypertrophy. Both agents decreased cardiomyocyte surface area by 50% (Figur
4.5A, c and e) compared to PE stimulation alone (Figure 4.5A, b). The level of inhibition achieve!
by ANF or 8-Br-cGMP addition was comparable with that due to coadministration of E2 (10'
mol/L; Figure 4.5 A, g). Quantification of the cell surface areas supported the immunocytochemica
observations (Figure 4.5B).
C'ardiomyocytes were stimulated with PE and E2, ANF or 8-Br-cGMP in the presence of cGMP
dependent protein kinasc (cGK) blockcr. KT-5823 (10'* mol/L). KT-5832 completely abolished th>
antagonistic growth potential of E2, ANF or 8-Br-cGMP of eardiomyocytes following PI
administration (Figure 5A, d, f and h). Indeed, PE stimulation in the presence of cGK inhibitioi
resulted in significantly larger eardiomyocytes compared to those stimulated with PE alone (Figun
4.5A, b and I). This property of KT-5823 was not because of growth-evoking properties of KT
5823 alone (Figure 4.5A, j) or specific to PE-stimulation alone, because potentiation o
cardiomyocyte hypertrophy was also observed after stimulation with ET-1 (10"̂  mol/L) or CT-1
(I0''' mol/L) in the presence of KT-5823 (data not shown). Quantification of the cell surface area'
supported the iminunocytochcmical observations (Figure 4.5B).

B

I

Figur* 4.5. A. Antihypertrophic effects of estrogen involve autocrine stimulation of the GC-A receptor and
cGMP Cardlomyocytes were identified with a-actinin antibody (red signal) and nuclei were stained with bis-
benzamide (white) Cardlomyocytes stimulated with PE (10* mol/L) demonstrated a significant hypertrophic
response (b) compared to myocytes cultured under control (SF) conditions (a) Stimulation of the GC-A
receptor with ANF (10* mol/L) resulted in a significant attenuation of PE-induced cardiomyocyte hypertrophy
(c). Similarly, addition of 8-Br-cGMP (10* mol/L) blocked PE-mediated cardiomyocyte hypertrophy (e) The
effects of ANF and cGMP where comparable to that of E2 (g) Anti-hypertrophic effects of ANF or &Br-cGMP
could be reversed by inhibition of the cGMP-dependent protein kinase (cGK) with KT5823 (10* mol/L) (d. f.
and h). Cardlomyocytes cultured in the presence of PE and K-T5823 alone demonstrated a more massive
hypertrophic response (i) than PE-stimulated cardlomyocytes (b) B. Quantification of cell surface area of 3
independent experiments. *P<0.05 vs. serum free conditions. tP<0.05 vs PE.
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Discussion

Estrogen antagonizes cardiomyocyte hypertrophy
Various observations suggest that estrogen may play an important role in modulating cardiac
hypertrophy.'^ Uendcr-related differences have been observed in the development of pressure
overload hypertrophy"" Recently we were able to demonstrate that estrogen attenuates the
development of pressure overload hypertrophy. An interesting correlation between AN I' expression,
hypertrophy and estrogen was observed.* The present study provides for the first time evidence that
estrogen modulates ANF through a genomic. FR-dcpcndent pathway in NRVM. l-strogen-induced
ANF accumulation in the ventricular myocyte most likely results in ANF receptor actuation in an
autoenne paraenne manner, which in turn evokes cytoplasmic cGMP signaling downstream of the
GC-A receptor. Thus E2 increases the egression of ANF which antagonizes I.V'H.

Estrogen and ANF induction
ANF gene expression in ventricular myocytes occurs in response to diverse hypcrtrophic stimuli in
multiple mammalian species, including humans. ANF induction has therefore been considered to he
one of the conserved molecular features of ventricular cell hypertrophy. In human failing and
hypertrophicd hearts, the expression of ANF is markedly induced, and considerable levels of the
peptidc arc detected in cardiomyopathic ventricles." The present findings demonstrate that estrogen
is able to induce ANF gene expression. Because we were not able to find a consensus IK binding
clement in the proximal ANF promoter, it is feasible that FRs may influence ANF promoter activity
indirectly through interactions with other cofactors such as Sp-1.'" In this light it is of interest that
multiple important cis-acting elements, such as Spl sites, have been recognized in the ANF
promoter." In fact, transcriptionally active Spl-ER complexes have been identified and shown to
influence promoter activity of other gpnes. thereby providing a possible explanation on how I-.R
may influence transactivation of the ANF promoter in the absence of a functional KR-binding
element.^" Previously, Hong et a l / ' demonstrated that ovariectomy decreased atrial ANF mRNA
transcripts in rats. Female wistar rats treated with estrogen demonstrated increased ANF gene
expression. The present study supports the notion that estrogen may be an important factor for
transactivation of the ANF gene.

ANF and cardiomyocyte hypertrophy
Previous studies have already provided substantial evidence for an antagonistic role of ANF on the
development of LVH. On several accounts, ANF was shown to possess growth inhibitory properties
on cultured NRVM.** Calderone et al.^ demonstrated that exogenous ANF and cGMP inhibit the
protein synthesis in NRVM.
Single Nucleotide Polymorphisms (SNPs) within the first 650 bp of the ANF promoter gene of
Wistar-Kyoto rats were demonstrated to influence promoter activity, in keeping with a higher I.V
ANF concentration under basal conditions compared to Wistar-Kyoto Hyperactive (WKHA) rats
with a larger LV mass."' That study showed that rats with lower ANF levels had an increased left
ventricular mass. Genetically modified mice with complete absence of the CiC'-A receptor
demonstrated elevated blood pressure and marked cardiac hypertrophy with interstitial fibrosis,^
thereby illustrating the importance for the GC-A receptor for the suppression of LVH. Mice with a
disrupted pro-ANF gene lack circulating and tissue ANF, and exhibit increased heart weight and
blood pressure when maintained on intermediate salt diets," again showing the importance of ANF
signaling to block LVH. Conversely, hearts from mice with cardiac-restricted ovcrcxprcssion of the
GC-A receptor were smaller than their wildtype counterparts and had distinct antihypcrtrophic
properties, independent of vascular tone.*'' Taken together these studies support the relevance of the
ANF GC-A receptor pathway to prevent hypertrophy.
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cGMP-dependent protein kinase and cardiomyocyte hypertrophy
New observations suggest that cGMP signaling may play a crucial role in the anti-hvpertroph
effects of estrogen and/or ANF on NRVM. Estrogen rapidly activates calcium-activated potassiui
channels. Such activation occurs through a pathway dependent on nitric oxide (NO) and cGMP.
Furthermore, most of the actions of ANF arc mediated through activation of its transmembrane G(
A receptor." Receptor-generated cGMP binds to cGK, which is thought to mediate the princip
biological functions of cGMP. Estrogen also stimulates NO production through activation i'
cndothclial NO synthase via notvgenomic and genomic effects."'' This may be associated wit
syncrgistic stimulation of cGK in cardiomyocytes. Both stimulations through ANF induction (
cndothclial NO synthase activation result in blocking hypertrophy.
Here we report that E2 treatment counterbalanced morphological and biochemical parameters (
myocytc hypertrophy after stimulation with PE or ET-1. A marked uprcgulation of ANF mRN,
and protein levels accompanied the morphological observations mediated through an ER-mediate
pathway. Treatment with E2 activates the ANF receptor in an autocrine/paracrine fashion, whic
leads to increased activation of cGMP and cGK. In summary, we show here that estrogen is
critical mediator of ANF regulation in cardiac hypertrophy. These observations may help t
understand the gender-based differences found in cardiac disease.
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Abstract
Background: Significant gender-related differences exist in the development of left ventricular
hypertrophy (LVH). In addition, estrogen (E2) administration to ovariectomized female mice
attenuates the development of LVH demonstrating an antagonistic role for 17($-estradiol (E2). E2
exerts a variety of important physiological effects, which are mediated via the two known estrogen
receptors (ERs), ERa and ERp. The mechanisms involved in this process, however, are poorly
understood. We therefore used ERa knockout (ERKO) and ERf3 knockout (BERKO) mice to
differentiate the effect of E2 on the development of pressure-overload hypertrophy.
Methods and Results: Ovariectomized mice, lacking one of the two ERs were given E2 or placebo
subcutancously using 60 day release pellets. They underwent transverse aortic constriction (TAC)
or sham operation. E2 significantly increased uterine weight in BERKO and in WT littermates, but
not in ERKO. TAC led to a significant increase in ventricular mass compared with sham operation.
E2 treatment 4 weeks after TAC reduced cardiac hypertrophy significantly in WT and ERKO mice
compared with placebo and BERKO. No differences were observed between the E2 and placebo-
treated animals that were sham operated. Furthermore, E2 blocked the increased phosphorylation of
p3K-mitogcn-activutcd protein kinase (MAPK) observed in TAC placebo-treated WT and ERKO
animals. H2 led also to an increase in atral natriuretic peptide (ANF) in the hypertrophied ventricles
of WT and HRKO, while no significant levels of ANF were detected in the ventricles of E2 treated
sham and BERKO mice.
Conclusions: These findings demonstrate that hormone replacement therapy with E2 reduces the
effects of pressure-overload on the heart. The protective effect of E2 is mediated via ER0 and not
ERa.

Introduction
The increase of left ventricular mass represents a structural mechanism of compensation of the heart
in response to pressure overload. The resulting left ventricular hypertrophy (LVH) is an important
negative predictor of cardiac morbidity and mortality. It is one of the gender-related differences in
the incidence of a wide variety of cardiovascular diseases.' Premenopausal women have a lower
prevelance of LVH than men.' The Coronary Artery Risk Development In young Adults (CARDIA)
study demonstrated a higher prevalence of LVH in man, even after correction for a large number of
risk factors. It further demonstrated that the difference in left ventricular size begins early in life
(i.e. prior to menopause), suggesting that intrinsic factors arc involved in the induction of LVH. It
has been demonstrated that estrogens arc able to attenuate hypertrophic responses. Estrogens appear
to act as canlioprotectivc steroid hormones. Therapeutic application of estrogen (E2) in heart
disease is questionable.'' \ Recently, the results from 2 large randomized clinical trials, the Heart
and Estrogenprogestin Replacement Study (HERS) * and the Women's Health Initiative (WHI) '
have been published. These clinical studies demonstrated that at present the risks associated with
hormone therapy outweigh the benefits for women taking continuous estrogen and progestin
regimens. However the underlying mechanisms of E2 protection of the myocardium are not fully
understood. Further elucidation of the mechanism may provide leads to avoid the negative
implications of E2 therapy.
Myoeytes and fibroblasts contain functional estrogen receptors (ER) a and p*. Via these receptors,
E2 modulates the activity of the mitogen-activated protein kinase (MAPK) pathways in cardiac
myocytcs* The MAPK signaling pathways consist of a sequence of successively acting kinasesthat
ultimately result in the dual phosphorylation and activationof effector kinases such as p38-MAPKs,
c-Jun N-terminal kinases (JNKs), and extracellular signal-regulated kinases (ERKs), which
subsequently phosphorylatc a large array of targets, leading to altered gene expression patterns.
These signaling cascades play an important role in the initiation of cardiac hypertrophy and in the
development of heart failure.*"'* E2 can inhibit p38-MAPK phosphorylation and thus p38-MAPK
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activation.'' Furthermore it is known that E2 cat ilirrriir the expression of the atrial nalriurctic
factor (ANF). which recently has been shown to possess antihypertrophic effects."''*
We recently reported the effects of E? on the development of pressure-overload hypertrophy and the
activation of signalling pathways of MAPKs." Here we further define the role of I-Rs in this
process. For this goal we used ERKO and BRK.O mice and WT litiennates of each. We found that
cardioprotective effects of E2 on LVH are mediated by ERJ} and not ERa. These effects are
paralleled by an increase in the expression of ANF and a decrease in the phosphorylation of p3K.

