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1. INTRODUCTION 

Estrogens are steroid compounds and primarily function as female sex hormones. The 

progress in endocrine research has shown that estrogens play important roles in 

regulating growth and differentiation in various tissues including the heart. In addition, 

the decline of estrogen levels in postmenopausal women results in a variety of 

symptoms including heart disease. In order to ameliorate these symptoms, 

postmenopausal women take hormone replacement therapy (HRT). However, the 

advantages of a HRT to prevent heart disease in aging people have been controversially 

discussed.  Therefore, studying the mechanism of estrogen action in the heart has 

gained a great attention.  

Throughout the literature, the effects of estradiol, a major estrogen, in the heart have 

been investigated in pathological conditions only (both in vivo and in vitro) but there is a 

lack of studies on the action of estrogens in the healthy heart. 

Numerous natural plant products like genistein (GEN) can exert estrogenic actions. GEN 

is not only used as pharmaceutical but also as food additive. Therefore, the duration and 

the level of exposure of human to GEN are considerable. However, the effects of GEN 

in the normal heart have not been documented yet. 

Estradiol and GEN signal through estrogen receptor alpha (ERα) and estrogen receptor 

beta (ERβ) which are expressed also in the heart (GROHÉ et al. 1998; MENDELSOHN 

et al. 1999; VAN EICKELS et al. 2001). It is yet unknown which ER-subtype mediates 

the effects of estrogen and GEN in the heart. Nowadays estrogen receptor knockout 

models can help to gain the answer. 

In the first experiment of this study, a new mouse model for studying the effects of 

estrogenic substances in the heart under physiological conditions is established. The 

model will then be applied in experiment 2 to investigate dose-dependent effects of GEN 

in the heart. The two following experiments will identify the role of each estrogen 

receptor subtype in mediating cardiac effects of estradiol and GEN. 
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2. LITERATURE REVIEW 

2.1. Estrogens: production, regulation and functions 

2.1.1. Estrogen production 

The naturally occurring estrogens including estrone (E1), estradiol (17β-estradiol; E2), 

and estriol (E3) are derived from cholesterol. Among those E2 is primarily produced by 

the theca and granulosa cells of the ovaries and the luteinized derivatives of these cells 

(HILLIER et al. 1994). Aromatization process, the last step in estrogen formation, is 

catalyzed by the P450 aromatase monooxygenase enzyme complex in the smooth 

endoplasmic reticulum (GRUBER et al. 2002).   

E2 is the pre-dominate form in non-pregnant females and the conversion of testosterone 

to E2 is catalyzed by the enzyme aromatase.  

Local estrogen production in muscle, fat, nervous tissue, the Leydig cells of the testes 

by aromatase is another source of endogenous estrogens. The production and serum 

concentration of E2 are lowest premenstrually. In the perimenopausal period, E2 

production in ovaries declines due to the depletion of ovarian follicles and serum E2 

concentrations vary considerably. In postmenopausal women, serum E2 concentrations 

are lower than 20pg per milliliter, and most of the E2 is formed by extragonadal 

conversion of testosterone. The level of estrogen synthesis in extragonadal tissues 

increases as a function of age and body weights (GRUBER et al. 2002) and is 

considered as an important source of estrogen in postmenopausal women. 

2.1.2. Regulation of estradiol production 

In the reproductive period, estrogen production is regulated by gonadotropins follicle-

stimulating hormone (FSH) and luteinizing hormone (LH) those are regulated by 

Gonadotropin-releasing hormone (GnRH) via hypothalamus-pituitary-gonadal axis.  

Responsive genes to FSH govern the expression of steroidogenic enzymes 

(RICHARDS 1994). The regulation of FSH and LH is effected by paracrine factors like 
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insulin-like growth factors that facilitate the action of FSH in follicular development 

(ADASHI et al. 1991). The mechanism of the estrogen regulation of GnRH receptor 

includes modulation of GnRH receptor mRNA levels (BAUER-DANTOIN et al. 1993, 

FUNABASHI et al. 1994), for review see TANRIVERDI et al. (2003). Estrogen, in turn, 

regulates the number of GnRH receptors in the pituitary, modulating the responsiveness 

of gonadotrophs to GnRH (McARDLE et al. 1992) as a mechanism of the gonadotropin 

feedback.  

 

2.1.3. Functions of estrogens 

Estrogens are present in both male and female with significantly higher levels in the 

serum of female, especially in female at reproductive age. Estrogens promote the 

development of female secondary sex characteristics and involve in endometrium 

growth as well as in other aspects of regulating the menstrual cycle. Estrogens play as a 

key regulator of growth and differentiation in various target tissues including the 

reproductive tract, mammary gland, skeletal system and the central nervous system 

(COUSE and KORACH 1999, PETTERSSON and GUSTAFSSON 2001). The actions of 

E2 in the female reproductive tract, breast, and hypothalamic-pituitary axis have been 

well described. Furthermore, the effects of E2 in the physiology, maintenance, and 

overall health of the cardiovascular, central nervous, bone, immune, skin, and 

adipogenesis systems have been an area of continued research. 

In addition, E2 has been known to be involved in many pathological processes such as 

breast and endometrial cancer (HENDERSON et al. 1988) and osteoporosis 

(HOROWITZ 1993). The roles of E2 and Estrogen receptors in carcinogenesis, 

especially in the breast and female reproductive tract, continue to receive great attention 

(COUSE and KORACH , 1999). E2 is now being considered as not only a female sex 

hormone but also as a steroid hormone functioning in males (BIAN et al. 2001) 
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2.2. Estrogen receptors (ERs) 

The main pathways of estrogen-mediated gene transcription is through the binding of 

estrogen to the estrogen receptors (ERs) (KUIPER et al. 1997, MENDELSOHN  and 

KARAS 1999, SIMONCINI et al. 2000) estrogen receptor alpha (ERα) and estrogen 

receptor beta (ERβ), each encoded by a separate gene, Esr1 (ERα) and Esr2  (ERβ), 

respectively. ERα was identified in 1958 and cloned in 1986 and is so-called classical 

estrogen receptor, whereas ERβ was identified and named in rat prostate and ovary in 

(KUIPER et al. 1996).  

Both ERα and β belong to the nuclear receptor gene family of transcription factors that 

consist of distinct domains named from A through F (PARKER 1990). N-terminal A/B 

domain is the most variable region and the human ERα and ERβ share less than 20% 

amino acid identity in this region indicating that this domain may contribute to ER 

subtype-specific actions on target genes. A/B region has a ligand independent 

transactivation domain (AF-1) with promoter- and cell-specific activity (TORA et al. 

1989).  

The C domain (DNA-binding domain; DBD) is involved in specific DNA binding and 

receptor dimerization. ERα and ERβ share approximately 97% amino acid homology in 

this domain (DAHLMAN-WRIGHT et al. 2006). D domain plays roles as a flexible hinge 

between C (DBD) and E (ligand-binding domain; LBD). D is important for nuclear 

translocation and contains a nuclear localization signal (PICARD et al. 1990).  

The LBD contains different sets of amino acids that bind different ligands. This domain 

also interacts with co-regulatory proteins (GRUBER  et al. 2002). ERα and ERβ share 

approximately 55% amino acid homology in this domain. E domain contains a hormone-

dependent activation function (AF-2) (TORA et al. 1989; FLOURIOT et al. 2000) that is 

important for ligand binding and receptor dimerization (FLOURIOT et al. 2000). Agonist 

and antagonist bind at the same site within the core of the LBD but demonstrate 

different binding modes. Each class of ligands induces a distinct conformation in the 
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transactivation domain of the LBD, providing structural evidence of the mechanism of 

antagonism (BRZOZOWSKI et al. 1997). AF-1 and AF-2 are required for maximal ER 

transcriptional activity. The F- domain has less than 20% amino acid homology between 

two ERs and the functions of this domain remain unclear (BABIKER et al., 2002). 

ERα and ERβ have been detected in a wide range of tissues so far. The distribution of 

these two receptors may be different at organ and cell type levels. In some organs, both 

ERs are expressed at similar levels, whereas in others, one subtype predominates. 

Expression of ER has been identified in uterus, ovary (theca cells) of female; testes 

(Leydig cells), prostate (stroma) and epididymis of male; bone, breast, brain, liver, and 

adipose tissue. ERβ has been found in colon, prostate (epithelium), testis, ovary 

(granulosa cells), bone marrow, salivary gland, vascular endothelium, and some brain 

regions (KUIPER et al. 1997, DAHLMAN-WRIGHT et al. 2006). The differences in 

distribution and in ligand binding affinity of ER subtypes could contribute to the selective 

actions of ER ligands, both agonists and antagonists in a specific tissue (KUIPER et al. 

1997). 

2.3. Molecular mechanism of action of estradiol 

After synthesis, E2 is secreted into the bloodstream where it binds to sex-hormone-

binding proteins globulin (with high affinity) and albumin (with lower affinity). The small 

amount of free and dissociable E2 diffuses into target tissues to exert their specific 

genomic or nongenomic effects (GRUBER et al. 2002) mediated via ERα and ERβ.  E2 

enters target cells and binds to ERs located in the cytoplasm. Upon the binding, ERs 

undergo conformational changes and translocate into the nucleus to interact with DNA 

through binding with estrogen response element (ERE) that is characterized by the short 

palindromic sequence “GGTCAnnnTGACC” and locates in the promoter region and 

modulate transcription of target genes (MURDOCH and GORSKI 1991). It was reported 

that most estrogen responsive genes do not contain this perfect palindromic ERE 
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consensus sequence (DAHLMAN-WRIGHT et al. 2006). ERs act as dimers to regulate 

transcriptional activation (DELAUNAY  et al. 2000; ZHAO et al. 2008).  

 

Fig.2.1. Schematic representation of the human estrogen receptor α (ERα) and β (ERβ). Each 

receptor has 6 functional regions, from A to F. ERβ has shorter A and F regions (BABIKER et al. 

2002). 

The interactions between ERs and their ligands are characterized by: (1) the 

isoformspecific tissue distribution of ERs (COUSE  et al. 1997); (2) the multiple isoforms 

of both ERs (CHU and FULLER 1997, LU et al. 1999); (3) the capacity of ERs to form 

heterodimers and homodimers (PETTERSSON et al. 1997); (4) the ligand-binding 

dependent conformational changes of ERs (BEEKMAN et al. 1993); (5) the distinct 

binding affinities of ERs to different ligands (KUIPER et al. 1998); and (6) the 

involvement of tissue-specific coactivators and co-repressors (CHEN  and LI 1998). The 

efficiency of estrogen in modulating gene transcription is dependent on the interactions 

between ERs and co-regulator proteins (for review see BIAN et al. 2001). Estrogen 

receptors can also be activated by growth factors like insulin-like growth factor in the 

absence of ligands (ARONICA and KATZENELLENBOGEN 1993). 
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2.4. Effects of estradiol in the cardiovascular system 

E2 plays as a key factor to regulate growth, differentiation as well as functions of target 

tissues including cardiovascular tissues. In the myocardium, E2 modulates nitric oxide 

synthase (NOS) expression resulting in both increased expression of inducible (i)NOS 

and endothelial (e)NOS in cardiomyocytes (NUEDLING et al., 1999). E2 induces eNOS 

gene expression in the endothelium (MACRITCHIE et al. 1997), influences the level of 

the L-type Ca2+ channel gene expression (JOHNSON et al. 1997). E2 attenuates the 

hypertrophic response to pressure overload hypertrophy and leads to an increased  

expression of ANF in mice (VAN EICKELS et al. 2001) which is known to possess anti-

hypertrophic effects (HORIO et al. 2000). E2 was shown to induce significant and rapid 

angiotensinogen mRNA production that is possibly due to the presence of ERE in the 

promoter region of the angiotensinogen gene (WHEELER et al. 1997). E2 may be a 

transcriptional regulator of genes implicated in heart hypertrophy like beta-myosin heavy 

chain (DOUGLAS et al. 1998) and protects against the pulmonary vascular remodelling 

and right ventricle hypertrophy associated with monocrotaline-induced pulmonary 

hypertension in rat (FARHAT et al. 1993). Recent studies showed that lack of E2 due to 

ovariectomy resulted in hypertension in rats (HARRISON-BERNARD et al. 2003, 

HINOJOSA-LABORDE et al. 2004). E2 can prevent emotional stress-induced 

cardiovascular response in ovx rats (UEYAMA et al. 2007), decreases arterial pressure 

and heart rate in male and in ovx female rats (SALEH et al. 2000) with the changes in 

cardiomyocyte automaticity (MARNI et al. 2009) that suggests cardiovascular protective 

effects of E2.  

2.5. Estrogen deficiency-related cardiovascular symptoms  

Previous studies showed that female has advantages in cardiovascular phenomena like 

lower systolic and diastolic blood pressures as well as lower pulse pressures and mean 

arterial pressures compared to men. In postmenopausal women, some of these 
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advantages like blood pressure and pulse pressure are narrow and even reverse after 

the age of 70 (FRANKLIN et al. 1997).  

In addition, epidemiological data also prove that the overall risk for heart disease is 

lower for pre-menopausal women compared to age-matched males. However, the 

beneficial effect of female sex is lost upon menopause (ISLES et al. 1992). Thus, it has 

been suggested, that estrogens convey the protective effect against heart disease.  It 

was reported (GRUBER et al. 2002) that the main reason leading to estrogen 

deficiency-related symptoms in postmenopausal women is subject to the decline of E2 

concentration. It is assumed that vasculature has been considered as an important 

target organ of estrogen action through rapid non-genomic pathway and/or via estrogen 

receptor mediated (genomic) pathway (BIAN et al. 2001).  

However, the advantage of an estrogen replacement therapy of postmenopausal women 

to prevent the age-related increase of the incidence of cardiovascular diseases is 

controversially discussed (REES et al. 2008). In a recent report (STEVENSON 2009), 

hormone replacement therapy (HRT) should remain as a potential preventive treatment 

for coronary heart disease but how to treat problems related to estrogen deficiency, 

including long term heart disease, has not been well documented. 

Recently the focus of the beneficial influence of estrogens on the incidence of 

cardiovascular diseases is gradually shifting from the vascular system to the 

myocardium (ARIAS-LOZA et al. 2008, LING et al. 2006) and ER-mediated action of E2 

on cardiomyocytes has attracted a wide range of studies, from molecular to organ 

levels. 

