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SUMMARY 

Epidemiological studies provide evidence that estradiol protects women against 

cardiovascular disease; nevertheless, the mechanism(s) involved remain unclear. The 

neointima formation is a key process which contributes to the vascular remodelling 

associated with vasoocclusive disorders -including atherosclerosis- and estradiol abrogates 

injury-induced neointima formation. This suggests that the anti-vasoocclusive actions of 

estradiol are due to its inhibitory effects on the proliferation and migration of smooth muscle 

cells, which play a key role in neointima formation. Since the biological effects of estradiol 

are mainly estrogen receptor (ER) mediated, it is widely believed that the anti-growth effects 

of estradiol on SMC are ER-dependent. However, recent findings that estradiol blocks injury-

induced proliferation of SMCs in lesions of mice lacking ER-α, ER-β and both ER-α/β, 

suggests that the anti-growth effects of estradiol are ER-independent. Since endogenous 

estradiol is converted to biologically active hydroxy and methoxy metabolites, which have no 

affinity for ERs, we hypothesized that "the anti-vasoocclusive actions of estradiol are 

mediated by its endogenous metabolites with no affinity for ERs" and this possibility has 

been investigated in the present study. In support of this hypothesis we provided evidence 

that as compared to estradiol, its hydroxy and methoxy metabolites (hydroxyestradiol and 

methoxyestradiol) are more potent in inhibiting mitogen-induced growth of SMCs. More 

importantly we demonstrated that the anti-growth (anti-proliferative and anti-migratory) 

effects of locally applied estradiol is due to its sequential conversion to hydroxyestradiol (2-

hydroxyestradiol) and methoxyestradiol (2-methoxyestradiol, 2-ME), by CYP450 and COMT, 

respectively. Furthermore, at a molecular level we investigated the mechanisms involved in 

mediating the inhibitor effects of 2-ME on HASMCs. Treatment of HASMCs with 2-ME 

arrested their growth in G0/G1 phase of the cell cycle by inhibiting ERK1/2 and Akt signalling 

pathways, as well as the downregulation of cyclin D1 expression and Rb phosphorylation, 

and increased expression of the CDK inhibitor p27. Additionally, 2-ME inhibited cyclin B1 

expression and tubulin polymerization, which may explain the 2-ME-mediated blockade of 

HASMCs in G2/M phase. In contrast to the findings in cancer cells, 2-ME did not induce 

apoptosis in HASMCs as measured by detection of caspase 3 cleavage, suggesting that the 

growth inhibitory effects of 2-ME were not due to cell death. This contention is supported by 

the finding that the growth inhibitory effects of 2-ME were reversible.  

 

The involvement of estradiol metabolism in mediating the cardioprotective effects of estradiol 

may explain the recent inconsistencies of epidemiological and clinical studies regarding the 
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benefit of hormone replacement therapy and the direct administration of 2-ME may overcome 

the undesired side effects of estradiol (such as feminization and cancerogenicity).  

Finally, studies conducted to investigate the role of ERs in mediating the anti-growth effects 

of estradiol by modulating their expression provided evidence for a differential regulation of 

the expression of the estrogen receptor subtypes, ERα and ERβ, in HASMCs and in the 

cancer cells (MCF-7) by estradiol. Moreover, we demonstrated the presence of both ERs in 

the membrane in HASMCs. These findings may provide a new possibility for the investigation 

of the reasons underlying the contrasting actions of estradiol in different cell types. 
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RIASSUNTO 

Studi epidemiologici hanno mostrato che l’estradiolo protegge le donne dalle malattie 

cardiovascolari, ma i meccanismi alla base di quest’azione non sono stati tuttora 

completamente delucidati. La formazione di neointima, processo che contribuisce allo 

sviluppo di malattie vasoocclusive -tra cui l’aterosclerosi- è inibita dall’estradiolo. Cio’ 

suggerisce che le azioni anti vasoocclusive dell’estradiolo siano da ricondurre al suo effetto 

inibitore sulla proliferazione e sulla migrazione delle cellule muscolari lisce, le quali svolgono 

un importante ruolo nella formazione di neointima. Poiché gli effetti biologici dell’estradiolo 

sono prevalentemente mediati dai recettori dell’estrogeno (ER), si era finora supposto che le 

azioni anti proliferative dell’estradiolo dipendessero dai suddetti recettori. Recenti scoperte 

hanno tuttavia dimostrato che l’estradiolo è in grado di bloccare la proliferazione di cellule 

muscolari lisce, conseguente a lesioni vascolari, anche in topi che non esprimono ERα, ERβ 

o ERα/β. Questo ha suggerito che gli effetti dell’estradiolo sarebbero indipendenti dall’attività 

dei propri recettori. Poiché l’estradiolo è convertito in metaboliti anch’essi biologicamente 

attivi (idrossiestradiolo e metossiestradiolo), ma che non mostrano affinità per i recettori 

dell’estrogeno, abbiamo ipotizzato che “ le azioni anti vasoocclusive dell’estradiolo siano 