Material and Methods

Animals
ERKO mice were produced as described previously." These mice, which have been extensively
studied, do not express ER proteins in any tissue.""* BERKO mice were generated and provided by
Organon (Oss, the Netherlands). The mouse ER0 gene was isolated from an 121 Sv genomic BAC
library!Genome Systems) by screening with a full length human l!Rp cDNA probe. Two BAC
clones were obtained and restriction enzyme mapping was performed using a panel of restriction
enzymes and degenerated probes deduced from exon 1-4. Two fragments were identified: a 2.7 kb
Hindlll-EcoRV fagment located 5' of exon 1 and a I 6 kb Hindlll fragment located .V of exon 2.
Both fragments were cloned into the pKO gene targeting vector (Lexicon (ienciics, Woodlands,
USA) containing the pgk-neo gene for positive selection and the CMV-Tk gene for negitive
selection. ES cells were transfected with NotI linearized targeting vector using a BioRad (Jcne
Pulser(23OV). Targeted ES cells were identified by nested PCR analysis. PCR conditions used were
100 ng each of primer 5'-GGAGTGGCAGACAAGGGCA-3' and primer 5'-
GATTCGCAGCGCATCGCC-3'. 10 ng genomic DNA, DNA Taq polymerase(IU, Gibco BRL), a
dATP, dCTP, dGTP, dTTP mixture (10 mM), Taq buffer (Gibco BRL) for 20 cycles Nested PCR
was performed using the nested primers 5'-ACCCAACACCCTCTCTGGCC-3 and 5'-
GGGCTCTATGGCTTCTGAGG-3' for 24 cycles. PCR products were analyzed on an 1% agarose
gel and vizualised with cthidium bromide. Positive clones obtained were analyzed by Southern blot
analysis. Targeted clones were expanded and injected into blastocysts from C57BI/6 mothers
(Genome Systems), and were returned to pseudopregnant C57BI/6 hosts to complete their
development. Germ line transmission of the mutant allele was tested by PCR analysis of genomic
tail DNA.

Experimental procedures
Ten-week-old female wild type (WT), ERKO, and BERKO, were housed under standard conditions.
Animals were anesthetized with ketamine (100 mg/kg body weight (BW) intrapcritoneal) and
xylazine (10 mg/kg BW intraperitoneal ) for ovaricctomy, pellet placement, and transverse aortic
constriction (TAC). The study was approved by the animal ethics committee of the University of
Maastricht.

Estrogen Replacement
Two weeks after ovariectomy, a 60-day-release pellet containing 0.18 mg E2 or placebo was
implanted subcutaneously. E2 serum levels were measured with a radioimmunoassay (DPC
Biermann, Bad Nauheim, Germany) in a subset of animals. All pellets were purchased from
Innovative Research of America (Sarasota, USA)

Surgical Procedures and Haemodynamics
Two weeks after the pharmacological intervention, TAC was performed, as described previously."
Sham-operated animals underwent an identical operation without placement of the constricting
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suture. Assessment of LV function was performed as previously described.^ '•** Conductance and
pressure input were digitized with a Conduct-PC data acquisition system (CDLeycom BV,
Zoetermeer, The Netherlands). Average values for mean arterial pressure (MAP), heart rate (HR),
systolic and diastolic left ventricular pressure (LVP), and LV end-diastolic pressure (LVEDP) were
determined.

Tissue Preparation and Histology
Hearts were arrested in diastole with CdCfe (0.1 mol/L IV). For morphometric analysis, hearts were
fixed in 10% formalin and embedded in paraffin as described previously.' For protein extraction,
hearts were excised, washed in ice-cold PBS. All external fluid was completely removed before the
organs were weighed and frozen. Transverse sections of the heart were stained with hematoxylin
and cosin, sirius red. or modified Azan. The analysis of the collagen content was performed with a
computerized morphomctry system as described previously."

Immunoblot Analysis
Total heart lysates (4()ug/lane) were analyzed by standard immunoblotting procedures as described
previously." Equal loading was checked by stripping and reprobing the membrane with troponin C.
The following primary antibodies were used: Atrial natriuretic factor (ANF) (Phoenix
Pharmaceuticals Inc); p38-mitogcn-activated protein kinase (p38-MAPK), (Santa Cruz
Biotechnology Inc) and phospho-p-38 MAPK (Thrl80/Tyrl82) (New England Biolabs). Detection
was performed with the enhanced chemiluminesccncc technique after incubation with a suitable
secondary antibody coupled to horseradish peroxidasc (ECL; Amersham Pharmacia Biotech). A
computerized image acquisitionsystcm (Alpha Innotech Corp) was used for densitometric analysis.

Krai time-PC R analysis
Details of the real-lime RT-PCR have been described previously.*' The primer sequences used for
real time PCR are: ANK 5' primer (5-CCT GTG TAC AGT GCG GTG TC). ANF 3" primer (5'-
TCC TCC AGG TGG TCT AGC A), cyclophillin 5' primer (5'-CAA ATG CTG GAC CAA ACA
CAA). cyclophillin .V primer (5'-TTC ACC TTC CCA AAG ACC ACA T). The CT measurement
is defined at the fractional cycle number at which the amount of amplified target reaches a fixed
threshold above background Sybr Green fluorescence. The amount of target in the cDNA sample
relative to cyclophilinc was calculated.

Statistical Analysis
Data are shown as mean i SEM. Means were compared by ANOVA. followed by Bonferroni's test
for multiple comparisons. Differences were considered significant at /><0.05.~*
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26.14*1.06
157.43*13*
6.0340.53'
878*079*
0.93*0.11
0.1810.01

E2

10

23.25*007
131 75*13't
5 6810 75*1
7 6310 74*t
11 8912 I t
0.1710.04

10

24.08*0 78
13692*16't
S.6SlO72*t
7.99*0 98't
3 42*0 36 f t
0.16*0.02

10

25.2511 56
131 50112" t
5.2910.81* f
745tO.89*t
14 85 ±1 961
20.9311 44f
0.1610.00

10

2471 ±0.69
169.29*32*
6.8841.25'
9.76*1.79*
1577*177*
0 1610.01

BW, body weight; VW. ventricular weight; TL. Tibial lengtht; and UW,
Uterus weight. All values arc Mean ± SEM. *P^0.05 for TAC vs sham,
tP<0.05 for E2 vs placebo, and JP<0.05 for KO vs WT

Table 5.1. Effects of TAC and E2-treatment on body and organ weights.
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Results
E2 replacement led to a reconstitution of physiological estrogen levels (122 pg/ml in E2 treated
versus <5 pg/ml in placebo treated). All measured E? levels in animals receiving placebo were under
the detection level. Uterus weight was measured to demonstrate the effectiveness of ovariectomy
and E2 substitution in all animals. In all groups (8 conditions with TAC or sham and placebo or E2
treatment for ERKO as well as BERKO) the uterus weight/body weight (UW/BW) and UW/tibia
length (TL) ratios showed a significant difference between placebo and E2-treated mice (Table 5.1
and Figure 5.1). In E2-treated WT and BERKO the UW/BW ratios are significantly higher than that
of E2-trcatcd ERKO mice (Table 5.1, and Figure 5.1). There were no significant differences in BW
between the groups (Table 5.1).

Pbnbo E2

WT

ERXO

Figure 5.1. E2 and ERu determine the size of the uterus. Macroscopic images of uteri after treatment of 10
weeks old WT, ERKO and BERKO with E2 or vehicle for 4-6 weeks (bars = 5mm)

In IiRKO as well as WT. TAC led to a significant increase in ventricular mass 4 weeks after the
intervention. 1-2 treatment led to a significant reduction of the increase of ventricular weight (VW),
the VW/BW ratio, and the VWHT ratio in WT and ERKO (Table 5.1 and Figure 5.2A and B). No
differences were observed sham-operated mice (Table 5.1 and Figure 5.2A and B). Also in BERKO
and their WT lutennates, TAC led to significant increase in ventricular mass 4 weeks after the
intervention. In WT the degree of ventricular hypertrophy was significantly lower in E2-treated
compared with placebo-treated mice.
Paradoxically. 1-2 treatment in BERKO mice resulted in a higher but not significant level of
hypertrophy as compared with WT. No significant differences were observed in sham operated and
placebo treated TAC mice (Table 5.1 and Figure 5.3A and B).
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Figure 5.2. The degree of ventricular hypertrophy was significantly lower in ^-treated than placebo-treatad
WT and ERKO mice with pressure overload Ventricular weight (VW)/BW ratios from animals with pressure
overload (TAC) or without (Sham) that were treated with E2 or placebo 4 weeks after intervention (A) V W H 1
ratios from animals with TAC or Sham that were treated with E2 or placebo 4 weeks after Intervention (B) All
values are mean ± SEM, n = 7 for sham and 10 for TAC per group. "Indicates P<0.05 for TAC vs sham,
findicates P<0.05 for E2 vs placebo.
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Figure 5.3. E? treatment led to a significant reduction in the degree of hypertrophy in WT but not in BERKO
mice. The VW/BW ratios from animals with TAC or Sham that were treated with E2 or placebo 4 weeks after
intervention (A). VW/TL ratios from animals with TAC or Sham that were treated with E2 or placebo 4 weeks
after intervention (B). All values are mean ± SEM, n = 7 for sham and 10 for TAC per group 'Indicates
P<0.05 for TAC vs sham, tindicates P<0.05 for E2 vs placebo.