2.6. Genistein 

2.6.1. Estrogen-like chemical properties of genistein 

GEN has been known as an isoflavone and belongs to a group of plant-derived 

chemicals so-called phytoestrogens that are known to have ability to bind to ERs and 
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may trigger mechanisms of estrogen action (DAVIS et al. 1999).  GEN is one of the 

main phytoestrogens found in soy products (MAZUR 1998, LIGGINS et al. 2000). GEN 

and E2 have similar molecular weights of 270.2369 g/mol and 272.38196 g/mol, 

respectively. The phenolic ring of GEN can mimic a ring of estrogens at the receptors 

binding site.  It has been also hypothesized that distance between two hydroxyl groups 

at the molecular nucleus of genistein similar to that occurring in E2 and they also have 

optimal hydroxylation pattern (fig.2.2). 

2.6.2. Biological effects of genistein 

GEN can act as an inhibitor of tyrosine kinases, enzymes that play pivotal roles in the 

control of cell growth and differentiation (VAN DER GEER et al., 1994) and are key 

enzymes for the regulation of membrane excitability and ion channel function (LEV et al. 

1995) and which are involved in receptor mediated current and in contraction and cell-

signalling (WILLIAMS 1989, WANG and SALTER 1994). 

GEN has been used as an alternative compound for estrogen in replacement therapy 

and  reported to produce beneficial cardiac actions partly through favorable effects on 

the lipid profile (ANDERSON et al. 1995, ANTHONY et al. 1998); improve endothelial 

function (SQUADRITO et al. 2003). In ovx rodent, genistein has been shown to prevent 

bone loss because it can stimulate osteoblastic bone formation and inhibit osteoclastic 

bone resorption (FANTI et al. 1998), to modulate the differentiation of primary human 

bone-forming cells (Heim et al. 2004). Genistein showed antitumor and antiangiogenic 

activity in breast cancer rat model (LAMARTINIERE 2000, FARINA  et al. 2006), against 

human breast cancer cells (SHON et al. 2006). Epidemiological studies showed that the 

protective effects of soy isoflavones against breast cancer in asian population (WU et al. 

2002).  
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Fig.2.2. Molecular structure of estradiol (left) and genistein (right): E2 has molecular weight 

272.38196 (g/mol); molecular formular C18H24 O2. Genistein has molecular weight 270.2369 

(g/mol), molecular formular C15H10O5.  

On the other hand, data in rodent experiments have demonstred that GEN may 

stimulate the growth of breast cancer cells (JU et al. 2001, ALLRED et al. 2001, JU et al. 

2006)  and of estrogen-dependent tumors (ALLRED et al. 2004). The effects of 

phytoestrogen in the body are not limited to oestrogenic action (WEST 2007). 

2.6.3. Cardiovascular effects of genistein 

In addition to the information on effects of GEN in “classical” target organs of estrogen 

like mammary gland, uterus, and bone, the heart has also been considered as a putative 

target organ of genistein. A study (LI et al. 2008) showed that GEN stimulates 

myocardial contractility that might not related to the estrogen receptor. GEN may reduce 

glucose toxicity-induced cardiac mechanical dysfunction and thus possess therapeutic 

potential against diabetes-associated cardiac defects (HINTZ and REN 2004). GEN may 
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act at distinct points of the intracellular Ca(2+) cycle in cardiac muscle (LIEW et al., 

2004); inhibits the peak L-type Ca(2+) current  and  affects the contractile function of 

ventricular myocytes in opposing ways despite a common initial action of Ca(2+) current 

antagonism (LIEW  et al. 2003). GEN may exert protein tyrosine kinase-dependent 

modulation of voltage-dependent potassium channels in rat cardiac ventricular myocytes 

(GAO et al. 2004) and exert direct actions on the cardiovascular system, produces acute 

nitric oxide-dependent dilation of human vasculature with similar potency to 17βs-

Estradiol (WALKER et al. 2001) which may play an important role in cardioprotection. 

 

2.7. Estrogen receptor knockout models  

2.7.1. Gene knockout 

Gene knockout (KO) is a genetic technique to diminish the function of a particular gene. 

Organisms that carry the disrupted gene (or knockout gene) are called knockout 

organisms or knockouts.  These organisms are generated for studying the functions of a 

gene. 

The combination of in vitro culture of mouse embryonic stem cells and targeted 

homologous recombination allows scientists to create offspring with the precise 

disruption or KO of a particular gene. Once the technique is applied to mouse embryonic 

stem cells, the mutant cells become a resource to generate transgenic mice lacking a 

specific gene function or KO mice (HANSSON 2007)   

2.7.2. Gene knockout in endocrine research 

Since early history of biomedical research, surgical methods so-called classical methods 

have been considered as a tool to study functions of a particular endocrine gland. 

Thanks to rapid progress in molecular biology, “organ-removed method” has been 
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upgraded to a “molecular-removed level” – KO technique, when necessary.  In a KO 

organism, one or more genes have been turned off that help researcher to learn 

functions of the genes. By mutating a gene to destroy its function, gene KO techniques 

as well as KO mouse models have been used intensively in medicine including in 

cardiovascular research such as hypertension (ISMITHIES et al., 2000), atherosclerosis 

(E.ZHANG et al. 1992, OLIVEIRA et al. 2006). 

KO methods allow researchers to discover functions of particularly cellular components 

instead of a whole target organ of a certain hormones endocrine as well as to maintain 

other secretion functions of the endocrine gland. In endocrinology, functions of hormone 

receptors, as cellular components, are the main concern. Receptor gene KO has been 

widely used to clarify function of a particular receptor as well as mechanisms of 

hormone actions. All of these advantages cannot be obtained from classical surgical 

methods or using chemical antagonists. Hormone receptor KO gives advantages to 

study the role of a particular receptor throughout the life of the animal, including the 

early development stages and makes significant contribution to the knowledge of 

particular genes, especially those involve in development and reproduction (COUSE and 

KORACH 1999). 

2.7.3. Knockout models of estrogen receptor alpha and beta 

It is said that unwanted effects of HRT including proliferation of uterus and mammary 

gland are most likely mediated through ERα (ZHAO et al., 2008). However, 

cardiovascular unwanted side effects have remained to be discovered. Deciphering the 

roles of each receptor would open up novel therapeutic opportunities. When the two 

receptor subtypes act in distinct ways in several estrogen target cells and tissues 

(DAHLMAN-WRIGHT et al. 2006, HARRIS 2007), identifying dominant roles of each 

receptor for a specific hormonal ligand has become great attention in the way to find 

selective estrogen receptor modulator (SERM). The creation of estrogen receptor alpha 

and beta knockout models has supported this aim. 
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Estrogen can modulate cardiac function by both genomic and rapid non-genomic 

mechanisms (BABIKER et al. 2002). It was reported that ERα, not ERβ is required for 

the estrogen induced-cardioprotective effects (BOOTH et al. 2005). It seems that ERα 

has dominant roles in regulating estrogenic actions in the heart.  However, most of the 

suggestion and conclusions on cardiac effects of estrogens have been generated from 

in vitro studies or in vivo models of heart disease. In order to decipher the role of each 

ER in healthy heart, the knockout models of ERα (αERKO) and ERβ (βERKO) should be 

used. 

 

2.8. Models to study effects of estrogenic compounds in the heart. 

The outcome from a number of experiments regarding estrogen-based differences in 

heart disease has shown both preventive and unwanted effects of estrogens. To gain 

these effects, estrogen signals through its receptors, ERα and ERβ those are members 

of hormone receptor super family and were proved to present in cardiac myocytes and 

cardiofibrosis (MENDELSOHN et al. 1999; VAN EICKELS et al. 2001). Consequently, 

the heart was considered as a target organ for estrogen action (GROHE et al. 1997). 

Early studies have described the genomic action of estrogens in the heart presenting in 

the effects on gene expression of cardiac myocytes and cardio fibrosis (PELZER et al. 

1996).  

Among recruited methods for assessing actions of estrogens in the heart, animal studies 

have been used to find novel mechanisms from that application for human can be 

generated and seem to play an important role for proving hypothesis.  Previous studies 

(both in vitro and in vivo) showed protective effects of estrogens in such conditions as 

pressure-overload hypertrophy (VAN EICKELS et al. 2001), inhibits cardiomyocyte 

hypertrophy in vitro (PEDRAM et al. 2005), left ventricle hypertrophy in postmenopausal 

women (MIYA et al. 2002), immobilization stress (UEYAMA  et al. 2003) and so on. The 



Literature review 

_____________________________________________________________________________________ 

 14 

main discovery showed the genomic and/or non-genomic pathways as well as direct 

and/or indirect actions leading to the protection of estrogen in the heart. However, the 

mechanisms of estrogen-based modulation in cardiac (patho) physiology are still poorly 

understood (VAN EICKELS et al. 2001, BABIKER et al. 2002) and the effects of 

estrogens in the healthy heart including the effects on gene expression are practically 

unknown.  

In addition, due to an increased risk of cardiovascular disease besides other unwanted 

effects of HRT like increased risk of breast cancer and endometrium (WUTTKE et al. 

2008), mechanisms through that estrogens and estrogenic compounds exert cardiac 

effects should be studied not only in vitro and upon an acute intervention but also in long 

term administration. 

2.9. Aims of the study 

We hypothesized that long term treatment via food with E2 using ovariectomized (ovx) 

mice may correspond with the long term medication with estradiol of postmenopausal 

women. Therefore, the following experiments will be conducted: 

- Experiment 1: To establish an in vivo model to study the effects of long term treatment 

of E2 and GEN in the heart. The main parameters of heart mass and cardiac gene 

expression will be evaluated.  

- Experiment 2: The model established in experiment 1 will be used to study dose-

dependent effects of GEN in the heart. 

- To decipher role of each estrogen receptor in regulating cardiac effects of E2 and 

GEN, two models of KO mice, αERKO and βERKO, will be employed in experiment 3 

and 4, respectively.  
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3. ESTABLISH A MOUSE MODEL TO STUDY EFFECT OF ESTRADIOL AND 

GENISTEIN IN THE HEART (Experiment 1) 

3.1. Material and methods 

3.1.1. Animals, compounds and diet 

Female C57BL/6J mice (two months of age) were purchased from Winkelmann GmbH, 

Borchen, Germany. To perform ovariectomy, the mice were anaesthetized with 

inhalational isofluran (2-chloro-2-(difluoromethoxy)-1,1,1-trifluoro-ethane) and 

subcutaneous injection with Rompun® 2% (Bayer, Germany). The skin area behind the 

last rib on both sides was shaved, sterilized then a vertical cut (about 1 cm long) through 

skin and abdomen muscle was made to expose the ovary. A ligation between uterus 

horn and ovary was done with resorbal suture (3-0 Vicryl®. Ethicon) then the ovary was 

removed with a scalpel.  The abdomen muscle was ligated with resorbal suture (3-0 

Vicryl®. Ethicon Norderstedt Germany).  The opened skin was clamped using Michel-

Kalmmern. Fa. Martin Medizintechnik Tuttlingen Germany).  

The ovariectomized (ovx) mice were divided into 3 groups. The control group (n=20) 

was given soy-free (SF) food. The second group (n=20) was given food containing 4.32 

mg E2 (Sigma-Aldrich GmbH, Germany) per kg. The last group (n=15) was fed with 

GEN containing food (1g GEN per kg food; GEN is a commercial product of Chemos, 

Regenburg Germany).  The diet was supplied by Ssniff special diet (Soest Germany). 

The treatment doses were proved to exert estrogenic effects in ovx rats (BÖTTNER et 

al. 2006, RACHOŃ et al. 2007).   

The mice were housed under standardized environmental conditions (room temperature 

22-24°C, relative humidity of 50-55%, illumination from 06:00 am until 06:00 pm). During 

the three month-treatment period, the animals were monitored daily for signs of 

impairment of the state of health. None of the E2 or GEN treated animals showed any 

signs of intoxication. The experiment was conducted in accordance with a permit issued 
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by the Landesamt für Verbraucherschutz, Braunschweig, Germany under European 

convention for the protection of vertebrate animals used for experimental and scientific 

purposes (ETS 123). 

3.1.2. Tissue collection 

After 3 months, the animals were sacrificed under CO2 anaesthesia. Uterus, left ventricle 

and other heart chambers were separately excised, weighted, immediately frozen in 

liquid nitrogen, and stored at –70oC until RNA isolation.  Prior to freezing a mid left 

ventricle cross-sectional ring was fixed in 10% buffered formaldehyde for histological 

observation.   

3.1.3. Histological observation 

The post-fixed mid ventricle rings were washed with tap water for 1 h, and then 

processed by using the automated, semi-enclosed tissue processor (Leica model 

TP1020, Leica Microsyteme Vertrieb GmbH, Bensheim, Germany) in a series of 

increasing alcohol concentrations (50% to 75% to 96% to 100%) to dehydrate the water 

from the tissue, and the xylene for clearing the dehydrant from the tissue. After the fixing 

step, the tissue samples were embedded in the paraffin by using the paraffin dispenser 

with integrated hot plate and separated cool plate (Leica model EG1140C, Leica 

Microsyteme Vertrieb GmbH, Bensheim, Germany). The operating conditions for 

processing the tissue by the automatic tissue processor were summarized in 

supplement table 1. Once the tissues have been embedded, the tissue sectioning of 3-

µm-thick serial transverse sections was performed by using the rotary microtome (Leica 

model RM2135, Leica Microsystems Nussloch GmbH, Nussloch, Germany). The tissue 

sections were thaw-mounted on SuperFrostPlus microscope slides (MENZEL-

GLASER, Germany) and dried for 24 hour at 37°C. The paraffin-embedded tissue 

sections were stained with hematoxylin/eosin according to standard procedures 

(supplement table 2).  
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On each slide, clear cardiomyocytes in which the nucleus centrally located and a clear 

staining of the cell borders could be visualized were defined. Cross-sectional areas of 

100 clearly defined myocytes from each ventricle section were measured using 

analysis®3.0 (Soft Imaging System GmbH Münster Germany). 

3.1.4. Serum hormone levels 

Blood collected from each mouse by retro orbital puncture under deep CO2 anaesthesia 

into 1.5 ml collection tubes. The blood samples were placed on ice then centrifuged at 

1000rpm for 5 min. Serum E2 levels were determined by radioimmunoassay with a kit 

(DSL-4800) purchased from DSL (Sinsheim, Germany). The assay was performed 

following the instructions of the manufacturer. 