invece mediate dai propri metaboliti”. Il presente studio indaga su tale possibilità. A sostegno 

di quest’ipotesi, abbiamo dimostrato che idrossiestradiolo e metossiestradiolo sono piu’ 

potenti dell’estradiolo stesso nell’inibire la crescita delle cellule muscolari lisce umane 

dell’aorta (HASMCs) indotta da mitogeni. Inoltre, abbiamo osservato che gli effetti 

antimitogeni dell’estradiolo applicato localmente dipendono da una sua avvenuta 

conversione sequenziale in 2-idrossiestradiolo (2-OHE) e 2-metossiestradiolo (2-ME), 

rispettivamente praticata dagli enzimi citocromo P450 e COMT. In aggiunta, abbiamo 

indagato il meccanismo responsabile dell’azione inibitrice di 2-ME sulla crescita di cellule 

HASMCs. Il trattamento di queste cellule con 2-ME ha provocato un arresto della crescita 

nella fase G0/G1 del ciclo cellulare sia inibendo le vie di propagazione del segnale cellulare 

ERK1/2 e Akt -come pure l’espressione della ciclina D1 e la fosforilazione della proteina Rb- 

che incrementando l’espressione dell’inibitore delle proteinchinasi p27. Inoltre, 2-ME ha 

provocato una diminuzione dell’espressione della ciclina B1 e della polimerizzazione della 

tubulina, le quali possono spiegare l’ulteriore arresto delle cellule nella fase G2/M. In 

contrapposizione ai risultati di studi condotti su cellule cancerogene, 2-ME non ha indotto 

apoptosi nelle cellule HASMCs, come risulta evidente dalla mancata degradazione della 

caspase 3, indicando cosi’ che gli effetti antimitogeni di 2-ME non sono causati da 

un’induzione di morte cellulare programmata. Questa conclusione è stata comprovata 

dall’aver accertato la reversibilità dell’effetto di 2-ME. 
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Un ruolo del metabolismo dell’estradiolo nel mediare i suoi effetti cardioprotettivi puo’ fornire 

una spiegazione circa le recenti inconsistenze riscontrate negli studi epidemiologici e clinici 

inerenti al beneficio della terapia ormonale sostitutiva. Una somministrazione diretta di 2-ME 

potrebbe inoltre evitare gli effetti collaterali indesiderati derivanti dall’impiego d’estradiolo in 

terapia, come ad esempio la femminizzazione e la cancerogenicità. Infine, sono stati condotti 

studi allo scopo di comprendere il ruolo dei recettori dell’estrogeno nel mediare gli effetti sulla 

crescita cellulare modulando la loro espressione. È stata osservata una diversa regolazione 

dell’espressione di ERα e ERβ nelle cellule HASMCs e nelle cellule cancerogene MCF-7. 

Abbiamo inoltre dimostrato la presenza di ambedue i recettori nella membrana cellulare di 

HASMCs. La serie di osservazioni raccolte all’interno di questo lavoro rappresenta una base 

per nuove vie di approfondimento delle conoscenze sugli effetti contrastanti dell’estradiolo in 

tipi diversi di cellule umane. 
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1. INTRODUCTION 

1.1. The hormone 17β-Estradiol: Biological Effects, Synthesis and 
Metabolism 

1.1.1. Biological effects 

Estrogens are endogenous hormones largely derived from the ovary and have a 

characteristic phenolic structure. Although, several types of estrogens (estriol, estrone and 

estradiol) are produced within the body, 17β-estradiol is functionally the most relevant. 

 

Estrogens have important roles in the growth and development of the female reproductive 

system. For example, they influence the differentiation of secondary sexual characteristics, 

the fertilization process, the maintenance of pregnancy and the regulation of the menstrual 

cycle. 

Apart from these classical functions, there is increasing evidence that estrogens play a 

critical role in regulating the physiology and biology of many other tissues (Fig.1). For 

example, in the liver, estrogen regulates the metabolism of cholesterol, in the bones, it 

prevents against osteoporosis and in the brain, it has neuroprotective effects and may 

prevent against Alzheimer’s disease. Estrogen ameliorates the skin aging and reduces the 

risk of colon cancer. In addition, during the past few years, also the cardiovascular system 

has been recognized as an important target for estrogens (in details under section 1.3). On 

the other hand, estrogens have also been shown to induce deleterious effects. In this regard, 

estrogens can induce carcinogenic effects in the uterus and in the breast tissue [1]. 

Moreover, even though estrogens are referred to as female hormones, they also influence 

the reproductive system and the fertility in males [2]. 
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Figure 1 Figure showing some examples of the target tissues of estrogens 

in the body. 