Thus in TAC WT mice E2 treatment led to a significant reduction of the VW and related
parameters. No differences were observed in sham operated WT and BERKO mice (Table 5.1 and
Figure 5.3A and B). Weight analysis is in line with morphometric analysis (Figure 5.4A, B, C, D, E
andF).
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Figure S.4. Transverse sections of hearts stained with Hematoxylin-eosin from WT and ERKO animals with
TAC and without (sham) that where treated with either E2 or placebo 4 weeks after intervention (bar = 1mm)
(bar = 1mm) (A). Transverse sections of hearts stained with Hematoxylin-eosin from WT and BERKO
animals with TAC and without (sham) that where treated with either E2 or placebo 4 weeks after intervention
(bar » 1mm) (B). LV area for WT and ERKO (C). LV area for WT and BERKO (D). LV circumference for WT
and ERKO (E). LV circumference for WT and BERKO (F): All values are mean ± SEM. n = 7 for sham and
10 for TAC per group 'Indicates P<0 05 for placebo vs E2 treatments

In this study, ventricular contraction and relaxation did not alter cither between genotypes or
substitution therapies following TAC. Maximal derivative of left ventricular pressure (dP/dtnui)
increased and minimal derivative (dPdtmm) decreased, although no significant differences were
found between groups (Figure 5.5D and 1-). The pressure volume loops showed the absence of
differences in cardiac performance between placebo and E2-treated BERKO (Figure 5.5F), except
for the TAC-induced systolic pressure rises. No significant differences in LV end-systolic pressure,
end-diastolic pressure, or heart rate were observed between the groups. Data in ERKO are
comparable (not shown).
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Figure S.S Cardiac function measured n BERKO and WT mica.
Representation of left ventricular developed pressure as an
indication of cardiac aftertoad in TAC and sham mice (A and B).
Cardiac output (CO) (C). dP/dt™» (D) dP/dt«« (E). Left ventricular to
wvo pressure-volume loops in sham placebo-treated WT mice
(BERKO httermates) (black loops). TAC placebo-treated BERKO
mice (blue loops) and TAC E2-treated BERKO (red loops). All
values are mean t SEM, n * 7 for sham and 10 for TAC per group,
tindicates P < 0 05 TAC vs sham

KRKOMKt

Mr! _ f—<t

D • — i

WT and BCRKO mlc*

5 10
VOLUME (RVU)

To analyse the mechanisms involved in the observed antihypertrophic effect of E2, we investigated
a few selected genes involved in development and progression of cardiac hypertrophy. In previous
reports these genes have been shown to be regulated by E2. Immunoblot analysis revealed that Ej
blocked the increased phosphorylation of p38-MAPK in ovariectomized WT and ERKO mice with
pressure-overload hypertrophy, whereas it exerted no effect in sham-operated animals and BERKO
(Data not shown).
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TAC led to a significant increase in ANF expression in the hypertrophied ventricles of WT and
ERKO mice 4 weeks after intervention compared with sham treated animals. E2 treatment led to a
significant increase in the expression of ANF in WT and ERKO compared to placebo treated mice
and BERKO (P < ± 0.05) however in BERKO mice no such effect was found (Figure 5.6A and B).

Discussion
The use of E2 as a therapy is associated with side-effects including increased risk of breast cancer
and deep venous thrombosis." A better understanding of the function of specific ERs in different
tissues is important in the development or selection of new agents that could be used for treatment.
The expression of ERa and ER(} varies in different tissues and between species."" Currently, the
biological roles of these two different ERs is not clear. It may be related to the selective actions of
E2 in various target tissues. Also it is known that different estrogenic compounds have different

J"

]

I:
i

• i Placebo
CD E2

Figure 5.6. RT-PCR analysis showing ventricular expression of ANF gene which has been shown to be
regulated by E2 ANF expression in TAC WT and ERKO animals treated with E2 or placebo (A) ANF
expression In TAC WT and BERKO animals treated with E2 or placebo (B). All values are mean t SEM.
'Indicates P<0.05 (or placebo vs E2 treatments t indicates P<0.05 for ERKO vs BERKO. The values are
corrected by subtracting cyclophillin values and presented as a relative values to control.

relative binding affinities for ERa versus ERfJ.***'"'. When coexpressed. ER(3 exhibits an inhibitory
action on l-'Ra -mediated gene expression and thus opposes the actions of ERa." For instance
recent studies suggest that HRjJ may inhibit the stimulatory effects of ERa on cellular
proliferation. '* In the case of 1:2 signaling, cellular selectivity for one or the other ER appears to be
regulated by the cellular expression pattern of the ERs and interacting coactivator and corepressor
proteins."
The 1-'R« appears to be more involved in regulation of uterine growth than the ERp. as can be
deduced from both the uterine wet weight and the utenne dry weight in ERKO. This is in line with
previous studies regarding the importance of ERa for the uterine response.""** On the other hand
the ERp, as w proved in this study, mediates the attenuation of pressure-overload hypertrophy by
E2. Whereas in ERKO. ventricular weight is significanly reduced (comparable to WT) after
addition of E2. no such effect is seen in BERKO. Therefore, our study supports the hypothesis that
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E2 has direct effects on cardiac myocytes and the heart. ERfJ mediates transcriptionul activation of
eNOS and iNOS by E2 in cardiac myocytes '* Although ERP appears to be of major importance in
the ERa/ERp-dependent responses studied in this investigation. HRJJ also plays an role in other
physiological contexts. Recently it was demonstrated, using the same animal model, that l-.Rp is
necessary for normal morphology in several regions of the central nervous system '" Studies on
these animals also indicate that ERp has an antiproliferativc effect in the immature uterus and in the
prostate, at least partially by balancing the proliferativc activity of ERa." ER|i. not ERu. mediates
the anorcctic action of E2 in the CNS.** To further elucidate the mechanisms involved in E2's
antihypertrophic effects, it will be necessary to identify the additional signaling molecules involved
in these protective effects, the time course of their activation, and the cross talk between them
In a previous study we showed that no differences occur in the expression levels of I-.RKI '2. JNK,
ATiR or ACE." To further elucidate possible mechanisms involved, we studied the activation of
MAPK, and ANF. These have been shown to play important roles in the development and
progression of cardiac hypertrophy." It has been reported that the activation of p38-MAPK
maintains the hypertrophic response over a longer period of time.'** E2 can inhibit pJ8-MAPK
phosphorylation and thus p38-MAPK activation. Our results arc in line with those of van Eickcls ct
al.," who demonstrated that inhibition of p38-MAPK phosphorylation by E2 treatment may
represent one of the mechanisms by which E: exerts its antihypertrophic effect in the TAC model of
pressure overload.

Antihypertrophic properties of ANF were shown in several studies.""'*'" Furthermore, it has been
previously shown thatE: increases the expression of ANF."" In line withthese results, 1̂  led to a
significant increase in ANF expression in the ventricles of WT and ERKO animals, as compared
with placebo-treated WT and E2-treated BERKO mice with pressure overload. These findings
confirm that ANF is part of another pathway by which E2 exerts its antihypertrophic effects.
Our results show that the antihypertrophic effects of E2 arc receptor specific. This may stimulate
research for ligands that only bind ER0. Such a development may circumvent the negative effects
reported in the HERS and WHI studies, and provide for precisely targeted anti-hypertrophic
approach.

Conclusion
Our results showed that ERp plays a role in the control of LVH. Protective effects of E2 in murine
heart via ERP appear to increase expression of ANF and decreased p38 phosphorylation. The fact
that cardiovascular action of E2 relies largely on ERP provides opportunities to develop more
specific interventional strategies to treat hypertrophy, avoiding side effects.
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Chapter 6

Abstract
Introduction: Observational and clinical studies suggest different responses upon hormone
replacement therapy in ischemic heart disease between sexes. Few studies have examined the
impact of estrogen receptor (ER) dependent mechanisms on the extent of injury by myocardial
infarction (MI). Therefore, we set out to evaluate the effect of estrogen (E2) replacement on infarct
size and the respective role of the estrogen receptors (ER)-a and -|3 in this process, using ERa and
F.RP deficient mice.
Methods and results: Wildtype (WT), ERa knockout (ERKO) and ERJJ knockout (BERKO) mice
were ovaricctomized and subsequently supplemented with E2 or placebo using subcutaneous 60 day
release pellets. Ml was induced by left coronary artery ligation. Two weeks following MI
hemodynamic function was assessed and infarct size determined. There was no significant
difference in infarct size in WT mice between E2 or placebo substituted mice. Surprisingly, E2
treatment did result in smaller infarct sizes in ERKO mice. Left ventricular mass increase was
significantly larger in the E2-trcatcd animals compared to placebo treated animals. E2 treatment
also significantly increased mortality in WT and ERKO animals.
Conclusions: 1-2 decreased the infarct size in ERKO mice. However, in these mice E2 also
increased mortality possibly because of unfavorable post-MI ventricular remodeling. Deletion of the
respective FRs has a specific effect on the infarct size in presence of E2. Further studies will be
necessary to uncover the mechanisms underlying the observed effects of E2 reported in this study.

Introduction
The outcome of ischemic heart disease reveals gender-based differences, which can partially be
attributed to the varying sex hormone levels between males and females.' Many observational
studies suggest that estrogen replacement therapy (FRT) has cardioprotectivc effects in
postmcnopausal women.' Premenopausal women appear to be protected from the development of
coronary artery disease. Furthermore, FRT reduces the incidence of coronary artery disease and the
progression of coronary artery lesions after the menopause. However, recent clinical trials have
failed lo show a cardiovascular benefit of FRT in women with established coronary artery disease/
The recently published Heart and FstrogeivProgestin Replacement Studies (HERS) I and Il \ and
Women's Health Initiative (WHI) report failed to demonstrate that conjugated E2 plus progestin
reduce the overall incidence of cardiac events in patients with established coronary artery disease
(secondary prevention) or the risk of cardiovascular disease in healthy postmenopausal women
(primary prevention). Earlier studies'* have demonstrated the presence of ERs a and (J in
cardiomyocytcs and fibroblasts. These F.Rs arc functional and have been shown to regulate the
expression of specific cardiac genes, such as the progesterone receptor and the gap junction protein
connexin 43 gene." These findings suggest that gender-based and pre- versus postmenopausal
differences in cardiac pathophysiology may in part be due to direct effects of F2 on cardiac cells
such as myocytcs and fihroblasts. These cells are also involved in the remodeling process post-MI.
Estrogens may act in a gender-specific way to protect against cardiovascular dieases. Additional
analyses examining the complex association between estrogens, lipoprotein serum levels, and
cardiovascular disease suggested that the protective effect of E2 is substantially mediated through
increased high-density lipoprotein levels."
E2 has recently been shown to attenuate the development of cardiac hypertrophy in response to
pressure-overload." '* Cardiac ischemia studies investigating the effects of estrogens in myocardial
infarction (Ml) have revealed conflicting results. Various studies report a protective effect of
estrogens in myocardial ischemia leading to reduced infarct sizes, prevention of adverse post-MI
remodeling and cardiac function deterioration."'''' Other studies report no effect of E2
supplementation.'*•'" Several studies observed increased infarct sizes and mortality following E2
supplementation in cardiac ischemia studies." E2 is detrimental at the time of MI or early post-MI
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period, resulting in an increased size of infarct or infarct expansion.'" Major limitations in
comparing these studies are the various forms of E2 supplementation, time-points of treatment and
investigated species Due to the inconsistency in results no conclusive consensus about E2 treatment
in cardiac ischemia could be reached. The role of ERs in past-Ml adaptation is unknown. To date,
no studies nave examined the effects of estrogen supplementation on infarct si/e or post-MI
remodeling and survival in ER deficient models In the current study, we compared (he effects of 1-2
replacement on infarct size, mortality, and cardiac remodeling after MI in ERKO and BERKO
mice. In these mouse models we demonstrate that I-2-treatment affects infarct size, influences left
vcntncular (LV) remodeling and increases death rates following Ml depending on the type of I-R-
deficicncy.