3.1.5. Chip microarray assay 

Ten left ventricles from control and E2 treatment groups (5 each) were subjected to chip 

DNA analysis. Total RNA was isolated using the RNABee kit (BIOZOL, Germany) 

following the manufacturer’s instruction. DNA was removed with DNase I (Invitrogen, 

Germany). The reverse transcription (SuperScript, Invitrogen, Germany) were performed 

according to the manufacturer’s recommendation. The amplification and labelling of the 

RNA samples were carried out following the standard protocols (Affymetrix, Santa Clara, 

CA). cRNA samples were hybridized to Affymetrix RAE 430A GeneChip arrays and 

scanned at 3-mm resolution using the Affymetrix GeneChip System confocal scanner 

2500. Data were analysed with the Affymetrix GeneChip Operating Software 1.2 

(GCOS). This analysis was performed in the Center for Cardiovascular Research 

Charite Berlin. 

3.1.6. Real Time PCR 

Total RNA from separated left ventricles was isolated using RNeasy Total RNA kit 

(Qiagen, Hilden, Germany) according to manufacturer’s instruction. After extraction, 
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RNA samples were treated with DNase using the RNase-Free DNase I Set (Qiagen, 

Hilden, Germany) to avoid the presence of genomic DNA. Total RNA concentrations 

were determined by absorption measurement at 260 nm and 280 nm utilizing a UV 

spectrophotometer (Eppendorf BioPhotometer, Hamburg, Germany), then adjusted to a 

final concentration of 20ng/µl with the RNase-free water, stored at -70°C for further 

analysis.  

Reverse transcription was performed to obtain cDNA. The Reverse transcription was 

carried out using a thermal cycler (T3 Thermocycler, Biometra GmBH, Goettingen). 

Each reaction was carried out in a total volume of 20 µl containing 1x M-MLV Reverse 

Transcriptase Reaction Buffer (50 mM Tris–HCl, 75 mM KCl, 3 mM MgCl2, 50 mM 

dithiothreitol) (Promega, Madison WI, USA), 100 ng random primer hexamers 

(Invitrogen, Karlsruhe, Germany), 0.5 mM dNTP mix (Invitrogen, Karlsruhe, 

Germany), 200 U M-MLV Reverse Transcriptase RNase H Minus, Point Mutant 

(Promega, Madison WI, USA), 4 U Recombinant RNasin Ribonuclease Inhibitor 

(Promega, Madison WI, USA), and 50 ng total RNA. The incubation was set at 22°C for 

10 min to allow primer annealing followed by 42°C for 50 min and finally RNA–cDNA 

hybrids and enzyme were denatured for 10 min at 95°C.  

3.1.7. Real-Time Reverse Transcription-PCR 

Reverse transcription-PCR was conducted with the iCycler (Bio-Rad) or ABI 

Prism®7700 Sequence Detector (TaqMan, PE Applied Biosystems, Foster City, CA, 

USA) with the synthesized cDNA.  

Preparation for PCR reaction with iCycler:  iQTM SYBR® Green Supermix (BIO-RAD 

Laboratories, CA) and QuantiTect Primer Assay from Qiagen (Hilden, Germany) or 

appropriate primers were used. The PCR reaction was made of 8 µl of distilled water; 

10µl of with iQTM SYBR® Green Supermix and 2 µl appropriate QuantiTect Primer. A 

volume of 2 µ cDNA of interest was added. The PCR reaction was then subjected to the 
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thermal cycle of 10 min at 95oC, 60 cycles of 30 s at 95oC, 1 min at 60oC and 80 cycles 

of 15 s at 55oC.  An analysis for melting curve was carried out to prove the specificity of 

the PCR (STETTNER et al.  2007). A dilution series of a cDNA pool was used as a 

standard curve.  

The Real-time quantitative TaqMan® PCR assay was performed using a protocol 

established previously (ROTH et al. 2001, SEIDLOVA-WUTTKE et al. 2003) for the ABI 

Prism®7700 Sequence Detector (TaqMan, PE Applied Biosystems, Foster City, CA, 

USA) and the qPCR core reagent kit  with primers and probe sequences (Eurogentec, 

Seraing, Belgium). In this case, the relative quantification analysis to measure the 

alterations in of mRNA expression was achieved by using the standard curve method 

(LARIONOV et al., 2005; HOLZAPFEL and WICKERT, 2007). The standard curves for 

the target genes were constructed using 1:10 serial dilutions with arbitrary units of the 

control cDNA prepared from the cRNA of the positive tissues.  

3.1.8. Statistical analysis 

Relative changes of mRNA levels were analyzed. The mean value of the absolute data 

measured in control groups was set 100%.  All other values are expressed in relation to 

this mean value. All results are expressed as mean plus S.E.M. The differences were 

analyzed by one-way ANOVA with the Dunnett’s multiple comparison post-hoc test 

(PrismTM; GraphPad, San Diego, CA, USA). P values <0.05 were considered 

significant. 

3.1.9. Selected genes and primers 

After performing chip microarray, a list of regulated genes by E2 was generated. Real-

time Reverse Transcription-PCR was conducted to confirm the changes in gene 

expression of several selected genes. In addition, effects of GEN treatment on cardiac 

gene expression were evaluated at the same time. Selected genes and appropriate 

primers for real time RT-PCR are described in table 3.1. 
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 Table 3.1. Selected genes, primers and probes for RT-PCR 

Gene name Gene 

symbol 

Primers and references Supplier 

Estrogen receptor 

alpha 

Esr1, 

ERα 

Mm_Esr1_2_SG QuantiTect Primer Assay Qiagen, 

Hilden, 

Germany 

 

Estrogen receptor 

beta 

Esr2, 

ERβ 

Mm_Esr2_1_SG QuantiTect Primer Assay 

Insulin-like growth 

factor 1 

IGF-1 Forward 5’-CTTCAACAAGCCCACAGGCTA-

3’, reverse 5’-

GCTCCGGAAGCAACACTCAT-3’, probe (5’-

FAM-3’TAMRA) 5’- 

CTCCAGCATTCGGAGGGCACCTC-3’. 

Eurogente

c (Seraing 

Belgium) 

Complement C3 C3 Mm_C3_1_SG QuantiTect Primer Assay Qiagen, 

Hilden, 

Germany 

 

Skeletal muscle α-

actin 1 

Acta1 Mm_Acta1_1_SG QuantiTect Primer Assay 

Smooth muscle β-

actin 2 

Acta2 Mm_Acta2_1_SG QuantiTect Primer Assay 

Myocardin Myocd Mm_Myocd_1_SG QuantiTect Primer Assay 

α-myosin heavy 

chain 

α-MHC Ref. ZUR NIEDEN et al., 2001 

β-myosin heavy 

chain 

β-MHC Ref. ZUR NIEDEN et al., 2001 

 

 



Establish a new mouse model 

__________________________________________________________________________________ 

 21 

3.2. Results  

3.2.1. Serum E2 levels: 

Serum estradiol levels determined in ovariectomized mice were in the range of 6pg/ml. 

Treatment with GEN did not affect serum E2 levels, whereas E2 treatment significantly 

increased serum E2 mean levels to 30.2pg/ml. 

3.2.2. Effects of estradiol and genistein on body weight and organ weights   

After three month treatment, E2 fed animals gained significantly less body weight, while 

animals treated with GEN were as heavy as control mice (fig. 3.1). Only E2 treatment 

resulted in higher food intake (3.54g/animal/day) compared to soy free diet (3.02 

g/animal/day). 

 

Con E2 GEN
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*
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Fig.3.1. Body weight (in g) of the ovariectomized mice fed with soy free food (Con, n=20), E2 

(n=20) or GEN (n=15) containing diet, *P<0.05 vs. con. In this and all following graphs data are 

shown as mean ± SEM. 
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E2 but not GEN caused an increase of mean uterus weight compared to control mice 

(fig. 3.2). However, both E2 and GEN dramatically increased gene expression of IGF-1 

in uterus (fig.3.3). 

 

Fig.3.2. Uterus weight (left) and uterus/body weight ratio (right)  of ovariectomized mice after 

three  month treatment with E2 or GEN compared with control mice fed with soy free food. 

*P<0.05 vs. con. 
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Fig.3.3. Gene expression of IGF1 in uterus of ovariectomized mice fed with E2 or GEN  

containing food was elevated (*P<0.05 vs. con)  
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Fig.3.4. Changes in heart weight of ovariectomized mice treated with estradiol (E2) or genistein 

(GEN) compared with control mice (Con) fed with soy free food. Only E2 caused an increase in 

both absolute heart weight and left ventricle weight as well as heart weight and ventricle/body 

weight ratios. *P<0.05 vs. con. 

Surprisingly, E2 treatment resulted in a significant increase in heart weights and heart 

weight/body weight ratios (32% higher) together with a significant increase in left 

ventricle weights and left ventricle weight/body weights (GEN did not show any effects 

on these parameters (fig.3.4). 

3.2.3. Histological observation 

After identifying clearly visual cardiomyocytes (fig.3.5), the cross sectional area of 

cardiomyocytes in the left ventricles were increased by both GEN and E2 (129.6% and 
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218.1% of the values determined in cardiomyocytes of control mice, respectively) 

(fig.3.6).  

 

 

 

 

 

 

Fig.3.5. Representative cardiomyocytes in the left ventricle of ovx mice fed SF food (left) or E2 

containing diet (right). Only cardiomyocytes with clear staining border and centrally located 

nucleus were measured. The pictures are shown as x40 amplification. 
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Fig.3.6. Three month treatment with E2 or GEN elevated cross section areas of cardiomyocytes 

of ovariectomized mice (*P<0.05) 

3.2.4. Changes in gene expression in the left ventricle due to E2 treatment 

(microarray result) 

The microarray results are presented in a list of E2 regulated genes expressed in the left 

ventricle including gene name, gene symbol, fold change (E2 vs. control), false 
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discovery rate (FDR) and gene ontology classification. The results showed that three 

month treatment with E2 results in changes in expression of about thousand genes. 

Among those, genes known to be regulated by E2 in organs like uterus including 

complement C3, insulin-like growth factor 1 (IGF-1) were up-regulated with 1.83 and 

1.33 fold changes, respectively. The number of down-regulated genes by E2 was 

smaller than the number of up-regulated genes (372 genes vs. 717, respectively). Fold 

changes of down-regulated genes were from 0.95 to 0.46; whereas the fold changes for 

up-regulated genes were from 1.03 to 2.36.  Forty six genes were up-regulated with 

FDR < 0.1 among those, 3-hydroxybutyrate dehydrogenase type 1, lactamase beta and 

heat shock protein 1 chaperonin 10. More than 300 genes were up-regulated with FDR 

<0.2. Up-regulated genes with fold changes ≥1.5 are shown in table 2. Prostaglandin D2 

synthase was expressed with the highest fold change (2.36) followed by StAR-related 

lipid transfer domain containing 5 (2.02); transferrin receptor (1.99) and actin alpha 1 

skeletal muscle, Acta1 (1.96). All of the down-regulated genes were detected with FDR 

> 0.1. In considering both fold change and FDR, we found that 41 genes were up-

regulated with the fold changes ≥ 1.50. Among these genes, only one gene (3-

hydroxybutyrate dehydrogenase, type 1) was up-regulated with FDR = 0.04; four genes 

(including Acta1 and Acta2) with FDR= 0.08. Most of the high fold changes were 

discovered with high FDR (20 genes of which were up-regulated with FDR>0.2).  Many 

up-regulated genes with high folds that were categorized in biological processes related 

to protein biosynthesis or muscle development such as Acta1, Acta2, myotrophin, 

dystrobrevin alpha, myosin light polypeptide kinase and myocard (Myocd). These genes 

contribute to the structure of heart muscle through their presence in myosin complex 

such as myosin light polypeptide 6, myosin light peptide 9 and muscle thin filament 

tropomyosin (tropomyosin 1 alpha).  The list genes upregulated by E2 with fold change ≥ 

1.5 is presented in table 3.2. The complete list of regulated gene from microarray can be 

found at the homepage of the department of endocrinology, university of Göttingen, 

Germany (http://www.endo.med.uni-goettingen.de). Surprisingly gene expression of 
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both subtypes of the ER in the left ventricle remained unaffected regardless of the 

treatment.  

Table 3.2. Up-regulated genes identified by chip microarray assay (with fold change ≥ 1.5) in the 

left ventricle of ovx mice treated with E2 compared to the control. 

Probe Set ID Gene Title Gene Symbol Fold 

change 

FDR 

(%) 

1423860_at prostaglandin D2 synthase (brain) Ptgds 2.36116 8.22 

1422822_at StAR-related lipid transfer (START) domain containing 5 Stard5 2.02070 20.91 

1422966_a_at transferrin receptor Tfrc 1.99021 16.53 

1427735_a_at actin. alpha 1. skeletal muscle Acta1 1.96497 8.22 

1423915_at olfactomedin-like 2B Olfml2b 1.93786 17.04 

1422859_a_at ribosomal protein L23 Rpl23 1.91430 23.16 

1422090_a_at 6-phosphofructo-2-kinase/fructose-2.6-biphosphatase 2 Pfkfb2 1.85279 24.34 

1423954_at complement component 3 C3 1.82831 17.04 

1418253_a_at heat shock protein 4 like Hspa4l 1.76309 15.29 

1415801_at gap junction membrane channel protein alpha 1 Gja1 1.76065 20.60 

1421815_at ependymin related protein 2 (zebrafish) Epdr2 1.75549 20.91 

1426066_a_at dystrobrevin alpha Dtna 1.74827 20.91 

1416454_s_at actin. alpha 2. smooth muscle. aorta Acta2 1.74651 8.2 

1420472_at myotrophin Mtpn 1.67523 20.60 

1422091_at 6-phosphofructo-2-kinase/fructose-2.6-biphosphatase 2 Pfkfb2 1.66623 24.07 

1454638_a_at phenylalanine hydroxylase Pah 1.65191 20.60 

1449214_a_at optic atrophy 1 homolog (human) Opa1 1.62177 17.29 

1417828_at aquaporin 8 Aqp8 1.62160 23.16 

1418908_at peptidylglycine alpha-amidating monooxygenase Pam 1.61148 23.16 

1448818_at wingless-related MMTV integration site 5A Wnt5a 1.59863 19.50 

1427167_at armadillo repeat containing. X-linked 4 Armcx4 1.58292 20.60 

1450007_at RIKEN cDNA 1500003O03 gene 1500003O03Rik 1.57892 24.98 

1451691_at endothelin receptor type A Ednra 1.57597 24.34 
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3.2.5. PCR analysis 

3.2.5.1. Comparison between RT-PCR and microarray analysis 

RT-PCR was conducted for two aims: First, to confirm effects of E2 on cardiac gene 

expression that was discovered by chip microarray analysis and second, to evaluate 

putative effects of GEN on cardiac gene expression of E2 regulated genes in the left 

ventricle. Five E2 regulated genes identified by chip microarray assay were chosen that 

were Acta1 with (fold change 1.96), Acta2 (fold change 1.75), Myocd (fold change 1.47), 

IGF-1 (fold change 1.33) and C3 (fold change 1.83). The first three genes are related to 

muscle structure while IGF-1 and C2 are well known to be regulated by E2 in other E2-

receptive organs like uterus.  

In addition, expression of four additional genes was evaluated with RT-PCR. These 

genes were determined as representative genes which were not affected by E2 

treatment. The chosen genes included two structure genes alpha myosin heavy chain 

(α-MHC) and beta myosin heavy chain (β-MHC) and two genes encoding for estrogen 

receptors (ERα and ERβ).  

Results from RT-PCT were consistent with those from microarray. Levels of mRNA of 

IGF-1, C3, Acta1, Acta2 and Myocd were shown to be elevated by E2 in RT-PCR 

method (fig.3.7; 3.8; 3.9, respectively). α-MHC, β–MHC and both subtypes of ER did not 

appear to be regulated by E2 in RT-PCR assessment. The comparison between results 

of microarray and RT-PCR method is shown in table 3.3. The changes of gene 

expression were identically determined by both methods. 

Also in line with the results from the array analysis, expression of selected gene under 

GEN treatment was evaluated by RT-PCR. 
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Table 3.3. Microarray and RT-PCR results on expression of nine genes in the heart muscle of 

ovx mice treated for 3 months with diet containing 17β-estradiol (E2). 

Gene title Gene symbol Microarray (fold 
change) 

RT-PCR  (% vs 
control)   

Insulin-like growth factor 

Complement 3 

Skeletal muscle -actin 

IGF-1 

C3 

Acta1 

1.33 

1.83 

1.96 

166.6 ± 19.14
* 

203.9 ± 36.58
*
 

151.3 ± 13.91
* 

Smooth muscle -actin Acta2 1.75 124.3 ± 9.77
* 

Myocardin Myocd 1.47 140.5 ± 19.15
* 

α -myosin heavy chain α-MHC -  92.98 ± 7.98 

β -myosin heavy chain 

Estrogen receptor alpha 

Estrogen receptor beta 

β-MHC 

Esr1, ERα 

Esr2, ERβ 

- 

- 

- 

93.54 ± 9.04 

92.79 ± 12.46 

95.43 ± 7.24 

 

*significant increase at P<0.05. Values of RT-PCR are shown as mean ± SEM. 

 

3.2.5.2. Effects of genistein on the expression of selected genes 

GEN elevated gene expression of IGF1 but did not change expression of C3 in left ventricle 

(fig.3.7). mRNA expression of Acta2 was down-regulated by GEN (73.83% vs. control), whereas 

Acta1 expression was not affected by this compound (fig.3.8). Expression of Myocd was also 

elevated by GEN (146.7% vs. control; fig.3.9). No effects of GEN on α- and β–MHC were 

detected. The summary of changes in gene expression due to E2 and GEN treatment is 

presented in table 3.4. 



Establish a new mouse model 

__________________________________________________________________________________ 

 29 

Expression of IGF-1 in left ventricle
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Fig.3.7. Expression of  IGF1 and C3  in the left ventricle of ovx mice after three months treated 

with E2 or GEN containing food. *P<0.05 vs. con. 

 

Fig.3.8. E2 treatment increased gene expression of both Acta1 and Acta2, whereas GEN did not 

change expression of Acta1 but down-regulated expression of Acta2 in left ventricle of ovx mice. 

*P<0.05. 
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Fig. 3.9. Expression of  Myocd in the left ventricle was increased by both oral E2 and GEN after 

3 month treatment. * P<0.05 vs. con. 

Similar to α-MHC and β-MHC, expression of both ERα and ERβ was not changed by E2 

and GEN (data not shown). Table 3.4 presents the summary of the changes in 

expression in the left ventricles of the nine genes. 

Table 3.4. Summary of changes in expression in the left ventricles of the nine genes of ovx mice 

after 3 month treatment with E2 or GEN. 

  Changes in gene expression 

 Acta1 Acta2 Myocd -MHC -MHC IGF-1 C3 ERα ERβ 

E2 ↑ ↑ ↑ −> −> ↑ ↑ −> −> 

GEN −> ↓ ↑ −> −> ↑ 0 −> −> 

↑ denotes up-regulation; ↓, down-regulation and −> means no changes in gene expression (vs. 

control).  
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3.3. Discussion 

HRT has been widely used to ameliorate estrogen deficiency-related symptoms in 

postmenopausal women. However, the growing concern regarding the severe side 

effects of estrogen caused the development of breast and uterus cancers as well as 

cardiovascular disease. In addition, treatment regimens with phytoestrogen have been 

developed as alternative intervention for HRT. Since estrogen receptors have been 

demonstrated in the heart, it is likely that the heart is directly affected by these 

treatments. A number of studies on effects of E2 in the heart have been done using 

rodent models of heart disease like hypertrophy (VAN EICKELS et al. 2001), toxic 

effects (PERSKY et al. 2000, MUNOZ-CASTANEDA et al. 2005) or in vitro cardiac 

hypertrophy (PEDRAM et al. 2005). However, clinical trials failed to show cardiac 

protection of hormone replacement regimens (NELSON et al. 2002). Due to these 

conflicting data, it has been suggested that experiments concerning effects of estrogenic 

compounds in a normal heart, especially after long term treatment are needed. 

Furthermore, in a long term perspective, putative effects of estrogen in the normal heart 

should be further characterized in knockout mouse models, not rat models. Therefore, a 

model for study effects of estrogenic compounds in the healthy heart of mice should be 

established. 

Ovariectomized models have been used to study changes in E2 deficiency-related 

changes. As in postmenopausal women, serum E2 concentrations of ovx animals are 

decreased. Substitution treatment with E2 can reverse the loss of E2. Average E2 

concentration in serum of adult female mice was 29.5pg/ml (COUSE and KORACH 

1999). In this study, long term oral treatment with E2 resulted in serum E2 levels at 

30.2pg/ml. Thus, it can be concluded that the chosen dose 4.3 mg E2/kg food, 

equivalent to 0.015 mg/animal/day generates physiological levels of E2 and this 

treatment dose can be used in mouse models to study effects of E2 under physiological 

conditions. 
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Three month treatment with E2 shows clear effects on uterus weight of ovx mice. 

Interestingly, E2 also increased the heart and left ventricle mass. Previous studies 

showed protective effects of E2 (used for HRT) in the heart i.e. decrease of left ventricle 

thickness and left ventricle mass in hypertensive post menopausal women with left 

ventricle hypertrophy (MIYA et al. 2002),  and decrease of  left ventricle dimension in 

women receiving hormone replacement therapy  (LIM et al. 1999). A study in mice (VAN 

EICKELS et al. 2001) showed that physiological doses of E2 can attenuate the 

development of pressure-overload hypertrophy raising the hypothesis that lack of 

estrogen may be responsible for the increase in ventricular hypertrophy and E2 has 

direct effects on cardiac myocytes. However, the effects of E2 in previous studies were 

not shown for healthy hearts but pathological conditions, i.e. left ventricle hypertrophy 

women, or for the mouse heart undergone transverse aortic constriction.  The authors 

(VAN EICKELS et al., 2001) did not find the differences in heart mass between ovx mice 

treated with E2 and ovx control mice. 

Throughout the literature, no data are available on heart morphology or heart function in 

menopausal women. It can be argued that ovariectomy causes a sick heart, because 

the cardiac ERs have lost its endogenous ligand. This study shows that E2 withdrawal 

by ovariectomy and subsequent replacement alters relative heart weight by about 30% 

which is associated with an increase of the size of cardiomyocytes. These changes 

support the hypothesis that loss of E2 or ovariectomy might cause a “hypotrophy” or vice 

versa E2 replacement causes hypertrophy. Thus the interpretation of the E2 effect in 

ovx mice is that E2 replacement immediately after ovariectomy may completely prevent 

hypotrophy and keeps the heart weight at the level of intact healthy mice. 

Furthermore, if the hypotrophy induced by ovx is considered as “pathophysiological” 

condition, the prevention of this decrease of heart mass upon an estrogen deficit may be 

a beneficial effect because heart weight and cardiomyocyte size are at least in a trend 

toward normal, restored. GEN treatment shares similar effective trend the effect of E2 

on on cardiomyocyte size but not on heart weight. 
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E2 treatment led to changes in expression of about thousand genes in the left ventricle. 

Many of E2 regulated genes are related to muscle structure and organization. Despite of 

the extraordinary effects on expression of thousand of genes, E2 did not alter 

expression levels of both ERs. Similar to E2, GEN treatment also did not lead to 

changes in levels of two ERs in the heart. In contrast, expression of well known target 

genes of estrogen like IGF1 and C3 was upregulated by E2 suggesting that estrogenic 

chemicals may not directly affect expression of cardiac ERs but regulate expression of 

target genes via binding to ERs. 

A question raised from the present experiment is whether the outcome from the chip 

DNA analysis is reliable when most of the changes were observed with relative high 

FDR. In order to get FDR down to 5 percent, the sample size should be increased to 

100 (TIBSHIRANI 2006). But, raising the sample size often combines with the cost 

and/or experimental limitations (TONG and ZHAO 2008). Therefore, confirmation of 

results generated from microarrays by alternative methods has become popular in 

literature. In the present study the microarray results were confirmed by RT-PCR. 

Expression of 9 genes was reinvestigated by RT-PCR. Among those, 5 genes (IGF1, 

C3, Acta1, Acta2, Myocd) were shown in the microarray assay to be up-regulated by E2 

and the others (α-MHC, β-MHC, ERα and ERβ) were shown not to be affected by E2 

treatment. Both subtypes of MHC, α- and β-MHC were chosen since they are cardiac 

structure genes which are up-regulated in hypertrophic heart. Expression of these 4 

genes was determined to confirm whether microarray analysis “omitted any important 

genes”. Interestingly, all results obtained with RT-PCR were in accordance with that of 

microarray analysis.  It is concluded that microarray is a reliable method of evaluation 

effects of long term treatment with E2 on cardiac gene expression.  

It is possible that the absence of both ER genes in the regulated list may due to the low 

levels of nuclear receptors in tissues (FÖRSTER et al. 2004). Previous reports showed 

that estrogens are able to regulate gene expression in the myocardium. Thus, 
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transcriptional regulation of several genes relevant to the myocardium may occur via 

ERs.  

Estrogen induces new protein synthesis, skeletal muscle actin expression, and 

increased surface are in cultured rat cardiomyocytes (PEDRAM et al. 2005). Estrogen 

can also play a role in protecting both skeletal and cardiac muscle from damage and its 

antioxidant activity contributes to the protection (PERSKY et al. 2000). The present 

study shows for the first time that long term substitution treatment with E2 leads to the 

change in expression of thousands of genes in the heart among them, genes are 

involved in angiogenesis and heart development like Acta1, Acta2 and Myocd. This 

finding supports the hypothesis that E2 may contribute to the development, organization 

and function of cardiomyocytes. 

Cardiac development in man is characterized by an up-regulation of the skeletal actin 

gene (BOHELER et al. 1991), whereas in rodent, mRNA of this gene is up-regulated at 

the onset of cardiac hypertrophy (SCHWARTZ et al., 1986). Even though mRNA of 

skeletal actin gene is present in low amount only in the adult mouse heart (MINTY et al. 

1982), RT-PCR, consistent with microarray, discovered the up-regulation of the Acta1 

gene under the E2 treatment in our study. It is therefore reasonable to state that E2 

might regulate hypertrophy related genes in the heart. In contrast to E2, GEN did not 

affect Acta1 expression.   

Acta2 encodes the most abundant protein in smooth muscle cells and accounts for 40% 

of total cellular protein and 70% actin (FATIGATI and MURPHY 1984). It was up-

regulated by E2 but down-regulated by GEN. Thus, in the heart the pharmacological 

profile of the phytoestrogen GEN differs from E2, which needs further investigation.  

Myocd is expressed in cardiac myocytes and smooth muscle cells (WANG et al. 2001) 

and its function is required for cardiomyogenesis and cardiocyte differentiation but the 

regulation of Myocd gene expression is unknown (UEYAMA  et al. 2003, PARMACEK 

2007). The up-regulation of Myocd by E2 and GEN suggests that via Myocd E2 and 
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estrogen-like substances might play a critical role in the heart development, organization 

and differentiation.  

Besides skeletal and smooth muscle actin genes and myocardin genes, other genes 

that are related to cardiomyocyte organization and development like myosin light 

polypeptide kinase, myotrophin and myosin light polypeptide 6 were up-regulated by E2 

(see microarray results). E2 did not show effects on gene expression of α-MHC and β-

MHC and RT-PCR confirmed that these two genes were not “omitted” in microarray i.e. 

the unchanged expression levels are not an artifact by false negative measurement with 

the microarray.  

We also hypothesize that GEN might contribute to the constitution and function of heart 

muscle via regulation on the two MHC genes that regulate the intrinsic contraction 

properties of the heart (FITZSIMONS et al. 1998).  Surprisingly, both E2 and GEN did 

not affect expression of both MHC genes. Taken together, it is suggested that E2 

treatment may prevent the loss of heart weight and cardiomyocyte sizes due to 

ovariectomy together with changes in expression of cardiac genes and GEN might share 

some, but not all, effects of E2 in the heart. 

Since more research should focus on the mechanisms by which both sex and diet can 

modify cardiovascular phenotypes (LEINWAND 2003), gene regulation of isoflavones in 

the heart seems to be an important consideration.  It was reported that estrogens are 

able to regulate gene expression in the myocardium (PELZER et al. 1996), and 

phytoestrogens like GEN may be considered as a cardioprotective compound (TISSIER 

et al. 2007) even though its capacity for cardiac gene regulation has not been 

investigated so far except in the present study.  