Materials and methods

Study plan
We used WT (WT ERKO and WT BERKO littcrmatcs). ERKO and BERKO mice. Ten weeks old
mice were ovariectomized and randomized for placebo or 17-bcta-cstradiol
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Table 6 .1 . Effects of Ml and E2-treatment on body and organ weights two weeks following Ml.

(E2) treatment (0.18 mg E2. 60-day release pellets). Two weeks later. Ml was induced by ligation
of the left coronary artery. The mice were sacrificed two weeks after Ml. The animals were
randomized to 8 different subgroups for ERKO and BERKO mice (Table 6.1).

Animals
The ERKO mice were described previously." BERKO mice were generated and provided by
Organon NV (Oss, Netherlands) for details see chapter 5. Mice were housed under standard
conditions. Animals were anesthetized with ketamine (100 mg/kg, intraperitoncal) and xylazinc (10
mg/kg, intraperitoneal ) for ovariectomy, pellet placement, and MI. The study was approved by the
animal ethics committee of the University of Maastricht.
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Estrogen Replacement i
Two weeks following ovariectomy, 60-day-release pellets containing 0.18 mg Ej or placebo were J
implanted subcutaneously (Innovative Research Sarasota, FL, USA). E2 serum levels were I
measured with a radioimmunoassay (DPC Biermann, Bad Nauheim, Germany) in a subset of
animals.

Surgical Procedures and LV Function Measurements
Two weeks following the pharmacological intervention, MI was performed, as described
previously^" Sham-operated animals underwent a thoracotomy, but no suture was placed on the

^ ' ^coronary artery. Assessment of LV function was performed as previously described.^
Conductance and pressure input was digitized with a Conduct-PC data acquisition system
(CDLcycom BV, Zoctermeer, The Netherlands). Average values for mean arterial pressure (MAP),
heart rate (MR), systolic and diastolic left ventricular pressure (LVP), and LV end-diastolic pressure
(LVEDP) were determined.

Tissue Preparation and Histology
Hearts were arrested in diastole with CdCfc (0.1 mol/L IV) and subsequently harvested. For
morphomctric analysis, the left ventricle (LV) was separated from atria, great vessels and the right
ventricular free wall, and weighed. All external fluids were completely removed before the organs
were weighed. The left ventricles were fixed in 10% formalin and embedded in paraffin as
described previously. Kor protein extraction, hearts were excised, washed in ice-cold PBS, and
frozen.

Determination of infarct .size
Infarct size was measured by compressing the LV between two glass slides and capturing images of
both sides using ;i computerized image analysis system Image-Pro Plus (Image Processing
Solutions, Inc., North Reading, USA). The infarct area was distinguishable from noninfarcted
myocardium by the bleached color of the infarct area. Infarct size was determined by calculating the
relative surface urea of the infarct as a percentage of the total LV surface area.

Statistical Analysis
Data arc shown as mean ± SEM. Means were compared by ANOVA, followed by Bonferroni's test
for multiple comparisons. Differences were considered significant at /* <0.05.

Results
Ovariectomized animals treated with placebo had undetectable E2 serum levels (<5 pg'ml), while
E2 serum levels were normalized in E2 treated mice (122 pg/ml). Uterus weight (UW) was
measured to demonstrate the effectiveness of ovariectomy and E; substitution in all animals.
UW BW ratios were significantly lower and uteri atrophied in placebo treated mice compared to E2
treated mice (Table 6.1 and Figure 6.1). Interestingly, UW BW ratios were significantly larger in
BFRKO vomp.iK'il to 1-RKO mice.
To examine the long-term effects of E2 on LV remodeling and survival following ischemia, mice
were randomized to either placebo or E2 supplementation, and subsequently underwent MI or sham
operation with a two week follow up period. Left ventricular weight (VW) was indexed to BW and
tibia length (11.) to detect hypertrophic growth. MI led to significant higher VW BW ratios
compared with sham animals in WT, ERKO and BERKO mice (Table 6.1, Figure 6.2A. B and C
and Figure 6.3A. B and C). Surprisingly. E; treatment in mice which underwent MI led to higher
increase in VW/BW and VW-TL ratios compared to placebo treatment. In contrast, no differences
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EWCO

BERKO

Figure 6.1. E2 and ERa determine the size of the uterus. Macroscopic images of uteri after treatment of 10
«Maks old WT. ERKO and BERKO with E2 or vehicle for 4 vra«ks (ban • 5mm).

were observed between the k- and the placebo-treatment in sham groups (Table 6.1, Figure 6.2A,
B and C and Figure 6.3A, B and C). The prohypcrtrophie effect of L2 treatment, therefore, wa* only
observed subsequent to Ml surgery, both in ERKO and BF.RKO studygroups.
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Figure 6.2. The degree of ventricular hypertrophy was significantly higher in Ertreated than placebo-treated
WT and ERKO mice with Ml VW/BW ratios from animals with Ml or without (sham) that were treated with E2
or placebo two weeks after intervention (A). VW/TL ratios from animals with Ml or sham that were treated
with E2 or placebo two weeks after intervention (B). Intact hearts from animals with Ml or sham that were
treated with E2 or placebo two weeks after intervention (bars = 5mm) (C): All values are mean t SEM. n = 7
for sham and 10 Ml per group. 'Indicates P < 0.05 for Ml vs sham, fmdicates P < 0.05 for E2 vs placebo.
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In the sham-opcratcd animals, 1 - 3 animals died in each treatment group (n = 10). Mortality
increased significantly in the E2-treated WT mice after MI compared to placebo treated and sham
operated mice (P < 0.05). Mortality in the placebo-MI WT animals was 28% (n = 21), while it was
68% in E2-treatcd WT (n = 28). In the KO mice E2-treatment increased mortality rate significantly
in ERKO compared to placebo-treated and sham mice (P < 0.05). Mortality in the placebo-MI
ERKO animals was 14% (n = 14) compared to 52% in E2-treated ERKO mice (n = 23).
Interestingly, mortality in the BERKO mice was higher in placebo treated compared to E2 treated
and sham mice. Mortality in placebo-MI BERKO animals was 30% (n = 10) higher than in the
infarctcd, E2-trcated BERKO where it was 23% (n = 13). In the infarcted WT and ERKO animals,
E2 treatment was associated with a higher risk for death (Figure 6.4A and B). The mean infaret size
assessed two weeks after infarction was not significantly different in the E2-MI WT groups
compared with the placebo-MI WT groups. It was found to be significantly smaller in E2-MI
ERKO compared to placebo-MI ERKO group, while it was significantly bigger in E2-M1 BERKO
group compared with placebo-MI BERKO group (Figure 6.5).

r
. . Placebo Plnbo

lilflinin
Ml

BERKO

Placebo

1111
BERKO

Ml

Shun

Shun

Flgurt 6.3. E.. treatment led to an increase in the degree of hypertrophy in WT and in BERKO mice. The
VW/BW ratios from animals with Ml or sham that were treated with E2 or placebo two weeks after
intervention (A) VW/TL ratios from animals with Ml or sham that were treated with E2 or placebo two weeks
after intervention (B). Intact hearts from animals with Ml or Sham that were treated with E2 or placebo two
weeks after intervention (bars = 5mm)(C) All values are mean t SEM. n = 7 for sham and 10 for Ml per
group 'Indicates P < 0 05 for Ml vs sham, tindicates P < 0.05 for E2 vs placebo.
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In ERKO groups, E2 treatment significantly decreased dP/dtn,a» and dP/dU,, in WT and HKKO
sham studygroups compared to placebo-shams. This cardiodepressive effect was not seen ii Ml
studygroups. MI alone, however, significantly decreased dP/dtmax and dP/dt,,,,,, in WT Ml-plucebo.
ERKO Mi-placebo and ERKO MI-E2 compared to WT sham-placebo, HRKO sham-placebo and
ERKO sham-E2 respectively. No significant differences in I.V end-systolic pressure, end-diastolic
pressure, or heart rate were observed between HRKO groups (Table (>.2A). In BHRKO studygroups,
E2 treatment decreased dP/dt^ax and dP/dtm,n in BERKO sham animals compared to placebo treated
BERKO mice. MI significantly increased dP/dt,,,ax and dP/dt^m in BHRKO Ml compared to
BERKO sham animals irrespective of supplementation therapy. No significant differences in I.V
end-systolic pressure, end-diastolic pressure, or heart rate were observed between the groups (Table
6.2B).
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Figure 6.S. Infarct size increase in presence of E2
in WT and BERKO while there is a significant
decrease in the infarct size in ERKO mice treated
with either E2 or placebo two weeks after
intervention. All values are mean t SEM, n = 7 for
sham and 10 for Ml per group 'Indicates P < 0 05
for E2 treatments vs placebo.

Discussion
There was a reduction in both uterine wet weight ERKO. but not in BERKO mice, confirming
previous studies by our group and others regarding the importance of F.Ra for the uterine

response. 12,19.23 ERa appears to play a major role in the regulation of reproductive events. HRKO
female mice are completely infertile, whereas BERKO females display severe but incomplete
infertility. '^
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In this study, mortality after MI increased in all mice with an intact ER(} if they were treated with
E2. However, if the ER0 is mutated mortality decreases. Thus ER0 mediates processes resulting in
death. Previous study by Van Eickels et al. **" reported a similar effect in WT mice. Our results in
mice also corroborate with clinical studies,"" which have shown that women have a higher
mortality after MI compared with men. Clinical studies examining sex differences in morbidity and
mortality following MI reveal an apparently poorer prognosis in females during hospitalization or
during the first 30 days after infarction.^' Recent data suggest that an elevated risk of early death
among women relative to men gradually decreases with age and is seen only up to the age of
approximately 75." Vaccarino et aP' reported that among patients aged <50 years, the mortality
rate during hospitalizationafter MI was more than twice as high in women than in men. In the long-
term, however, women appear to have an improved survival compared with men.""''As both ERs a
and (i arc present in the women's hearts, *'" distinguishing the role of each receptor would be of
vital importance in the treatment of MI.
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Table 6.2B. Invasive hemodynamic measurements in WT and BERKO mice two weeks following Ml.