While previous studies support the idea that gene expression is control by  complexes of 

estrogens and estrogen receptors thus involves a series of specific molecular 

interactions among estrogens, estrogen receptors, estrogen-receptor-associated 
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proteins, and the control regions for the different estrogen target genes present in each 

cell (MENDELSOHN and KARAS 1999), this study is the first evidence that each 

estrogenic compound might have capacity to regulate a set of genes in the heart muscle 

through that contribute their specific effects on cardio-constitution and functions.  

3.4. Conclusions 

The present study shows that long term treatment of ovx mice with E2 containing food 

leads to an increase in cardiac mass and cardiomyocyte size. In line with the change in 

heart mass are alterations in mRNA levels of cardiac genes related to cardiac structure 

and development. Microarray shows high efficacy in assessing gene expression in the 

heart of ovx mice which underwent long term estradiol treatment. GEN containing diet 

consumption leads to an increase in cardiomyocyte size and to changes in expression of 

cardiac genes that might be distinct from those regulated by estradiol. Therefore, the 

treatment protocol in present study can be applied to study effects of estrogenic 

compounds in the heart under physiological conditions.  
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4. DOSE-DEPENDENT EFFECTS OF GENISTEIN IN THE HEART (Experiment 2) 

4.1. Experiment design and methods 

One hundred female C57BL/6J mice (two months of age) were purchased from 

Winkelmann GmbH, (Borchen, Germany). Ninety mice were ovx and divided into 9 

groups (10 mice each). The control group was given soy free diet. The other 7 groups 

were fed with food containing different concentrations of GEN. A group of 10 intact mice 

was considered as a positive control. The experiment design is shown in table 4.1. 

Table 4.1: Experimental design to study dose-dependent effects of GEN on cardiac mass and 

gene expression in ovx mice. 

Group  

number 

Description Abbreviation 

1 Ovx, soy free food Con. 

2 Intact, soy free food Intact 

3 Ovx, estradiol containing food 

(4.32mg/kg) 

E2 

4 Ovx, GEN containing food (10g/kg) GEN 10 

5 Ovx, GEN containing food (3g/kg) GEN 3 

6 Ovx, GEN containing food (1g/kg) GEN 1 

7 Ovx, GEN containing food (300mg/kg) GEN 0.3 

8 Ovx, GEN containing food (100mg/kg) GEN 0.1 

9 Ovx, GEN containing food (30mg/kg) GEN 0.03 

10 Ovx, GEN containing food (10mg/kg) GEN 0.01 
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The treatment was conducted in accordance with a permit issued by the Landesamt für 

Verbraucherschutz, Braunschweig, Germany under European convention for the 

protection of vertebrate animals used for experimental and scientific purposes (ETS 

123). 

After 3 months, the animals were sacrificed under CO2 anaesthesia. Blood was 

collected and uterus, left ventricle and other heart chambers were separately excised, 

weighted, immediately frozen in liquid nitrogen, and stored at –70oC until RNA isolation.  

PCR (as described in experiment 1) was conducted to evaluate gene expression in the 

left ventricle. All of the methods (blood collection, real time RT-PCR used in this 

experiment were described in experiment 1 (see 3.1.1; 3.1.2; 3.1.6 to 3.1.8). 

All results are expressed as mean plus S.E.M. The differences were analyzed by 

Student t’-test (PrismTM; GraphPad, San Diego, CA, USA). P values <0.05 were 

considered significant. 

4.2. Results 

4.2.1. Serum estradiol 

Mice in the control group and all of the GEN treated groups showed similarly very low 

serum E2 levels as detected in experiment 1. Average serum level of E2 treated mice 

was 27.51pg/ml and of intact mice was 26.6pg/ml. There were no significant differences 

between these two values. The data confirm the conclusion from experiment 1 that three 

months treatment with 4.32 mg E2/kg food leads to physiological levels of serum E2. 

4.2.2. Body weights  

Ovariectomy resulted in higher BW than that of intact mice (24% higher). E2 treatment 

totally prevented the increase of BW due to ovariectomy. Intact and E2 treated mice had 

similar final BW. The two highest concentrations of GEN in food (10 g and 3 g/kg) 

caused a loss of the BW of ovx mice (42.7% and 12% BW loss compared to control, 
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respectively) while the concentration of 1 g; 0.1g; 0.03 g; and 0.01 g GEN/kg food did 

not affect BW of the mice. Only the concentration of 0.3 g GEN/kg food slightly 

increased BW (fig.4.1). 
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Fig.4.1. Effects of E2 and different concentrations of GEN on BW of ovx mice. After three 

months of treatment, E2 and GEN completely prevented the increase of BW due to ovariectomy. 

Two concentrations of GEN in diet (10 and 3 mg/kg diet) decreased BW of ovx mice, whereas 

lower GEN concentrations did not alter BW. *P<0.05 vs. con. 

4.2.3. Food consumption and genistein intake 

The amount of food consumption and the resulting actual compared to intended GEN 

intake are shown in table 4.2. The intended dose of GEN is based on an average intake 

of 3 g food per day. 
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The concentrations of 10 and 3 g GEN/kg food decreased the average food intake by 

13.7%. The other concentrations did not show an effect on average food consumption. 

Based on the average food intake, the actual GEN intake of each group was calculated. 

GEN intake of the group fed with concentration of 1 g GEN/kg food (GEN 1) was set as 

the standard. GEN intakes of the other groups were conversed to ratio to GEN 1 (table 

3.2). The results show that GEN concentration and GEN intake are in proportion at the 

concentration of 1 g/kg or lower. High concentration of GEN (3 and 10 g/kg) lowered the 

ratios of GEN intake compared with GEN concentrations that might be due to the 

decrease in food intake of the mice fed with high concentrations of GEN in the diet. 

Table 4.2: Overall food consumption and GEN intake of the mice after 3 month treatment with 

different concentrations of GEN. 

 SF Intact E2 GEN 

10 

GEN 

3 

GEN 

1 

GEN 

0.3 

GEN 

0.1 

GEN 

0.03 

GEN 

0.01 

Average food 

intake 

(g/animal/day) 

3.27 3.39 3.59 2.82 2.86 3.18 3.33 3.35 3.27 3.19 

Actual GEN 

intake 

mg/mouse/day 

- - - 28.2 8.58 3.18
* 

0.99 0.36 0.098 0.032 

Intake rate (GEN 

1 was set as 1) 

   8.87 2.70 1
* 

0.31 0.11 0.03 0.01 

* set as standard 

4.2.4. Uterus and heart weights 

Uterus weights were decreased due to ovariectomy and E2 treatment reversed the loss 

to the levels of uterus weights of intact mice. GEN 10 and GEN 3 treatment dramatically 

increased uterus weight of ovx mice. GEN 10 even induced higher uterus hypertrophy 
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compared to in intact E2 treated mice. The GEN concentration of 1 g/kg and lower did 

not exert effects on uterus weight. The changes were also observed if uterus weights 

were normalized by the body weights (fig. 4.2). 
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Fig.4.2. Uterus weight and uterus/body weight ratio of the ovx mice after three month treatment. 

Concentration of 1 g Genistein (GEN)/kg food or lower did not change uterus weights, whereas, 

GEN 3 and 10 g/kg food elevated uterus weights of ovx mice. *P<0.05 vs.con.  

 

Treatment with two concentrations of GEN (10 and 3 g /kg food) exerted a loss in 

absolute heart weight of the mice. However, when heart weight is normalized by body 

weight, the trend is reversed, i.e. GEN 10 and GEN 3 treatment elevated heart weights 

to the levels of intact mice and E2. The changes in left ventricle weights are similar to 

the changes of heart weights in all groups (fig.4.3). 
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Fig.4.3. Relative heart and left ventricle weights of mice treated with E2 and different 

concentrations of GEN. At concentrations of 3 and 10 g/kg, GEN reversed the loss of heart 

weight/body weight and left ventricle/body weight ratios due to ovariectomy. *P<0.05 vs. con. 

 

4.2.5. Cardiac gene expression 

In experiment 1, GEN showed significant effects on expression of several genes in the 

left ventricle at concentration of 1 g/kg food. In this experiment expression of two genes, 

IGF-1 and Myocad was evaluated by RT-PCR with RNA isolated from left ventricles of 

mice from all groups using the protocol described above. The results show that the 

concentration of 1 g/kg or higher elevated Myocd mRNA levels in the left ventricle. The 

concentration of 10 g GEN/kg results in higher mRNA levels in the left ventricle 
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compared with those in left ventricles of E2 treated and intact mice. GEN concentrations 

of 0.3 g/kg and lower do not alter mRNA levels of Myocd (fig.4.4).  
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Fig.4.4. Gene expression of Myocd in the left ventricle after three month treatment with E2 and 

different concentrations of GEN. Concentration at 1g GEN/kg food or higher and E2 elevated 

mRNA levels of Myocd. The increase levels reach the mRNA levels in the left ventricle of intact 

mice. *P<0.05 vs. con. 

 

The effect of GEN on expression of IGF-1 is similar to the dose-dependent effect on 

Myocd expression. Only the concentration of 0.3 g GEN/kg elevated mRNA levels of 

IGF-1. However, the change is not significant (fig.4.5) 
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Fig.4.5. Gene expression of IGF-1 in the left ventricle after three month treatment with E2 and 

different concentrations of GEN. Concentration at 1g GEN/kg food or higher and E2 elevated 

mRNA levels of IGF1. *P<0.05 vs. con. 

 

4.3. Discussion 

Data on serum levels of E2 from ovx mice treated with E2 and intact mice confirm that 

4.32 mg E2/kg food given to ovx mice generates physiological levels of E2 and the 

observed effects of this E2 concentration might be considered as “physiological”. 

In addition to the information on effects of genistein in “classical” target organs of 

estrogen like mammary gland, uterus, and bone, in the present study, the heart has also 

been considered as a target organ. However, an estrogenic action of GEN on adult 

cardiomyocytes has not been well documented.  
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However, there is little in vivo evidence on dose-dependent effects of GEN in the heart.  

In order to take advantage of the GEN supplement action if the compound is 

administrated as an alternative for estrogen in HRT, identification of doses of GEN that 

exert beneficial actions in the heart but not adverse affects in other target organs is 

required. Therefore, experiments to study dose-dependent effects of GEN including 

cardiac effects should be established.  

In the first experiment, GEN at concentration of 1 g/kg food increased cardiac size and 

gene expression. In this experiment, consumption of GEN at concentrations of 3 g and 

10 g/kg food (equivalent to an intake of 8.58 and 28.2 mg/mouse/day, respectively) lead 

to lower BW compared to control mice (ovx, fed with soy free diet). Body weights of mice 

fed with the concentrations of 3 and 10 g GEN/kg are even lower than those of E2 

treated and intact mice. Some of the mice in GEN 10 and GEN 3 groups even had lower 

final BW compared with starting body weights. The result suggests that diet containing 3 

g/kg GEN or higher might affect metabolism of the animal leading to a loss of BW.  

The loss of heart weight induced by ovariectomy (about 30% compared to intact mice) 

could be completely prevented by the doses of 3 and 10 g GEN/kg diet and by E2. Not 

only E2 but also high doses of GEN (3 and 10 g/kg food) can elicit an uterotrophic effect, 

i.e. an increase of uterus weight and uterus/BW ratios. However, the doses of 1 g 

GEN/kg food and lower do not show any effect on BW, uterus weight and heart weight 

and can be considered as “safe” doses.  

GEN is converted to several metabolites such as glucuronide and sulfate conjugates 

(YASUDA et al. 2002) and GEN metabolites have been identified in rat and human urine 

(JOANNOU et al. 1995, COLDHAM and SAUER 2000). GEN undergoes extensive 

enterohepatic circulation in rats (YASUDA et al. 1996, SFAKIANOS et al. 1997) and 

enterohepatic circulation impacts pharmacokinetics of GEN since it can delay excretion 

and prolong the length of exposure of target tissues exposed to GEN (SOUCY et al. 

2006). In addition, different intake doses of a drug affect its pharmacodynamics leading 
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to different endpoint effects in the host body. In case of GEN given to ovx mice, it can be 

concluded that an uterotrophic effect of a given dose is accompanied with a cardiac 

effect reflected in an increase of heart weight.  

In the literature, an estrogenic action of GEN in cardiovascular system has not been well 

documented and regulatory effects of GEN on cardiac genes have been far less studied. 

The present study shows that GEN at the dose of 1 g/kg food shows effects on cardiac 

gene expression without effects on body mass, heart and uterine weights and can be 

therefore considered as “effectively safe dose”.  

 

4.4. Conclusions 

Genistein induces significant dose-dependent changes of uterine weight, heart weight 

and expression of cardiac genes. The result indicates that long term application with 1 g 

GEN/kg food results in cardiac effects without uterus hypertrophy and can be 

considered as “effectively safe dose of GEN. 
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5. EFFECTS OF ESTRADIOL AND GENISTEIN IN THE HEART OF 

OVARIECTOMIZED ESTROGEN RECEPTOR ALPHA KNOCKOUT MICE 

(Experiment 3) 

5.1. Animals 

Heterozygous mice (strain B6.129P2-Esr1tm1Ksk/J) were purchased from Charles River 

Laboratories ( Research Models and Services  Germany). The strain was donated by 

KS KORACH who reported that mice lacking ERα survive to adulthood with normal 

gross external phenotypes (LUBAHN et al., 1993). According to the authors, a targeting 

vector containing a neomycin resistance gene driven by the mouse phosphoglycerate 

kinase promoter was used to disrupt the second exon (among nine exons of the ER 

alpha gene in mice). A herpes simplex virus thymidine kinase was used for negative 

selection. The construct was electroporated into 129P2/OlaHsd-derived E14TG2a 

embryonic stem (ES) cells. Correctly targeted ES cells were injected into C57BL/6J 

blastocysts to obtain chimeric animals. Because mice carrying homozygous null of ERα 

gene were infertile, in this experiment, the heterozygous animals were used for breeding 

to gain wild type, heterozygous and homozygous litters.  

5.2. Genotyping 

Ear punches were taken for genotyping. DNA isolation from ear punches was performed 

with Nucleo Spin® kit (Macherey-Nagel GmbH Düren Germany) following supplier’s 

instruction. After DNA isolation, the wild type (WT) and knockout (KO) genes were 

amplified with the following PCR procedures: 

PCR master mix preparation for wild type ERα gene (total volume for one sample: 20 µl) 

AccuPrimeTM GC-Rich Buffer A (Invitrogen): 5 μl 

AccuPrimeTM GC-Rich DNA Polymerase (Invitrogen): 0.25 µl 
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10 mM forward primer (primer 1): 5’- CGG TCT ACG GCC AGT CGG GCA CC -3’; 0.35 

µl 

10 mM reverse primer (primer 2): 5’-GTA GAA GGC GGG AGG GCC GGT GTC -3’; 

0.35 µl 

The primers were purchased from Eurogentec (Serang Belgium). 

4 µl of DNA isolated from ear punches was added to the master mix. 

Temperature cycling:  

The mix was subjected to thermo cycling of 94oC for 3 min, 94oC for 30 s, 64oC for 1 

min, 72oC for 90 s (then go to step 2, 35 cycles) followed by an incubation at 72oC for 2 

min and lower temperature to 10oC.  

PCR master mix preparation for knockout ERα gene (total volume of 23.5µl for one 

sample): 

10XPCR buffer: 2.5 μl 

50 mM MgCl: 0.75 μl 

Taq DNA Polymerase: 0.5 µl 

2mM dNTP Mix: 0.25 µ 

10 mM forward primer (primer 3): 5’-CTT GGG TGG AGA GGC TAT TC-3’:  0.5 µl 

10 mM reverse primer (primer 4): 5’-AGG TGA GAT GAC AGG AGA TC -3’: 0.5 µl 

The primers were purchased from Eurogentec (Serang Belgium) and the other 

components were from Invitrogen. 

Volume of isolated DNA: 2 µl 
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Temperature cycling:  

After DNA was added, the PCR mix was subject to 95oC for 3 min followed by 31 cycles 

of heating to 95oC for 30 s then 58oC for 30 s, 72oC for 1min. The PCR was terminated 

by keeping the reaction mix at 72oC for 5 min followed by storage at 4oC.  

Ten µl of the PCR products were loaded in agarose gel (1.5%) and separated with 

electrophoresis at 90 volts. The gels were then placed for 20 min in ethidium bromide 

solution (50 μl of 10 mg/ml ethidium bromide in 500 ml distilled water). The bands of 

interest were visualized by photographing with Kodak camera (Kodak Digital Science, 

Electrophoresis Documentation and Analysis System).  WT ERα gene shows the size of 

239 base pairs and knockout allele of 280 base pairs. Due to the small difference in size 

between WT and KO genes, the PCR products for the two alleles were loaded 

separately side by side in agarose gel in order to avoid possible overlap of two unclear 

bands (fig.5.1). 

 

Fig.5.1. PCR assay for genotyping of the mice. Primer 1 and 2 amplify a 239-bp product specific 

for the wild type (WT) ERα gene; primer 3 and 4 amplify a 280-bp product specific for the 

knockout (KO) ERα gene. Product size was compared with the 50-bp ladder (L). 
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5.3. Methods 

After genotype was identified, animals (at two months of age) were ovx and assigned in 

the different treatment groups (table 5.1). 

All of the mice were ovx and immediately fed with soy free food (groups 1 and 4), GEN 

containing food (group 3) or E2 containing food (groups 2 and 5). The treatment was 

maintained for 3 months. On the obduction date, BW were recorded then the mice were 

killed under CO2 anaesthesia; uterus was collected, trimmed and weighted; heart 

chambers were separated and the chamber weights were recorded.  

 

Table 5.1. Groups of ovx mice and treatment: Estrogen receptor alpha knockout (αERKO) or 

wild type (WT) mice were ovx and divided in different groups, fed with E2 or GEN. 

Group 
number 

Number 

of animals 

Description Group name  

1 6 αERKO, ovx, soy free food  αERKO + SF 

2 6 αERKO, ovx, E2 containing food 
(4.32 mg E2/kg) 

αERKO + E2 

3 5 αERKO, ovx, GEN containing 
food (1 g/kg) 

αERKO + GEN 

4 5 WT, ovx, soy free food  WT+SF 

5 5 WT, ovx, E2 containing food 
(4.32 mg/kg) 

WT+E2 

 

The organs were immediately frozen in liquid nitrogen, and stored at –70oC until RNA 

isolation.  PCR (described in part 2) was conducted to evaluate gene expression in the 

left ventricle.  
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All results are expressed as mean plus S.E.M. The differences between two groups 

were analyzed by unpaired t-tests (PrismTM; GraphPad, San Diego, CA, USA). P values 

<0.05 were considered significant. 

 

5.4. Results 

5.4.1. Body weights and organ weights 

In the αERKO mice, both E2 and GEN did not show any effects on BW. In the absence 

of E2 induced by ovariectomy, there are no differences in BW between KO and WT 

animals. WT E2 treated mice had lower body weights. Both E2 and GEN did not alter 

uterus weights of KO mice whereas the uterotrophic effect of E2 was demonstrable in 

WT mice (group 5 vs group 4). All of the ovx αERKO mice including αERKO treated E2 

gained higher body weight than ovx WT mice treated with E2. Since ovx WT+E2 is 

considered as WT intact mice, it can be said that ERα disruption leads to an increase in 

body weight of the mice to the level of ovx WT animals (table 5.2)  

Both E2 and GEN do not alter uterus weight, heart weight as well as left ventricle weight 

of the αERKO mice. Ovx WT mice fed with SF food have similar parameters of body 

weight, uterus weight as well as heart weight to those of ovx αERKO mice. Wild type 

mice fed with E2 containing diet gained significantly higher uterus weight, heart 

weight/body weight as well as left ventricle/body weight ratios compared to all of the KO 

mice and ovx WT mice fed with SF food. 

 

5.4.2. Cardiac gene expression 

In the experiments using wild type mice (experiment 1 and 2) both E2 and GEN showed 

effect on gene expression of IGF-1, Acta2 and Myocad in the left ventricle. In order to 

confirm whether the effect is maintained in αERKO mice, gene expression of these three 
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genes in the left ventricles of the mice is evaluated by Real Time RT-PCR. The results 

show that both E2 treatment (group 2) or GEN treatment (group 3) did not alter gene 

expression of these three genes in αERKO mice compared with control animals (fed 

with soy free diet), whereas in WT mice, stimulating effects of E2 on expression of these 

genes were observed (group 5 vs. group 4). The results are shown in fig. 5.2, fig 5.3 and 

fig. 5.4. 

Table 5.2. Body and organ weights of the ovx mice carrying wild type ERα (WT) or disrupted 

ERα genes (αERKO) after three month treatment with soy free food (SF) or food containing 

estradiol (E2) or genistein (GEN) 

 

 αERKO +SF 

 

αERKO +E2 αERKO 
+GEN 

WT+SF WT+E2 

Body weight  

in g (BW) 

25.10±1.19
 

25.10±0.49
 

25.70±1.35
 

24.98±1.06
 

21.05±0.70
a,b 

Uterus weight in 
mg (Ut) 

18.60±2.46
 

15.67±1.60 12.0±1.77
 

19.75±3.15
 

74.6±15.7
a,b 

Ut/BW (%) 0.075±0.001
 

0.106±0.05
 

0.045±0.005
 

0.076±0.005
 

0.362±0.082
a,b 

Heart weight  

in mg (HW)  

101.20±4.60
 

103.80±5.91 105.80±7.60 110.8±3.95 118.0±3.88 

HW/BW (%) 0.405±0.015
 

0.415±0.028
 

0.411±0.014
 

0.466±0.017
 

0.562±0.028
a,b 

Left ventricle 
weight 

in mg (LV) 

74.0±4.05 78.5±5.60 79.33±5.81 81.25±3.23
a 

91.16±5.03 

LV/BW (%) 0.296±0.013
c 

0.317±0.023
 

0.310±0.01
 

0.348±0.019
 

0.435±0.032
a,b 

 

a
P<0.05 vs ERKO mice fed with SF food (ERKO+SF); 

b
P<0.05 vs WT mice fed with SF food (WT+SF).  

Data are presented as means ± SEM. 
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Fig.5.2. After 3 months treatment with E2, GEN, gene expression of IGF-1 in the left ventricle of 

estrogen receptor alpha knockout mice (αERKO) is not altered by E2 and GEN compared with 

soy free food (SF) consuming WT mice. Expression of the gene is increased by E2 in wild type 

(WT) mice. P<0.05 vs αERKO. 
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Fig.5.3. E2 and GEN do not show effects on gene expression of Acta2 in the left ventricles of 

ovx αERKO mice after 3 months treatment but the effect of E2 is observed in WT mice (*P<0.05 

vs αERKO. 
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Fig.5.4. Both E2 and GEN do not alter gene expression of Myocad in the left ventricle in the 

absence of ERα (αERKO). The expression of Myocad is increased by E2 only in WT mice 

(*P<0.05 vs. αERKO). 

5.5. Discussion 

Cardioprotection by estrogenic compounds might be not necessarily restricted to the 

vasculature because functional estrogen receptors in the myocardium may regulate the 

expression of relevant target genes (DE JAGER et al. 2001). In two previous 

experiments (experiment 1 and 2), E2 and GEN clearly showed effects on heart mass 

and on cardiac gene expression. E2, at physiological dose, can reverse the loss of heart 

weight due to ovariectomy and alter expression of about thousand of cardiac genes. 

GEN, a well known phytoestrogen can affect cardiac gene expression and also can 

elevate heart weight at high doses (experiment 2). A question remained that whether the 

observed-cardiac effects are mediated through ERs and each ER suptype, α or β plays 

dominant role in regulating effects of E2 and GEN on cardiomyocytes in vivo. This 
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question can be answered, at least in part, by using knockout models αERKO, βERKO 

or double αERKO/βERKO. 

It is well studied that ovariectomy results in body weight gain in both rats and mice and 

E2 treatment prevents the increase of BW gain due to ovariectomy. The effect might 

partly explained by the inhibitory effects of E2 on fat accumulation in ovx animals (YU et 

al. 2008). In addition, body weight gain due to ovariectomy can be reversed by an ERα 

agonist underlying the important role of ERα in regulating BW (WEGORZEWSKA et al. 

2008). It is suggested that ERα and ERα ligands play a dominant role in regulating body 

weight. The result of the present study shows that the absence of ERα per se without 

the presence of the endogenous ligand does not affect BW gain of ovx mice. E2 alone 

did not change BW of the ovx if ERα is disrupted. Therefore, both E2 and ERα may 

depend on each other to exert BW effect shown in WT mice. It is suggested that E2 and 

ERα are both required for regulating BW of female mice. 

With global gene knockout models, action of disrupted genes is diminished in any 

organs. In αERKO mice, ERα-mediated effects in uterus of E2 are absent. Normally, 

uterus weight is considered as an indicator of not only successful ovariectomy but also 

E2-like action of a compound. In this study, E2 did not affect uterus weight in ovx 

αERKO mice, whereas the increase of uterus weight under E2 treatment is remained in 

ovx WT counterparts. It has been considered that uterotrophic effects of E2 are solely 

mediated by ERα and, in the other word, ERβ agonists do not have uterotrophic effects 

(HARRIS et al. 2002, HILLISCH et al. 2004). However, whether ERα or β has a 

dominant role in regulating heart mass is unclear. In this study, the change of heart 

weight under E2 treatment was observed only in ovx WT mice, not in αERKO 

counterparts. Thus, the effects of E2 and the role of ERα in regulating uterus and heart 

weights are similar to the effects of E2 and role ERα in regulating BW gain. The absence 

of the regulation of E2 on heart mass is accompanied by the absence of E2 effects on 

gene expression of IGF-1, Acta2 and Myocad.  Taken together, the results suggest that 

ERα might have a dominant role in mediating cardiac effects of E2. 
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In vitro, GEN is an agonist for both ERα and ERβ with lower affinity to ERα than to ERβ 

(KUIPER et al. 1998, CASANOVA et al. 1999, MUELLER et al. 2004). However, it is not 

clear which receptor subtype mediates the action of GEN in the heart. 

GEN has been suggested to have higher affinity to ERβ than to ERα but in this study 

GEN lost the regulatory effects on expression of IGF-1, Myocd and Acta2 (the effects 

were shown in WT mice). Therefore, it is hypothesized that not only ERβ but also ERα is 

recruited by GEN to exert effects on cardiac gene expression.  

 

5.6. Conclusions 

The effects of E2 on BW and uterine weight are vanished in αERKO mice.  The 

preventive effects of E2 against the loss of heart mass due to ovariectomy are also lost 

in this knockout model. Likewise in αERKO mice, no effects of E2 and GEN on 

expression of IGF1, Acta1 and Myocd are observed. This raises the question whether 

ERβ has any functions in regulating cardiac effects of E2 and GEN. The answer might 

be achieved by repeating the experiment with estrogen receptor beta knockout (βERKO) 

model. 
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6. EFFECTS OF ESTRADIOL AND GENISTEIN IN THE HEART OF 

OVARIECTOMIZED ESTROGEN RECEPTOR BETA KNOCKOUT MICE (Exp. 4) 

6.1. Animals  

Mice lacking estrogen receptor beta (βERKO mice; with genotype ERβ-/-) were 

generated in 1998, after ERβ was discovered (KUIPER et al. 1996, KREGE et al. 1998). 

The knockout technique was performed by insertion of a neomycin resistance gene into 

exon 3 by using homologous recombination in embryonic stem cells. βERKO mice 

develop normally and are indistinguishable grossly and histologically as young adults 

from their wild-type (WT; genotype ERβ+/+) littermates. Mice carrying of heterozygous 

genotype (ERβ+/-) were received from Professor JAN-ÅKE GUSTAFSSON (Department 

of Medical Nutrition, Hudding University Hospita, Karolinska Institute, Sweden).  In 

βERKO mice, ovaries undergo normal pre- and neonatal development, but do not exhibit 

normal frequency of spontaneous ovulation during adulthood, exhibit a severely 

attenuated response to superovulation treatment with reduced number of oocytes and 

multiple trapped preovulatory follicles. Homozygous knockout female are subfertile 

(COUSE and KORACH 1999, CUTIS and KORACH 2000).  

Three different genotypes of ERβ, WT (ERβ+/+), heterozygous (ERβ+/-) and 

homozygous null (ERβ-/-) were obtained from continuous breeding of ERβ+/- mice. At 

one month of age, ear punches were taken for genotyping. DNA was isolated from ear 

punches using Nucleo Spin® kit (Macherey-Nagel GmbH Düren Germany).  