We examined the effects of F2 substitution on MI in o\aricctomized female WT. ERKO and
BERKO mice, and found that 1-2 treatment did not affect the infarct size in WT mice. E2 treatment
did however decrease the infarct size in KRKO. while it was associated with increased infarct size
in BF.RKO mice. Thus, opposite effects arc mediated by the two ERs. In WT these effects appear to
neutralize each other. However, absence of one of the receptors affects infarct size as well as
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mortality. The paradox in the KO animals could be due to the nature of the FR p
instance. ERa and ERj} act differently at AP-I sites'*, which may be due to differences in theft
activation domains." The difference in infarct size between KRa and FR|i knockouts points
towards differences in remodeling of the affected region. The presence of I-Rfi ma\ result in
extensive remodeling which decreased the infarct size but on the other hand increased the risk for
arrhythmia. Ventricular arrhythmias are the primary acute cause of mortality after Ml On the other
hand E2 is considered to have antiarrhythmic properties."* These finding are of potential clinical
relevance, as cardiac hypertrophy and remodeling arc important negative predictors of morbidity
and mortality in patients with heart failure. " In our model an increased risk of sudden death may
occur as a consequence of infarct- or hypertrophy-associated increases in electrical inhomogenciry.
Also E2-induced alterations in circulating neurohumoral factors also could contribute lo an increase
in sudden death. Estrogen-induced increases in thrombosis could also be hypothesized to explain
the increased mortality, perhaps because of an increased risk of thromboembolism. though so far no
specific evidence has been observed to support this.""

Though the role of the ERs is not clear E2 has been shown to inhibit the formation of collagen in
noncardiac cells.'"' Furthermore, E2 can inhibit the growth of cardiac fibroblasts.'" The suppression
of fibroblast growth and collagen synthesis may be in part responsible for the increased scar size
found in the H2-trcatcd rats. The reduction in infarct size observed in the I-RKO F.2-trcatcd mice
could be caused by apoptosis. In vitro. K2 inhibits apoptosis in cultured cardiomyocytcs'", and the
extent to which apoptosis participates in infarct-induced cell death.'" F2 inhibits apoptosis in LVs
of E2-treated infarcted mice."'' It also inhibits apoptosis in nonmyocytc cell types.'''' Estrogens are
known to activate ERK1/2."' Lips ct al.*' showed that ERKI/2 ovcrcxpression limits ischemia-
induced apoptosis, while ERKI/2 knockout augments ischemia-induced apoptosis rates. E2 could
also inhibit NF-KB activity,*^ which represents a potential mechanism to reduce infarct size by E2
treatment. The cardioprotectivc effect of E2 is probably mediated by ER|}.** Since E2 could
enhance antiapoptotic activity through ER|J during oxidative damage in hepatocytcs, ' in our
animals presence of ERP could be responsible for this anthapoptotic process leading to a small
infarct size in these animals.

MI led to LV remodeling which was not decreased by E2 treatment in infracted WT, ERKO and
BERKO mice. This is in line with previous findings.^ Experiments analyzing the effect of E2
treatment on infarct size have revealed conflicting results."'^'' Hugel et al.'^ found that neither
ovariectomy nor E2 replacement had any effect on geometry or function in either sham-operated or
infarcted rat hearts. Rupture rate was not altered by ovariectomy in females, while supplemental E2
tended to reduce it in males although not to a significant degree. Physiological concentrations of Fj
do not have major effects on the remodeling process post-MI." F2 deficiency occurring after
ovariectomy does not have a major adverse effect on the remodeling process post-MI in
ovariectomized rats." These observations challenge the assumption that E2 is cardioprotectivc"
Our results indicate that such confusion may be the result of differences in the gene induction
pattern, induced by the two receptors. Further studies applying receptor-specific ligands will be
required to analyse the in vivo functions of the receptors.
In conclusion, the current studies demonstrate that E2 treatment slightly reduces infarct size via
ERp. Despite this protective effect, E2 in presence of ERP significantly increases post-MI
hypertrophic growth and mortality in mice (Figure 6.7). The two ERs play different roles in the
heart.
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General discussion

Introduction
In mice, cardiac myocytes rapidly proliferate during fetal development but typically cease to divide
soon after birth.' Adult murine cardiac myocytes have lost the ability to proliferate, but in many
pathological situations they are subjected to increased hemodynamic stress, necessitating them to
increase mass by compensatory strategies. This increase in mass, called hypertrophy, is directed by
proteins linked to cytoplasmic signaling cascades and proteins that induce gene expression.""'
Increase in left ventricular mass represents a mechanism of structural adaptation of the heart in
response to pressure overload. The resulting left ventricular hypertrophy is an important negative
predictor of cardiac morbidity and mortality and displays significant sex-based differences.''"''
Despite improved medical treatment and intense investigation, heart failure is a leading cause of
morbidity and mortality in industrialized countries.*'" A fundamental shift in the underlying
etiology of heart failure is becoming evident, in which the most common cause of chronic heart
failure is no longer hypertension or valvular disease, but rather coronary artery disease (CAD) and
long-term survival after myocardial infarction (MI)." E2 is known to have multiple protective effects
on the cardiovascular system.'' The role of E2 in the development of left ventricular hypertrophy
(I.VII), however, is poorly understood. Many observational studies suggest that estrogen
replacement therapy (HRT) has cardioprotcctivc effects in postmenopausal women.'"" However,
recent clinical trials have failed to show a cardiovascular benefit of ERT in women with established
coronary artery disease.''' In this thesis, we investigated the effects of E2 on cardiomyocyte gene
expression /*/ Wfro and /'« v/vo. /w vi/ro we used neonatal rat ventricular myocytes NRVMs and the
hypertrophic agonists endothelin-1 (ET-1) and phenyephrinc (PE). These hypertrophied
cardiomyocytcs were treated with E2 to investigate the counteracting effects of E2. /n Wvo we used
two mouse models, H2 receptor alpha (ERa) knockout (ERKO) and E2 receptor beta (ERP)
knockout (BERKO) subjected to cither pressure overload or Ml. The main hypothesis tested was
that E2 reduces I VII and regulates ventricular remodeling in hypertensive heart disease and MI. To
study the effect and pathology of E2 treatment, changes in morphology and performance were
related to changes in gene expression profiles in particular of fetal and stress proteins.

Estrogen and estrogen receptors
Previous studies demonstrate that the heart is a target organ for E2." Steroid hormones regulate
target cell expression upon binding to intracellular and membrane receptors.'*" Gender-based
differences found in cardiovascular disease raise the possibility that E2 may have direct effects on
cardiac tissue. E2 inhibits vascular smooth muscle cell growth and migration, protects against
atheroM'K'inMs .mil \.isoilar injury and regulates gene expression in vascular cells. "'" It promotes
vusodilaiion \ia increased endothelial nitric oxide (NO) release, and causes favorable changes in the
blood lipid profile. Rat models of pulmonary hypertension demonstrate that ovariectomy potentiates
the induction of ventricular hypertrophy while E2 replacement attenuates this response.*" Gender
differences in clinical studies of l.VH and heart failure arc also supported by findings from animal
models. In response to pressure increases (by aortic banding), male rats develop ventricular
dysfunction at an earlier stage than female rats."' Even at similar pressure loads, female rats have
greater l.VH and maintained chamber function.** In spontaneously hypertensive rats , heart failure
is delayed in female compared to male rats.* E2 has been shown to attenuate the hypertrophic
response to pressure overload in mice. '"'*•"'' Also, E2 has been proposed to play an important role in
cardiac hypertrophy and remodeling after myocardial infarction."*
ERs have been found in myocardial cells, mediating, for example, the antiproliferativc effects of
E2. Treatment of ovariectomi/ed rats with E2 induces nitric oxide synthasc in cardiac myocytes'*
and reduces heart contractility by inhibition of L-type calcium channel activity.*' E2 also increased



ERa as well as ER0 transcripts in cultured cardiomyocytes "* Recent studies have shown that
ovariectomy increases and E2 decreases L-type calcium channel density in rabbit ventricular
myocytes.** These effects may be mediated by the NOcGMP pathway. 1-2 increases NO production
which in rum stimulates cGMP production. Fraser ct al."" reported that chronic administration of 1-2
to ovanectomized rats increases NO syntha.se activity, restores impaired c(iMP production, und
improves post ischemic left ventricula r work in hearts isolated from these animals.
The ERa mediates a number of E2-induced events during development, reproduction and normal
physiology in E2 responsive target tissues.'" It has been shown that bone in »•»'»•»» undergoes an
adaptive response to loading that is less effective in the absence of the ERa and that osteoblast-likc
cells require ERa to proliferate in response to mechanical strain in vi7n». As ERa expression in
osteoblasts and osteocytcs depends on E2 concentration."'" failure to maintain bone strength after
the menopause might be due to a reduction in the activity of ERa in Nine cells."' Recent studies on
ERa function and modulation suggest that ERa is important in normal mammary gland
development and ncoplasia/"**" E2 replacement increased the expression of ERp"/* Nucdling et
ar" showed that xtivation of ER0 is a prerequisite for K2-dependent upregulation of nitric oxide
synthases in NRVM. Recent m vi7n> studies in ERJ1 transfected cells have demonstrated that I-RJJ
activation by E2 facilitates transcription of the oxytocin gene.*' Disruption of IR|1 therefore leads to
loss of the E2 effect to attenuate vasoconstrictiori" In intact BERKO animals and their WT
littcrmatcs. Animals had normal BP until 5 to 6 months of age, when BP increased in approximately
half of a cohort of 20 BERKO mice/'
Interestingly, both sexes of the ERKO mice are infertile, whereas only (he RFRKO female has
shown impaired fertility.'*''" ERKO sperm was functional but does not function because of the
immature in testes of ERKO mice.'*'* The testes of the BERKO mice produce sufficient and
functional sperm for production of offspring.'" Therefore, ERa appears to be more critical than
ERP in mediation of the E2 actions necessary for successful sperm maturation. The infertility of the
female ERKO mouse is due in part to the insensitivity of the uterus to the mitogenic and
differentiating actions of E2/""^ All expected tissues of the ERKO uterus are present but appear
immature, as illustrated by a reduced number of glands in the endometrium.'" ERa is thus not
necessary for development of the uterus, but is necessary for complete maturation and function of
the tissue. In contrast, BERKO uteri are indistinguishable from wild-type, and show normal
organization and development of the stromal, myomctrial and epithelial layers, as well as glandular
structures'" ER0 is thus not required for normal development of the female reproductive tract/'
When challenged with estrogenic compounds, the wild-type and BERKO uteri respond with
increased weight and epithelial development, while the ERKO uterus is nonresponsivc. We have
used this response to demonstrate the effect of E2 or lack of it in BERKO and ERKO mice.