6.2. Genotyping 

PCR master mix preparation for wild type ERβ gene  

10XPCR buffer: 5μl 

2 mM dNTP Mix: 0.5µl 

50 mM MgCl2: 0.75µl 

Taq DNA Polymerase: 1μl 

(The buffer, dNTP, MgCl2 and Taq DNA Polymerase were purchased from invitrogen) 
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Primer mix: 1 µl (the primer mix containing equal volume of three primers: 10 mM C1 

WT primer 5’- CCG TCA TGA CAT AAG CAT ACC CT -3’; 10 mM B1-2 SP primer 5’- 

ATC AGC CCA TGG GCA GAG TGT G -3’ and 10 mM Neo 25 primer 5’- GCA GCC 

TCT GTT CCA CAT ACA CTT C -3’).  The primers were purchased from Eurogentec 

(Serang, Belgium). 

Three µl of DNA isolated from ear punches was added to the master mix. 

Temperature cycling:  

The mix was subjected to thermo cycling of 94oC for 3 min, 94oC for 30 s, 64oC for 1 

min, 72oC for 90 s then go to step 2 (35 times) followed by a step at 72oC for 2 min and 

finally lower the incubation temperature to 4oC.  

Ten µl of the PCR products were loaded in agarose gel (1.5%) and separated with 

electrophoresis at 90 volts. The gels were then placed for 20 min in ethidium bromide 

solution (50μl of 10 mg/ml ethidium bromide in 500 ml distilled water). The WT ERβ 

product has the size of 560 base pairs and KO allele of 430 base pairs (fig.6.1). 

6.3. Methods 

After genotype was identified, animals (at two months of age) were ovx and assigned in 

the different groups as shown in table 6.1. 

 

Fig.6.1: PCR assay for genotyping of the mice.  An amplified product of about 560-bp specific for 

the WT ERβ gene; and a 430-bp product specific for the βERKO gene. Product size was 

compared with the 50-bp ladder (L). 
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Table 6.1. Groups of ovx mice and treatment: βERKO or WT mice were ovx and divided in 

different groups and fed with E2 or GEN. 

Group 

number 

Animal number Description Group 

abbreviation 

1 6 βERKO, ovx, soy free food  βERKO +SF 

2 6 βERKO, ovx, E2 containing food 

(4.32 mg/kg) 

βERKO +E2 (4.32 

mg/kg) 

3 5 βERKO, ovx, GEN containing 

food (1 g/kg) 

βERKO +GEN (1 

g/kg) 

4 5 WT, ovx, soy free food  WT+SF 

5 5 WT, ovx, E2 containing food WT+E2 

 

All of the mice were ovx and immediately fed with either soy free food (groups 1 and 4) 

or compound containing diet (E2 containing diet for groups 2 and 5 or GEN containing 

pellets; group 3). The treatment was continued for 3 months. On the obduction date, 

after checking body weights, the mice were killed under CO2 anaesthesia. Blood was 

collected as described in experiment 1; uterus was collected, trimmed and weighted; 

heart chambers were identified and separated and the chamber weights were recorded. 

Heart chambers and uterus were immediately frozen in liquid nitrogen, and stored at –

70oC until RNA isolation.  PCR (described above) was conducted to evaluate gene 

expression in the left ventricle.  

All results are expressed as mean plus S.E.M. The differences between two groups 

were analyzed by unpaired t-tests (PrismTM; GraphPad, San Diego, CA, USA). P values 

<0.05 were considered significant. 
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6.4. Results 

6.4.1. Changes of body weights, uterus and heart weights 

Ovariectomized WT mice fed with soy free food (group 4) gained higher body weight 

than ovx mice fed with E2 food (group 5) which in line with the data in experiment 1. The 

βERKO mice treated with SF food had similar body weights compared to WT 

counterparts indicating that body weight might not be affected by the deletion of ERβ 

and the lack of E2 due to ovariectomy. Body weight of ovx βERKO treated with E2 

(group 2) weight was not different from that of ovx βERKO mice given control food 

(group1). It can be said that when ERβ is deleted, body mass effect of E2 might 

consequently be lost. In addition, GEN did not show effect on body weight of βERKO 

mice (table 6.2).  

All of the mice (both βERKO and WT) fed with soy free food had lower uterus weights 

compared to E2 treated counterparts. It can be assumed that βERKO does not alter the 

effects of E2 in uterus or, in other words; the absence of the ERβ gene does not alter 

the uterotrophic effects of E2. Only E2, not GEN, treatment led to an increase in uterus 

weight of βERKO mice. 

A difference in heart weight between the two WT groups (fed with SF food or E2 

containing food) was not observed in this experiment. This discrepancy might be due to 

smaller number of mice assigned in each group compared to that in experiment 1. No 

differences in absolute heart weights between all the groups occurred. However, the 

ratio of HW/BW of E2 treated mice was higher than in SF treated counterparts 

regardless of the presence or absence of ERβ. The changes in left ventricle weights 

were similar in trend with the changes of heart weights. 

 

6.4.2. Gene expression in left ventricle 

The stimulating effect of E2 and GEN on gene expression of IGF1, Acta2 and Myocd in 

the left ventricle in WT mice was lost in αERKO mice. In order to confirm whether the 

effect is maintained in βERKO mice, RT-PCR was employed to evaluate changes in 

expression of these genes. There were no differences in expression levels of IGF1 
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between ovx WT and ovx βERKO mice. No significant differences were observed 

between ovx βERKO and ovx WT substituted with E2. E2 treatment resulted in higher 

mRNA levels of IGF1 in the left ventricle of both βERKO and WT mice. The change was 

about 17% increase of IGF1 mRNA in βERKO (βERKO +E2 vs. βERKO +SF), whereas 

in WT mice, increase level  was about 60% (WT+E2 vs. WT+SF). Treatment with GEN 

did not affect expression of left ventricle IGF1 (fig.6.2). 

Table 6.2. Body weight and organ weights of the ovx mice carrying WT ERβ (WT) or disrupted 

ERβ (βERKO) genes after three months treatment with soy free food (SF) or food containing E2 

or GEN. 

 βERKO +SF 

 

βERKO +E2 βERKO +GEN WT+SF WT+E2 

BW in g 23.92±1.05 22.44±0.62 26.37±1.32 21.49±0.64 19.45±0.73
a,b 

Uterus 

weight (Ut), 

(mg) 

17.4±3.71 161.3±31.40
ab 

32.8±9.71 17.2±3.78 128.24±24.54
a,b 

Ut/BW (%) 0.073±0.018 0.73±0.164
ab 

0.118±0.047 0.079±0.018 0.654±0.012
a,b 

Heart weight 

(HW), (mg) 

108.2±3.91 114.2±1.65 121.0±9.14 102.2±3.47 100.8±2.96 

HW/BW(%) 0.456±0.107 0.510±0.014
ab 

0.471±0.032 0.467±0.009 0.511±0.011
a,b 

Left ventricle 

weight (LV), 

(mg) 

80.83±3.12 79.80±1.02 86.6±4.64 72.2±5.19 76.8±3.69 

LV/BW (%) 0.33±0.01 0.36±0.008
a 

0.33±0.02 0.33±0.014 0.39±0.011
a,b 

 

aP<0.05 vs. Con; b P<0.05 vs WT+SF 
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Fig.6.2. E2 treatment resulted in an increase of mRNA levels of IGF1 in both ovx ERβKO and 

WT mice (that was higher in WT mice). The increased level GEN did not exert any influence on 

expression levels. *P<0.05 vs. βERKO+SF; #P<0.05 vs. WT+SF. 

The ERβ disruption did not change mRNA levels of Acta2 in the left ventricle of ovx mice 

(βERKO +SF vs. WT+SF). E2 treatment increased expression of Acta2 only in WT mice 

(WT+E2 vs. WT+SF) but not in βERKO mice. Similar to E2, GEN did not show any 

effects on expression of left ventricle Acta2 of ovx βERKO mice (fig. 6.3). 
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Fig.6.3. Lack of effects of E2 and GEN on Acta2 mRNA levels in the left ventricle of βERKO 
mice. E2 only affected Acta2 expression in WT mice. *P<0.05 vs. βERKO+SF; #P<0.05 vs. 

WT+SF. 
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Similar to the effects on expression of Acta2, E2 and GEN did not exert any changes in 

expression of Myocd in the left ventricle of ovx βERKO mice (fig.6.4). 
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Fig.6.4. E2 showed effects on gene expression of left ventricle Myocd only WT mice after three 

months treatment. Both E2 and GEN did not change Myocd expression in the left ventricle of 

βERKO mice. *P<0.05 vs. βERKO+SF; #P<0.05 vs. WT+SF. 

 

6.5. Discussion 

In experiment 4 using αERKO mice, no significant effects of E2 on BW, uterus weight 

and heart weight were observed. In contrast, all of these effects are maintained in the 

absence of ERβ. However, the extent of E2 induced alternation of BW in βERKO mice is 

lower than that in WT mice. The results support the suggestion that ERα, not ERβ plays 

a dominant role in mediating the effects of E2 on BW, heart weight and uterus weight in 

ovx mice.  In addition, the results from experiments 1, 2, 3 and 4 suggest that GEN has 

no more or less effects on these parameters in αERKO or βERKO mice. 
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Disruption of ERα resulted in estrogen insensitivity in all three anatomical compartments 

of the uterus (TIBBETTS et al. 1998). This insensitivity was clearly confirmed in 

experiment 3. On the other hand, ERβ, with the low-to-absent expression in the uterus 

of the WT animal (COUSE and KORACH 1999) might not significantly contribute to 

uterotrophic effects of E2. Therefore, the observed uterotrophic and heart effects of E2 

in βERKO mice as shown in the present study are logically consistent. 

In contrast to the effect of E2 in αERKO mice, after 3 months treatment, E2 increased 

expression of IGF-1 in βERKO left ventricle. However, the stimulation effect of GEN on 

IGF1 gene was not detectable in both αERKO and βERKO mice. In WT mice, E2 up-

regulated both Acta2 and Myocd and the effects were diminished in both αERKO 

(experiment  3) and, surprisingly, in βERKO mice (this experiment).  

While the missing effects of GEN in αERKO mice are plausible or ERα is essential for 

action of estrogenic substances in the heart, the lack of action of GEN in βERKO mice, 

however, cannot be explained at present.  

It was reported that in vitro GEN has higher binding affinity to ERβ than to ERα (LEE et 

al. 2004). However, this preference has not been confirmed in vivo yet. Action of GEN in 

vivo heart including its effect on cardiac gene expression is far less studied. This result 

suggests that in the absence of ERα (in αERKO mice) GEN might not show its complete 

cardiac action in spite of the present of ERβ. 

GEN does indeed preferentially bind to the ERβ in vivo than one would expect no effects 

in βERKO mice. 

 

6.6. Conclusions 

In βERKO mice, E2 exerts an uterotrophic effect and, to lesser degree, a 

cardioprotective action. These results further support the hypothesis that ERα is the 

relevant ER-subtype for E2 signal transduction in the heart. At present the vague effects 

of GEN in βERKO mice cannot be explained. However, if GEN is an ERβ-agonist than 

results are interpretable: ERα is not required for estrogenic actions in the heart. Thus, 

GEN should not affect E2-regulated genes in both ERα- and βERKO mice. 
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7. GENERAL DISCUSSION 

Evidence from in vitro and in vivo studies under pathological conditions suggest that E2 

and phytoestrogens like GEN may affect heart functions. However, little available data 

are about long term effects of E2 and GEN in healthy heart. Since clinical trials failed to 

show cardiac protection of HRT, further investigation concerning effects of estrogenic 

compounds in a normal heart, especially after long term treatment are required. 

The future perspective of HRT will focus on the role of each estrogen receptor in 

mediating effects of estrogenic compounds. Since mouse knockout, but not rat, models 

are available, a wild type mouse model to study actions of estrogenic substances in 

healthy heart is needed. 

It can be hypothesized that an ovariectomy causes a sick heart, because the cardiac 

ERs have lost its ligand. Throughout the literature, no data about heart morphology or 

heart function in postmenopausal women have been reported. The data of the first 

experiment of the present study show that ovariectomy and subsequent replacement 

with E2 alters heart weight by about 30%. It can be said that E2 withdrawal might cause 

a “hypotrophy” or vice versa E2 replacement causes hypertrophy. The interpretation of 

the result is that E2 replacement after ovariectomy completely prevents a hypotrophy 

and keeps the heart weight at the level of intact healthy mice.   

In line with changes in heart weights are an increase in cardiomyocyte size and changes 

in expression of about thousand genes in the left ventricle. Beside E2, GEN at the dose 

of 1 g/kg diet altered cardiomyocyte size and cardiac gene expression.  Therefore, the 

treatment protocol in the first experiment can be applied to discover ERα or/and ERβ 

regulated genes in the heart under physiological conditions. 

The effects of hormone therapy on the cardiovascular system are still in dispute. 

Therefore, estrogen replacement therapy should be applied with cautions (MUŇOZ-

CASTANEDA et al., 2005). In order to fulfill criteria for an organ-specific estrogen-like 

substance for cardiac health, the question of dose dependent effects of candidate 

compounds including GEN should be examined. In this study, the model established in 
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experiment 1 was successfully applied to identify does-dependent effects of GEN in the 

heart (experiment 2). 

The variable effects of E2 on BW and uterine weight in wild type, αERKO and βERKO 

mice is similar to the effect on heart weight and left ventricle weight. It is also possible to 

extrapolate that ERα may be predominantly expressed in the heart of ovx mice.  

A recent study showed that ERα is primary found in the sarcolemma of ventricle tissue, 

whereas ERβ is predominantly located in the nucleus and cytosol. Ovariectomy resulted 

in an increase in the abundance of ERα in the ventricular sarcolemmal fraction 

(LIZOTTE et al., 2009). The distribution differences of ER subtypes and their reaction to 

estrogen deficiency may, at least in part, shape the action of each receptor in regulating 

effects of estrogenic substances. 

It was assumed that the formation of ERα/β heterodimers plays an important role in E2 

signaling (MATTHEWS et al., 2006) and the heterodimers can bind to various DNA-

binding regions in intact chromatin and subsequently regulate expression of target 

genes of E2 (PAPOUTSI et al., 2009). It is tempting to speculate that ERα/β can be 

involved in the cardiac action of estrogenic substances in the healthy heart. In αERKO 

(experiment 3) and in βERKO mice (experiment 4), both E2 and GEN lost their effects 

on expression of Acta2 and Myocd. These two genes may be interesting examples of 

genes that require ERα/β heterodimers to perceive an action of estrogenic compounds. 

However, further study on molecular level should be conducted to clarify the 

mechanism. 
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8. GENERAL CONCLUSIONS 

 

The treatment for three months with E2 (4.32 mg/kg diet, equivalent to 0.015 

mg/animal/day) reversed the loss of heart weight due to ovx in mice. The change in 

heart weight is accompanied by an increase in cross section area of cardiomyocytes and 

change in expression of thousand genes in the left ventricle.   

This model was successfully applied to investigate dose-dependent effects of GEN in 

the heart of ovx mice. The results showed that high doses of GEN (10 g and 3 g/kg diet) 

affect body mass and cause heart hypertrophy. The “effectively safe dose” of GEN is 

defined (1 g/kg diet for mice equivalent to 3.18mg/mouse/day). This dose shows effect 

on expression of cardiac genes without effects on body and uterus weights. 

The preventive effects of E2 against the loss of heart mass due to ovariectomy are also 

lost in αERKO but maintained in βERKO mice. Effects of E2 and GEN on gene 

expression of IGF1, Acta2, Myocd are vanished in αERKO and partly vanished in 

βERKO mice. It is concluded that ERα plays as a key role to mediate cardiac effects of 

E2 but, in some case, ERα/β heterodimers may be recruited by E2 to exert full effects of 

cardiac gene expression.  

Even though GEN exerts effects on heart mass and gene expression in the heart, a role 

of each receptor subtype in mediating the action of GEN in the in vivo heart can not be 

explained unequivocally at present.  
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9. SUMMARY 

NGUYEN Ba Tiep 

Development of a new mouse model to study long term actions of estradiol and 

genistein in the heart: Roles of estrogen receptor subtypes. 

The aims of this study were: 

(1) to establish a new mouse model to investigate cardiac effects of estrogenic 

compounds in vivo in the healthy heart;  

(2) to use the model for evaluating dose-dependent effects of GEN in the heart; and  

(3) to decipher the role of each estrogen receptor subtype in mediating cardiac effects of 

estrogenic compounds in vivo. 

For the first aim, in experiment 1, ovariectomized (ovx) mice were treated with estradiol 

(E2) or genistein (GEN) containing diet for three months. The treatment dose of 4.32 mg 

of E2/kg diet equivalent to 0.015 mg E2/animal/day resulted in physiological serum 

levels of E2. Treatment with E2 prevented the ovariectomy-induced loss of heart weight; 

increased cardiomyocyte sizes (CMS) and altered expression of about thousand genes 

in the left ventricle as evaluated by chip microarray assay. GEN at the dose of 1 g/kg 

diet (equivalent to 2.93 mg/animal/day) did not affect uterus and heart weights but 

increased CMS and altered expression of several genes which are also regulated by E2 

in the heart. This data are the first evidences of effects of E2 and GEN in the healthy 

heart. The treatment protocol proved to be valid to study long term effects of estrogenic 

substances in the heart.  

The results form experiment 2 confirmed that this new model is valid to evaluate dose-

dependent effects of GEN in the heart. GEN at the dose of 1 g/kg diet or higher exerted 

effects on cardiac gene expression. High doses of GEN (10 g and 3 g/kg diet equivalent 

to 28.2 and 8.58 mg/animal/day, respectively) caused uterus and heart hypertrophy. It is  
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concluded that in mice, the dose of 1 g GEN/kg diet is the “effective safe dose” 

regarding the heart. 

In ovx estrogen receptor alpha knockout (αERKO) mice used for experiment 3, E2 lost 

the preventive effects against the decrease of heart mass due to ovariectomy. The 

effects of E2 on expression of cardiac genes like IGF1, Acta2 and Myocd were also lost.  

In estrogen receptor beta knockout (βERKO) mice (experiment 4), most of cardiac 

effects of E2 were maintained. Effects of E2 on heart mass are similar to the effects on 

body and uterus weights in wild type and βERKO mice.  

Effects of GEN on expression of IGF1, Acta2 and Myocd were lost in αERKO mice while 

in βERKO mice only IGF1 expression was altered by GEN.  

It is concluded that ERα is a key mediator for cardiac effects of E2. Though GEN affects 

heart mass and cardiac gene expression, a role of each estrogen receptor subtype in 

mediating the action of GEN in the in vivo heart can not be explained unequivocally at 

present.  

Taken together, this is the first report on cardiac effects of E2 and GEN under 

physiological conditions and deciphering the role of each estrogen receptor subtype in 

mediating cardiac effects of estrogenic compounds in vivo. Whether the reported effects 

of E2 and GEN in the heart are due to direct actions on cardiomyocytes are not clear at 

present. Therefore, the molecular actions of E2 and GEN in the healthy heart may be 

further characterized by in vitro studies using cardiomyocytes. 
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10. ZUSAMMENFASSUNG 

NGUYEN Ba Tiep 

Entwicklung eines neuen Mausmodells zum Studium von Langzeiteffekten von Östradiol 

und Genistein im Herz: Bedeutung von Östrogenrezeptor-Subtypen. 

Die vorliegende Studie verfolgte 3 Ziele: 

1. Entwicklung eines neuen Mausmodells zur In-vivo-Untersuchung von Effekten 

von östrogen wirkenden Substanzen im gesunden Herzen, 

2. Anwendung dieses Modells zum Studium von dosisabhängigen Effekten von 

Genistein im Herz und 

3. Untersuchung der Rolle von Östrogenrezeptor-Subtypen für die Vermittlung 

von kardialen Effekten von östrogen wirkenden Komponenten in vivo. 

Im ersten Experiment wurden ovariektomierte Mäuse mit einer Genistein- oder Östradiol 

haltigen Diät für 3 Monate ernährt. Die eingesetzte Dosis von 4,32 mg Östradiol/kg 

Futter (equivalent zu 0,015 mg/Tier/Tag) erzeugte physiologische Spiegel des Steroides 

im Serum. Die Behandlung mit Östradiol verhinderte die durch Ovariektomie induzierte 

Abnahme des relativen Herzgewichtes, erhöhte die Größe der Kardiomyozyten und 

veränderte in der Mikroarray-Analyse die Expression von etwa 1000 Genen im linken 

Ventrikel. Die Dosis von 1 g Genistein/kg Diät (equivalent zu 2,93 mg 

Genistein/Tier/Tag) hatte keinen Einfluss auf das Herzgewicht, steigerte aber die Größe 

der Kardiomyozyten und veränderte die Expression einiger Gene, die ebenfalls durch 

Östradiol reguliert werden. Diese Ergebnisse zeigen erstmals Effekte von Östradiol und 

Genistein im gesunden Herzen. Das Behandlungsprotokoll hat sich als geeignet 

herausgestellt, um Langzeiteffekte von östrogenartig wirkenden Substanzen im Herz zu 

untersuchen. 

Die Befunde des Experimentes 2 bestätigen, dass dieses neue Mausmodell geeignet ist, 

um dosisabhängige Effekte von östrogen wirkenden Substanzen (hier am Beispiel des 

Genisteins) im Herz zu untersuchen. Dosierungen von 1 g Genistein/kg Futter oder 

höher veränderten die kardiale Genexpression. Die höchsten Dosen von Genistein (10 
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oder 3 g Genistein/kg Futter) verursachten eine Uterus- und Herzhypertrophie. Es kann 

geschlussfolgert werden, dass die Dosis von 1 g Genistein/kg Futter die „sichere 

effektive Dosis“ bezüglich eines Effektes im Herz von Mäusen ist. 

In ovariektomierten Östrogenrezeptor-alpha knockout-Mäusen, die im Experiment 3 

verwendet wurden, zeigte Östradiol keinen präventiven Effekt mehr gegen die 

Ovariektomie induzierte Abnahme des Herzgewichtes. Ebenso waren keine Effekte von 

Östradiol auf die kardiale Expression von IGF-I, Acta-II und Myocd festzustellen. In 

Östrogenrezeptor-beta knockout-Mäusen (Experiment 4) blieben die meisten der 

kardialen Effekte von Östradiol im Vergleich zu Wildtyp-Tieren erhalten. Der Effekt von 

Östradiol auf das Körper- und Uterusgewicht entsprach in ER-β knockout-Mäusen 

demjenigen, der in Wildtyp-Tieren beobachtet wurde. 

Die Effekte von Genistein auf die Expression von IGF-I, Acta-II und Myocd blieben im 

ER-α knockout-Mäusen vollständig aus, während in den ER-β knockout-Mäusen 

lediglich die IGF-I Expression durch Genistein verändert wurde. 

Es ist daher zu folgern, dass ER-α der wesentliche Mediator für die kardialen Effekte 

von Östradiol im Herz ist. Obwohl Genistein das Herzgewicht und die kardiale 

Genexpression beeinflusst, kann aus den vorliegenden Daten nicht eindeutig 

geschlossen werden, welcher Rezeptorsubtyp für die kardialen Effekte des 

Phytoöstrogens verantwortlich ist. 

Zusammenfassend ist dies der erste Bericht über kardiale Effekte von Östradiol und 

Genistein unter physiologischen Bedingungen und zur Untersuchung der Bedeutung der 

Östrogenrezeptorsubtypen bei der Vermittlung von kardialen Effekten von östrogenen 

Substanzen in vivo. Ob die beobachteten Effekte von Östradiol und Genistein im Herz 

auf eine direkte Wirkung dieser Substanzen auf die Kardiomyozyten zurückzuführen ist, 

ist im Augenblick unklar. Daher sollten die molekularen Mechanismen der kardialen 

Effekte von E2 und Genistein in Kulturen von Kardiomyozyten untersucht werden. 
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*P<0.05 vs.con.  
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of heart weight/body weight and left ventricle/body weight ratios due to ovariectomy. 

*P<0.05 vs. con. 
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Fig.4.5. Gene expression of IGF-1 in the left ventricle after three month treatment with 
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E2 elevated mRNA levels of IGF1. *P<0.05 vs. con. 

 

Fig.5.1. PCR assay for genotyping of the mice. Primer 1 and 2 amplify a 239-bp product 

specific for the wild type (WT) ERα gene; primer 3 and 4 amplify a 280-bp product 
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Product size was compared with the 50-bp ladder (L). 
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Fig.6.3. Lack of effects of E2 and GEN on Acta2 mRNA levels in the left ventricle of 

βERKO mice. E2 only affected Acta2 expression in WT mice. *P<0.05 vs. βERKO+SF; 

#P<0.05 vs. WT+SF. 

 

Fig.6.4. E2 showed effects on gene expression of left ventricle Myocd only WT mice 

after three months treatment. Both E2 and GEN did not change Myocd expression in the 

left ventricle of βERKO mice. *P<0.05 vs. βERKO+SF; #P<0.05 vs. WT+SF. 
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Supp. table 1: Operating conditions for processing the post-fixed tissue by using the 

automatic tissue processor  

 

Step Solutions and Reagents Incubation time 

(min) 

1.  50% EtOH 60 

2.  75% EtOH 60 

3.  75% EtOH 90 

4.  96% EtOH 60 

5.  96% EtOH 90 

6.  100% EtOH 60 

7.  100% EtOH 60 

8.  100% EtOH 90 

9.  Xylene 60 

10.  Xylene 60 

11.  Paraffin (70°C) 45 

12.  Paraffin (70°C) 45 
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Supp. table 2 Step-by-step procedure for the H&E staining 

Step Solutions and Reagents Incubation time 

(min) 

 1 Xylene 5 min 

2 Xylene 5 min 

3 Xylene 5 min 

4 100% EtOH 2 min 

5 100% EtOH 2 min 

6 100% EtOH 2 min 

7 96% EtOH 2 min 

8 96% EtOH 2 min 

9 75% EtOH 2 min 

10 Double Distilled water 2 min 

11 Mayer’s Hematoxylin 

Solution 

40 sec 

12 Water 10 min 

13 Distilled water 1 min 

14 Eosin Y Solution 30 sec 

15 Double Distilled water 1 

16 75% EtOH 30 sec 

17 96% EtOH 30 sec 

18 96% EtOH 30 sec  

19 100% EtOH 1 min 

20 100% EtOH  1 min  

21 100% EtOH  2 min  

22 Xylene 5 

23 Xylene 5 

24 Xylene 5 
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Supp. table 3 

Reverse transcription components (for one reaction mix) and conditions for the first-

strand cDNA synthesis. 

 

Component 

 

Stock concentration 

 

Volume (µl) 

RNA template in a sterile RNase-free 

water 

20 ng/µl  10 

Random primer oligonucleotides (mostly 

hexamers) in 3 mM Tris-HCl (ph 7.0), 0.2 

mM EDTA 

0.1 µg/µl 1 

RNase-free water - 3 

Total volume - 14 

mix, incubate the mixture at 70°C for 10 min then cool quickly on ice for 5 min. Add 

the following components as below. 

M-MLV Reverse Transcriptase Reaction 

Buffer (50 mM Tris–HCl, 75 mM KCl, 3 mM 

MgCl2,  

50 mM dithiothreitol)  

5X 4 

dNTP mix (PCR grade) 10 mM 1 

M-MLV Reverse Transcriptase RNase H 

Minus, Point Mutant 

200 U/µl 1 

Recombinant RNasin®, RNase Inhibitor 40 U/µl 0.1 

Total volume - 20 

Mix, incubate the mixture at 22°C for the initial 10 min, then 42°C for the final 50 min. 

Inactivate the reaction by heating for 10 min at 95°C.  
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Supp. table 4 
 
Components of 2X ABI TaqMan™ Universal PCR Master Mix 

 

Component 

For 1 reaction 

(µl) 

For 200 reactions 

(µl) 

For 1000 reactions 

(µl) 

10X Reaction buffer 2.5 500 2500 

50 mM MgCl2 1.75 350 1750 

5 mM dNTP mix 1 200 1000 

Hotstart PCR enzyme (HotGoldStar) 0.125 25 125 

Uracil-N-glycocylase (UNG; 1 U/µl) 0.25 50 250 

Ampuwa 6.875 1375 6875 

Total volume  12.5 2500 12500 

 

 

 

Supp. table 5.  Preparation of a 25-µl PCR reaction mix (for ABI TaqMan™) 
 

Reagent Volume (µl) 

2X ABI TaqMan™ Universal PCR Master Mix 12.5 

Forward primer (10 µM) 0.75 

Reverse primer (10 µM) 0.75 

Probe (10 µM) 0.5625 

cDNA template 2 

Ampuwa 8.4375 

Total volume  25 
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