Gene expression profile
While it has been well established that estrogens have a specific, direct and physiologically relevant
effect for the vasculature, the situation in the myocardium is less clear." To analyze gene
expression changes during LVH and estrogen (E2) treatment we used microarrays. This enabled us
to show an upregulation of fetal, stress and structural genes with hypertrophy, such as ANF, MSP,
(JMHC, MLC-2, and a-sk-actin. This increase in gene expression could be inhibited by E2-
trcatment.'"' A similar increase in cardiac mRNA of fetal, stress and structural genes was
demonstrated in cardiac biopsies from patients with mitral valve disease, indicating that such
activation of gene expression correlated with the induction of hypertrophy.'*'' The upregulation of
fetal genes is mediated through specific signal transduction pathways/" In mice an increase in ANF
mRNA is found in the ventricle that is stressed by aortic banding/' by genetic hypertension", and in
viable ventricular myocardium following experimental infarction/' Even though ventricular ANF
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expression has been considered to be a specific molecular marker of hypertrophy, its role in
hypertrophy is unclear. Changes in cardiomyocyte morphology in response to hypertrophic signals
arc reflected at the molecular level by the induction of important sarcomenc proteins, including the
PMHC. MLC-2V, MLC-2 and ot-sk-actin."' " Re-expression of fetal genes such as PMHC, ct-sk-
actin and cx-mooth muscle (sm) actin and ANF may occur after 6-20 h. Despite its name ANF is
cocxpresscd in the embryonic atrium and ventricle but is transcriptionally silent in the normal adult
ventricle. An uprcgulation of constitutively expressed contractile proteins such as ventricular
myosin light chain (MLC) 2** appears to be delayed. Although ANF is not found on the affymetrix
chips but we could show the increase in its expression by RT-PCR. HSPs expression is known to be
important for the heart protection (Plumer ross 1995, Marbcr Mestri 1995 and Radford, Fina 1996).
(iender differences in expression of HSPs have not previously been reported in heart diseases.". In
our study we found that there is a decrease in the expression of HSPs in absence of TAC. The
relation of HSPs and E2 treatment in TAC mice is not clear. This could be because of the transient
nature of the expression of HSPs. Transcription of some HSPs genes was induced at an early stage
of cardiac hypertrophy caused by pressure overload. Accumulation of these HSPs mRNA was
observed at 4 hour and ihen gradually disappeared/*" The role of these stress genes in cardiac
remodeling deserve more attention.
TCil'P is present in both cardiomyocytcs and myocardial fibroblasts*'" In the heart, TGFB has been
shown to be expressed at high levels during cardiac development*'''*' and pathology.''''' " In fact,
growth factors such as T(iF[J have been implicated in cardiomyocyte growth.*•** TGFP mRNA
tevc/s were increased under pressure hut not volume overload.* Cfini'caf evidence reveafed that
patients with idiopathic hypertrophic obstructive cardiomyopathy have elevated TGFP mRNA and
protein levels localized to cardiomyocytcs and TGFP receptor levels found on both cardiomyocytes
and libroblasts."""" A number of studies have demonstrated that mRNA levels of TGFp are
markedly increased upon pressure overload or pharmacological manipulation and correlated these
mRNA changes with hypertrophic growth."" Decrease or absence of TGFp leads to decrease of
LVH. Echocardiogruphic analysis revealed that TGFP-deficicnt mice subjected to hypertrophy had
no significant change in LV mass.'"

Hypertrophy
/n v»7n> hypertrophy can be induced by ET-I and PE as in NRVMs. ET-I, a potent vasoconstrictor
peptide from vascular endothelial cells/' has been shown to be synthesized aid secreted by
cardiomyocytes ' and to induce hypertrophy of cardiomyocytes." '^ Upregulation of preproET-1
mRNA expression is induced by several stimuli that activate protein kinasc C, such as angiotensin
II, ET-I itself, phorbol ester, and stretch.'" The ET-1 gene has AP-1 binding sites in the promoter
region, and these factors are known to upregulate AP-I, suggesting that the ET-1 gene is partly
induced through AP-1 binding. ' PF was found to induce hypertrophic growth response in adult rat
ventricular cardiomyocytcs, similar to that of ET-1. This effect is due to a-adrenoceptor stimulation,
because the growth effect can be antagonized by the a-adrcnoceptor blocker. but not by inhibition
of P-adrcnoccptors" ^(Figure 7.1).
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KTl

Figure 7.1. Multiple interacting signal transduction pathways are initiated by mediators of hypertrophic
phenotypes in cultured cardiomyocytes. The specific effect of a given hypertrophic stimulus may well be the
result of a complex combinatorial activation of individual pathways depending on abundance of relevant
proteins in the cell in question. Evidences suggest a central role for the Ras-Raf-MEK-ERK pathway In
transmitting these stimuli to the nucleus

PE and ET-I stimulate cell growth and expression of several genes (e.g. ANF) associated with
cardiac hypertrophy."" PE increases rates of ANF production from 24-72h. KT-I stimulates ANF
production equal to the PE response at 24 h, but subsides after 72h."' Thus, although the effect of
both stimuli is the same, the dynamics differ. * Associated with this hypertrophic response is the
induction of a variety of genes, including several immediate early genes**, embryonic genes",
ANF* and MLC-2.™

Estrogen and hypertrophy in NRVMs
We used NRVMs to further elucidate the pathways and the elemenLs required for hypertrophy
(Figure 7.2). NRVM were trated with hypertrophic agonists ET-I or PE to induce hypertrophy
(Chapter 3). E2-treatment counteracted morphological and biochemical parameters of myocytc
hypertrophy. A marked upregulation of ANF mRNA and protein levels accompanied the
morphological observations mediated through an ER mediated pathway. Isolated cardiac myocytc
preparations respond to a variety of hormones and growth factors by recapitulating many of the
characteristics of hypertrophy i» Wv«. including increased myocyte size, enhanced RNA and protein
synthesis and the re-expression of certain fetal genes such as ANF.**'™•'**•*" Indeed, in hypcrtrophicd
and failing hearts production of ANF and BNP in cardiomyocytes is markedly augmented and is a
prognostic indicator of clinical severity."' ANF induces inhibition of I.-type calcium channels in the
myocardium.*" ANF has been shown to have growth-inhibitory effects in both non-myocardial
cells*'** and cardiac myocytes.*' These effects are recognized as being protective to the
cardiovascular system and are also induced by E2.''
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ANF

ANF

ANF g*n« (xprmslon

Figure 7.2. Estrogen protect the heart against LVH by increasing the expression of ANF Treatment of
NRVM with E2 increase the expression of ANF ANF affect the cells by autocrine/paracrine process, through
its stimulation of the ANF receptor This stimulation increase the cGMP which increase the expression of
PKG and antagonizes hypertrophy Blockade of PKG result in hypertrophy even in presence of E2, ANF and
cGMP

In ventricular myocytcs ANF activates particular guanylyl cyclase, leading to increased cGMP
accumulation. ANF can counteract hyncrtrophic stimuli by direct growth-inhibiting effects on
cardiac myocytes**, and indirectly by reducing the extracellular fluid volume and inhibiting the
rennin angiotensin aldosterone system. Signaling via guanylyl cyclasc-A is a potent inhibitor of
LVH."' It is interesting to note that inactivation of guanylyl cyclase-A has been found to result in
hypertension, cardiac hypertrophy and increased mortality.*" The observation that both E2"^** and
ANF** inhibit calcium channels in cardiomyocytes is consistent with linkage to cGMP elevation.
Diffusible cGMP acts as a second messenger primarily by stimulating PKG."" PKG is the major
mediator of cGMP-induced smooth muscle relaxation. ' Furthermore, there is recent evidence that
the membrane-bound guanylyl cyclase, type A natriuretic peptide receptor (NPRA). has potent
effects on plasma membrane control of the calcium ATPase pump,*" suggesting that NO- and
natriuretic peptides (NP)- mediated effects are compartmentalized in cells.
These data suggest that the eGMP PKG system plays a potentially important and direct role in
transcriptional regulation Receptor-generated cGMP binds to PKG. cGMP-dcpendent nuclear
localization of PKG causes transactivation of the Fos promoter. We and others have recently
reported that ANF inhibits cardiac hypertrophy through cGMP PKG signaling^lChapter 4) Our
data suggest that PKG membrane recruitment is an effect of NPRA activation and not a general
consequence of rising cGMP levels. It is well established that both NO and NPs signal through
cGMP. generated by membrane-bound guanylyl cyclascs. Most of the downstream actions of
eGMP^ occur through its binding and subsequent activation of PKG, but cGMP also directly
regulates ion channels.**"** Downstream signalling events involve the generation of cGMP. since
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many of the ligand-indueed effects can be mimicked by the administration of cQMP analogues.
Intravenously administered synthetic or native ANF was shown 10 increase cGMP concentrations in
the urine of treated animals.'"" In these animals, the hypertrophic phenotype is rescued"" and that
enhanced expression of ANF protects the animal from cardiac hypertrophy and systemic
hypertension. "" Thus, there is apparently an important counterbalancing relationship between ANF
gene expression and cardiac hypertrophy.

Hypertrophy wi Ww
LVH caused by essential hypertension is one of the major causes of impafaod Ctrdiuc function
followed by heart failure.' "" Although the increase in left ventricular mass rmv ivpivscnt
adaptation of the heart in response to pressure overload, left ventricular hypertrophy is .ISS.H i.itcd
with an increased risk of cardiovascular complications and mortality/morbidity. Hypertrophy
can be induced by many different physiological and molecular stimuli'"", as illustrated by a vuncty
of experimental models in mice' " , such as genetic modification'", pressure overload"', drug
treatment'" and strain-dependent genetic modifiers"*•"*(For details see chapter 2) Despite (he
variety of methods used for induction, hypertrophic hearts share a common feature: rc-cxprcssion of
a fetal-like and stress gene program. This program shift includes changes in secreted and contractile
proteins, ion channels, and energy metabolism. Hypertrophy is characterized by curdiomyocytc
growth , myofibnllar disarray, fibrosis, apoptosis. arrhythmias, elevated filling and cnd-diastolic
pressure, decline in systolic function, cellular and mitochondria! energy inefficiency, alteration in
calcium handling and eventually transition towards heart failure'"' The single most powerful
predictor for development of heart failure is the presence of left ventricular hypertrophy.' For this
reason there is much effort to study the mechanism of LVH and the best treatment modes. In this
study we used TAC in ERKO and BhRKO mice models to induce LVH, and to study the cllcet of
E2-treatment on this pressure challenge.

Estrogen and LVH
E2 was proven to be cardiac protective for hypertrophic agonist stimulated NRVMs and animal
models (Chapter 3, Chapter 4).*"* Despite presence of several studies supporting this finding, other
researchers were unable to confirm the results. In this study we used animal models to dissect the
role of the ERs in LVH in order to define new targets for treatment of hypertrophy We showed for
the first time that E2 protects the murine heart from LVH via HRP and not FR«. TAC increased the
LVH in all treatment groups, while E2 decreased this hypertrophy in the presence of L-R0. This
protective effect includes increased expression of ANF and decreased p38 phosphorylation. K2-
treatment blocked the increased phosphorylation of p38-MAPK and increased (he expression of
ANF in presence of ER0. The protective effects of E2 together with the blockade of p3X
phosphorylation and increased ANF expression disappeared completely in absence of F.RjJ, despite
the presence of ERa. These findings indicated that F2 protects the munnc heart via the FR[J and not
ERot.

E2 has been reported to prevent the development of cardiac hypertrophy in the aortic-banded mouse
model.*'* In an isolated working rat heart, E2 was found to restore ventricular function following
gonadectomy."* In rats increased arterial pressure is known to be associated with significant
increases in LV mass. Pretreatment with E2 has been shown to abolish this increase in ventricular
remodeling."* In postmenopausal women, left ventricular hypertrophy is common and likely to be a
strong cardiovascular risk factor compared with men, suggesting that F2 has potential protective
effects in the cardiovascular system.'"* In fact, hormone replacement therapy in hypertensive
postmenopausal women contributes to reducing left ventricular mass, improving cardiac function,
and decreasing future cardiovascular events. •*'**'*' Investigations into hypertrophic signaling
pathways have implicated the activation of mitogen-activated protein (MAP) kinascs
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Specifically, PKA and/or PKC may stimulate raf-1 independent of ras, with subsequent activation
of p38 and HRK1/2 MAP kinases which finally results in hypertrophy.'"'"'*'
Inactivation of MAPK is mediated, in part, by dephosphorylation of MAPK by dual-specificity
phosphatascs called MAPK phosphatases (MKP).'*'' Since MKP is principally regulated at the
transcription level, the cardiac MKP gene expression in response to E2 was studied. Transgenic
overexprcssion of MKP was associated with a suppressed p38 activation and hypertrophic response
to either pressure overload or prolonged a-agonist infusion.''' Furthermore, MKP expression was
inhibited by IC'I 182,780. Therefore, control of MAPK activity by E2 is exercised not only by
protein phosphorylation, but also through phosphatases such as MKP by dcphosphorylation. Taken
together, these data demonstrate that H2 influences both phosphorylation and deactivation of these
protein kinases and that this process is also mediated through the ERs.'** Interestingly, a recent
study"*'' indicated that E2 rray mediate p38-kinase inactivation via MKP induction, suggesting a
protective effect of 1-2. Therefore, the inhibition of the p38-MAPK phosphorylation by E2 treatment
may represent one of the mechanisms by which § exerts its antihypertrophic effect in pressure
overload.*"""'"
H2 has been shown to increase the cardiac expression and secretion of ANF.'^-'" The ANF gene is
strongly activated in response to hypertrophic stimuli in the heart and prevents hypertrophy by
inhibition of protein synthesis in cardiac myocytes via a cGMP-dcpendent process.'*'**' Mice lacking
ANF or its guanylyl cyclase A receptor exhibit marked cardiac hypertrophy that is
disproportionately large for the very modest blood pressure increases found in these animals
because of the loss of the vasodilating action of cGMP.' •"••'•'*
Interestingly, the hearts from ANF receptor knockout male mice are considerably larger than those
of female mice""*''*' suggesting a parallel role of E2 and ANF in the prevention of cardiac
hypertrophy. The colocali/ntion of ERs and ANF in cardiac myocytes'"" and stimulation of ANF
secretion from the isolated, perfused rat right atrium by E 2 ' " provide arguments for the hypothesis
that ANF acts as a mediator of E2 action. ANF has an inhibitory action on cardiomyocyte
hypertrophy.*'*''"''"' ANF inhibits collagen synthesis in cardiac fibroblasts''*" and both attenuate
the growth response to adrenergic stimuli in cultured NRVM*"" and induce apoptosis.''" This raises
the possibility that, in addition to protecting the heart by reducing workload, ANF and brain
natriurctic peptide (BNP) act directly on the myocardium to inhibit myocyte hypertrophy and
fibrosis.''** We have shown that E2 increases the expression of ANF and decreases the
phosphorylation of p38 via ER|i.

Myocurdial infarction
Myocardial infarction (Ml) induces scar formation and changes in surviving myocardium, called
past-Ml ventricular remodeling. This process consists of initial wall thinning of the infarcted area,
ventricular chamber dilation with sidc-to-side slippage, and eccentric myocyte hypertrophy of the
individual myofibcrs in the noninfarcted portion of the myocardium.''" In spite of clinical evidence
that the postinfarctcd heart often progressively dilates and displays accelerated deterioration of left
ventricular function, the early hypertrophic remodeling of the viable portion of the LV after
ischemic damage is considered an adaptive response to compensate for the acute loss of functional
myocardium and to preserve cardiac performance''*'' '"""(For more details see Chapters I and 2). To
induce Ml in this study we used a surgical method previously described.'"*

E2 and Ml
Although E2-treatment slightly reduced infarct size in ERKO is also increased LV remodeling and
post-infarct mortality in these animals. BERKO animals showed an increase in MI size and a
decrease in mortality. These csulis support the finding of van Eickels,''**who showed that E2
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treatment decreases infarct size and increases mortality. The ER0 was found to be important for the
modulation effect of E2 in the infarcted hearts (Chapter 4).
Currently, it is not clear which biological roles the two different KR subtypes have in MI. The role
of the ERs could provide an explanation for the selective actions of E2 in various target tissues and
it is known that different estrogenic compounds have different relative binding affinities for KRn
versus ER0.'**•'** The expression of ERot and KR(i varies in different tissues and also between
species.'" When coexprcssed. ERp" exhibits an inhibitory action on I Ru -mediated gene
expression."" In the case of E2 signaling, cellular selectivity for one or the other I-R appears to be
regulated by the cellular expression pattern of the ERs and coactivator and compressor
proteins."" Recent studies have begun to define receptor-specific differences in ligand binding
affinity"'-'**-"* and receptor interacting proteins.'""* These findings suggest the potential for
differences in the physiological effects of these two receptors.

Suggestions for further research
Our results showed that E2-treatment protects the heart against LVH. The protective effects are
mediated via ERp, which increases the expression of ANF and inactivates p3S. The role of 1ISI* in
hypertrophy and E2-treatment as shown by the array analysis is not completely clear, Further
research will be required to clarify the involvement of these proteins in I-2-treatment
These findings could open the way for further research in the field of HRT. The diminished interest
in E2 research due to the recently reported results of long term HRT could be reactivated by these
findings. Future work could further elucidate the function of ERs using selective estrogen receptor
modulators (SERMs). SERMs comprise a group of structurally diverse compounds, which arc
distinguished from E2 by their ability to selectively interact with one ER, and they can act as E2
agonist or antagonist depending on the target tissue and hormonal milieu. The tissue-specific
activity of SERMs suggests that they may be clinically useful as, for example, potential substitutes
for long term female HRT. However no studies have yet been initiated to evaluate the effect of
SERMs on LVH or cardiac remodeling after MI."*""* Further research on the downstream effectors
like ANF and cGMP could also provide new strategics for therapies.

Conclusions
Using microarrays we were able to show that pressure overload increased the expression of fetal
and structural genes and E2-treatment decreases the expression of these genes. E2-trcatmcnt
antagonizes hypertrophy, in NRVM and animal models. E2 acts by increasing the expression of
ANF and decreasing the phosphorylation of p38 to block hypertrophy. The protective effects of E2
use the ERP pathway rather than ERa pathway.
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Summary
Hypertrophy is in simple words the increase in the left ventricular mass (LV) due to increased load.
The mammalian heart adapts to increased hemodynamic load, such as that induced by hypertension,
valvular heart disease, and loss of myocytes (as after myocardial infarction or cardiomyopathy), by
developing compensatory hypertrophy of the remaining cells. In response to multiple extrinsic or
intrinsic stimuli the heart undergoes adaptive hypertrophy in an attempt to decrease wall tension and
energy utilization. Cardiac hypertrophy is characterized by an increase in cell surface area of
individual myocytes, enhanced sarcomeric organization and the re-expression of specific genes
which were expressed during the fetal development (fetal genes).
It has been hypothesized that estrogens are able to attenuate hypertrophic responses. Estrogens
appear to act as cardioprotcctivc steroid hormones. Indeed, the development of cardiovascular
diseases in pre- menopausal women is lower when compared to men of the same age. The effect of
estrogen on the vessel wall is reasonably well understood. Recently, it has been described that
estrogen and its receptors Estrogen Receptor (ER) alpha (a) and beta $ ) mediate the preventive
effects of estrogens in the protection against the development of atherosclerosis. Studies in
knockout mice lacking both ERa and ERp showed a higher risk for atherosclerosis than wild type
littermates. In addition, it has been documented that estrogens influence the lipoprotein profile.
Although the effects of estrogen on the vessel wall have been partly unravelled, its direct effects on
ciirdiomyocytes are far less well understood. Recently, it has been reported that both male and
female rat neonatal and adult cardiomyocytcs express estrogen receptors. Estrogen-treatment of
cultured cardiomyocytcs demonstrated that estrogen regulates the expression of cardiac specific
genes via activation of the ERs.
Estrogen replacement therapy is cardioprotcctivc. However, recently the large scale estrogen
supplement studies were stopped because of side effects and no positive results. The existence of
different ERs may be (in part) responsible for the confusing data. Therefore, we investigated the
effects of estrogen via ERcx and ER0 respectively on cardiac performance and remodeling. This was
possible because of the presence of two knockout mouse models, wherein either the ERa (ERKO
mice) or the ER(i (BERKO mice) was removed. In these mice two experimental interventions were
performed I) myocardial infarction (Ml) 2) increasing hemdynamic load by transverse aortic
constriction (TA('). Changes in the l.V wall were analyzed at the morphological and molecular
levels by techniques ranging from microscopy to microarrays.
In chapter I a brief account on left ventricular hypertrophy (LVH) is provided, with the possible
effects of estrogen and also the aim of this study is presented. A detailed literature review about
cardiovascular disease and the possible role of estrogens is given in chapter 2. In chapter 3 we have
listed information on the gene profile in both mouse models (ERKO and BERKO) after TAC using
microarray. From a large group of genes we selected some for further analysis. Those genes code
for cytoskeleton. cell adhesion extra cellular matrix and stress proteins. Some of these genes are
expressed only during fetal development. E2-treatment decreased the expression of most of these
genes via ERJ3. In chapter 4 we used neonatal rat ventricular myocytes to study the effects of
hypertrophy and estrogen treatment at the molecular level. We found that estrogen treatment
counterbalanced morphological and biochemical parameters of myocyte hypertrophy following
stimulation with plvnylephrine (PE) or endothelin-1 (ET-1). This can be explained by a marked
upa-gulation of ANF mRNA and protein levels that accompanied the morphological observations
mediated through ERs. ANF activates cGMP cGMP-dcpendent protein kinasc (PKG). Activation of
this cascade has a protective effect on the heart (Chapter 4). At the organ and whole animal level we
used ERKO and BERKO mice to study the effect of pressure overload and to dissect the role of ERs
in this process. TAC led to LVH in all mice, wild type as well as knockouts. In ERKO mice which
are FR« deficient, but with intact ERp. E2-treatment decreased hypertrophy (Chapter 5). At the
molecular level E2-treatment decreased phosphorylation of p38-MAPK in ovanectomized wild type
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ERKO mice with pressure-overload hypertrophy. It also increased the expression of ANF IN vm>
and in these animal models. E2-treatment has no effect in BHRKO mice These findings indicated
that estrogens protect the munnc heart via ERfJ. KRot does not play any protective role in tiis
process. In chapter 6 we presented the effect of estrogen treatment on Nil using these mouse
models. Estrogen-treatment reduces infarct size in ERKO mice, but not in III RKO mice. Again
these results prove that ERjJ is the mediator of the protective effect; of 112 in the heart Surprisingly.
the decrease in the infarct size is associated with increased mortality in these mice In III RKO mice
the infarct size was larger, whereas mortality decreased These results show again the importance of
ER$ in E2-treatmeri in the heart
In conclusion this study showed that the heart adapts itself in response to changing conditions. After
TAC the heart responds with hypertrophy of the myocytcs in the left ventricle and after Ml with
remodeling to limit the effect of the infarct . F.2-treatment interferes with this mhi|ii;iiu>n by
influencing the molecular response to the stimulus ER|1 was found to be the important modulator of
the protective effects of estrogen in the heart, whereas ERa is the modulator of less favorable
effects of E2. This means that future research has to concentrate on selective estrogen receptors
modulators that cither block ERa or stimulate ERjl.
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In allcdaagse taal is hypertrofie een toename van de massa van de linker kamer (LK) van het hart
tcngcvolgc van een vcrgrote werklast. Zo'n grotere belasting kan het gevolg zijn van hoge
blocddruk, problemcn met de hartkleppen, of het verlies van hartspiercellen (zoals optreedt bij een
hartinfarct of anderc hartspierziekten). Het hart van zoogdieren reageert op een dergelijke situatie
door dc (rcstcrcndc) hartspiercellen hypertroof (= groter) te maken teneinde voor het verlies te
compcnscrcn. Als antwoord op vele stimuli van buiten of van binnen het hart past het hart zich aan
dc nicuwc omstandigheden aan met als doc I de spanning van de hartwand te verlagen en het
encrgicgebruik tc optimaliscrcn. Hypcrtrofic wordt gekenmerkt door een vergroting van het volume
van dc hartspiercellen, een vcrbetering van dc organisatie van het sarcolemma en de re-expressie
van een aantal gencn. die normaal alleen tijdens de cmbryogenese tot expressie komen.

Men heeft geoppcrd dat ocstrogcncn in staat zijn de hypertrofie in het hart te verminderen.
Oestrogcnen lijkcn een beschcrmend effect op hart en bloedvaten te hebben. Uit
bcvolkingsondcr/ock is gcbleken dat cardiovasculairc ziekten in pre-menopausale vrouwen minder
voorkomen dan bij manncn van dezclfdc lecftijd. Studies aan dc vaatwand hebben laten zien dat
cstrogencn en dc bcidc ocstrogcn-rcccptorcn (a en p) beschermen tegen de ontwikkeling van
athcrosclerosc. Mui/cn die of dc a- of dc (i-oestrogen receptor misscn lopen een groter risico
athcrosclcrose tc ontwkkclen dan hun wildtypc nestgenotcn. Ook blijken oestrogenen invloed te
hebben op het lipide-profiel van het blocd. Men bcgrijpt de wcrking van oestrogenen in bloedvaten
voor een dcel. Dc cffcctcn op het hart zijn cchtcr minder goed begrcpen. Recent heeft men ontdekt
dat hartspiercellen van zowcl vrouwclijkc als mannclijkc ratten ocstrogcen receptors tot expressie
brengen. Hchandeling van gekwccktc cardiomyocytcn met oestrogen laat zien dat via interactie met
oestrogen-receptorcn er verandcringen optrcden in het expressie patroon van een aantal gencn.
llocwcl men aiinneeint dat oestrogenen het cardiovasculairc systeem beschermen is uit een tweetal
grootschaligc studies gebleken dat oestrogeeivsuppletie in post-menopausale vrouwen nicer nadclen
dan voordelen lice ft. Het feit dat oestrogencn via vcrschillende reccptoren werken heeft hier
waarschijnlijk invloed op. Daarom hebben we in deze studie naar de afzondcrlijke werking van de
ocstrogecn a-receptor (ERu)cn |J-receptor (HR|3) op remodeling en werking van het hart gekeken.
Dit was mogclijk doordat er twee muizen knockout modellen zijn. waarin of de estrogeen a-
reccpti>r (ERKO mui/.en) of de (J-rcccptor (Bt-.RKO muizen) uitgcschakcld zijn. In deze muizen zijn
twee klassieke experimenter) uitgevoerd: 1) het doen ontstaan van een myocard infarct (Ml) en 2)
het vergroten van de belasting van het hart door het gedeeltelijk afbinden van dc aorta (TAC).
Veranderingen in de hartspier tengevolge van deze ingrepen werden met behulp van morfologische,
functioncle en molcculair biobgischc technieken gcanalyseerd.

In hoofdstuk 1 is een overzicht gegeven van ventriculaire hypertrofie en myocard infarct. en
mogelijke effceten van ocstrogcncn in rclatic tot het docl van dit proefschrift. De bestaande
literatuur van deze zicktebeclden K in nicer detail in hoofdstuk twee behandeld. In de daarop
volgciulc hoofdstukken konit het experimentele wcrk aan bod. In hoofdstuk 3 is beschrcven hoe met
behulp van array technologic een analyse is gemaakt van dc genexpressie profielen die ontstaan in
bcidc mui/.cnmodellcn na Ml en TAC. Uit dc grate aantallen op- en neergereguleerd gencn hebben
we enkele groepen genen genomen voor naderc studie. Deze groepen genen codeerden voor
cytoskclci. cel-adhesie of extra-cellulaire matrix en stress eiwittcn. Een aantal van deze eiwitten
komen nonnaal alleen tijdens de embryogenese tot expressie. Voor dc mccste van deze gencn geldt
dat ocstrogcncn de verandcringen in genexpressie tegengaan en dat dit effect via de ER|i maar niet
via de ERtt bcwcrkstclligd wordt Als aanzet voor in »•/»•<> experimenten werd in Wfn> in rat
hartspiercellen gekeken naar elTecten van hypertrofie en oestrogenen op molcculair niveau.
Hartspiereellen kunnen in kweek met behulp van phcnylephrine (PE) of endothelin-1 (ET-1)
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aangezct worden tot hypcrtrofie. Ocstrogeen blijkt de stimulatic door PE of ET-1 grotendccls tc niet
te doen. Voor een deel kan dit verklaart worden door een opmcrkelijke op-rcgulalie van het ANF
gen. Oestrogeen blijkt de exprcssie van ANF te stimulercn. hetgeen resulteert in een activatie van
het cGMP cGMP-afhankchjke protein kinase. Activenng van dezc cascades heeft een
beschermend effect op het hart hoewel de manier waarop nog met gehcel duulclijk is.
Met behulp van de F.RKO en BERKO muis modeller! wcrd het oiuier/oek op orpum en organisme
niveau voortgezet door TAC en MI toe te passen. TAC" Icidt tot hypertrofie van de linker kamer van
het hart in, zowcl wild-type als ook knockout muizen. In ERKO mui/cn. u.urm de I Rot
uitgeschakeld is maar de F.RP intact, resulteerde toediening van ocstrogeen in ecu vennindenlc
hypertrofie (hoofdstuk 5). Ocstrogeen bleek de tocname van de massa van dc linker kamcrwund
tegen te gaan. Op moleculair niveau bleek ocstrogeen de tocgenomen fusion I.me van pJN-MAPK
te blokkercn en ook in vivo de synthese van ANF te bevordcren In BI'RM) nun/on had ocslrogecn
toediening geen effect. Dcze rcsultaten geven aan dat oestrogenen de rcmodcllcrmg vun het
muizenhart tegengaan en op deze manier het mui/enhart beschermen via activatie van ER|). De
ERa blijkt bij dczc beschcrming geen rol te spelen.

In hoofdstuk 6 worden de rcsultaten hesproken die in dezc muismodcllcn met Ml bcreikt zijn.
Oestrogenen bleken dc grootte van het infarctgebied te heperken in I-RKO mui/cn maar met in
BERKO muizen. hetgeen opnicuw aangceft dat dc ERJi dc receptor is die de gunstige elleclcn van
oestrogenen op het hart bcpaal. De vcrmindcrdc grootte van het my ward infant blcck cchtcr samen
te gaan met een vcrhoogde sterfte in dczc muizen. In BERKO nun/en werden tegcngcstcldc
effectcn gcvonden. In dczc muizen was het infarctgebied vcrgroot maar bleek dc sterile ondcr dc
dieren vermindcrd. Deze rcsultaten wijzcn cr wedcrom op dat ERp* dc gunstige receptor is, die
bclangrijk is voor dc effectcn van oestrogenen op het hart.
Concluderend kan gestcld worden dat dczc studic laat zicn dat het hart op verandcrende
omstandigheden reageert door adaptatie. Voor TAC is dat een vcrgroting van dc hartspicr in
linkerkamerwand en voor MI een begrenzing van infarct gebied gcvolgd door remodelering.
Oestrogenen gaan deze structurele aanpassingen tcgen door tc interfcrcrcn met dc molcculaire
mechanismen die dezc aanpassingen in gang zettcn. De werking van oestrogenen vcrloopt via de
ERa, terwijl een aantal van de nevenwerkingen tocgeschreven kunnen worden aan ERu. Dit
betekent dat in de toekomst mogelijkheden ontstaan om binnen dc cardiologie het gebruik van
oestrogenen mcer gericht aan te wenden, door bv modificatie van dczc steroiden waardoor zc
specifiek een interactie aangaan met ER(3.
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