 

1.1.2. Synthesis and metabolism 

17β-estradiol (estradiol or E2) is the most potent naturally occurring and biological active 

estrogen. This steroid hormone is principally synthesized by theca interna and granulosa 

cells of developing ovarian follicles, corpus luteum or placenta. Estradiol is synthesized from 

androgens such as androstenedione via two mechanisms (Fig.2): 

a) androstenedione is converted into estrone by the enzyme aromatase and this can be 

subsequently converted into estradiol by 17β-hydroxysteroid dehydrogenase (17β-HSD); or  

b) androstenedione is converted into testosterone by 17β-HSD and testosterone is then 

transformed into estradiol by aromatase [3]. 

 

Apart from the classical steroidogenic tissues, aromatase and 17β-HSD are also widely 

distributed in a large number of other tissues (e.g. adipose tissue, skin, vaginal mucosa, 

endometrium, breast and liver) as well as in vascular cells [4]. 

Following its synthesis, estradiol is released into the circulation, where it is found either free 

(less than 2% of total amount), albumin-bound or sex hormone globulin-bound. Circulating 

estradiol concentrations in adult women range from less then 0.36 nmol/L during the follicular 

phase to about 2.8 nmol/L in midcycle. During pregnancy, circulating estradiol levels can be 

as high as 70 nmol/L and following menopause, when the ovaries stop to function, the level 

decreases until 0.14-0.21 nmol/L and is comparable to the one in men [5]. Although the free 

circulating levels of estradiol are low, they may underestimate its effective concentrations 

within target cells. Indeed, some target tissues (as the vasculature) are able to synthesize 
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  INTRODUCTION 

estradiol and are also exposed to exogenous estrogens from dietary sources. To date, there 

are no accurate in vivo values available for in situ estradiol concentrations. 

 

Elimination of estradiol is largely mediated via its conversion into nonestrogenic water-

soluble metabolites that are excreted in urine or feces. In this regard, estradiol is conjugated 

to sulfate or glucuronate or converted into fatty acid esters. Of particular interest for our 

study, is the conversion of estradiol into oxidative metabolites and their subsequent O-

methylation (Fig.2 and 3). Cytochrome P450 (CYP450) enzymes in the endoplasmic 

reticulum/microsomes of cells are responsible for the hydroxylation of exogenous and 

endogenous estradiol, and largely convert it to 2-, 4- and 16-hydroxyestradiols. In particular, 

the isoforms CYP1A1, 1A2 and 1B1 are responsible for the C-2 and C-4 hydroxylation, 

whereas the isoform 3A4 is responsible for the C-16 hydroxylation. Once hydroxylated the 

products are rapidly methylated by the catechol-O-methyltransferase (COMT), an 

intracellular enzyme, to form O-methylated catechols (e.g, 2-methoxyestradiol and 4-

methoxyestradiol). 

 

Estradiol is largely metabolized within the liver, although other tissues, including the vascular 

tissue, the kidneys, the gastrointestinal tract, the spleen, the brain, the pancreas, etc., also 

possess the enzymes (CYP450 and COMT) responsible for estradiol metabolism [3, 6]. 
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Figure 2 Schematic representation of the multiple mechanisms via which 

17β-estradiol (estradiol) is synthesized and metabolized in human cells. 

CYP450, Cytochrome P-450; 17β-HSD, 17β-hydroxysteroid dehydrogenase; 

ST, sulfotransferase; GT, glucuronosyltransferase; EAT ester 

acetyltransferase; COMT, catechols-O-methyltransferase. 
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Biological activity of the metabolites 

There is ample evidence that estradiol metabolites have significant growth regulatory effects.  

In this regard, 2-hydroxyestradiol (2-OHE) has been shown to inhibit growth of cancer cells, 

whereas, 4-hydroxyestradiol (4-OHE) has carcinogenic effects [6]. 

Moreover, reduced 2-hydroxylation and increased 4-hydroxylation has been observed in 

subjects with cancer [7]. Together these findings suggest that 2-OHE and its methylated 

product 2-methoxyestradiol (2-ME) may induce anti-carcinogenic effects. Moreover, the 

carcinogenic effects of estradiol observed in some patients may be dependent on the ratio of 

carcinogenic and anti-carcinogenic metabolites of estradiol formed. Additionally, genetic 

polymorphisms of the estradiol metabolizing enzymes may determine the predisposition of a 

subject to develop cancer, however this aspect is still controversial. 

Additionally, 2-OHE also attenuates the catabolism of cathecolamines (which contribute to 

the process of atherosclerosis, hypertension and heart failure) by competing for COMT and 

is a potent antioxidant, thereby protecting cells against peroxidation [8, 9]. 

 

2-Methoxyestradiol: 2-OHE is rapidly converted to 2-ME, which has been shown to have 

antitumor and antiangiogenic activity [10]. The plasma half-life of 2-OHE is 96 s [11] and its 

clearance rate is 11 times higher than estradiol [3]. In vitro, 2-ME inhibits proliferating tumor 

and nontumor cells (e.g., mammary carcinoma cells, pancreatic cancer cells, normal 

chondrocytes, prostate cancer cells, glomerular mesanglial cells, endothelial cells and so on) 

[12-16]. Furthermore, when administered orally 2-ME is able to inhibit angiogenesis, growth 

of primary tumor and metastatic spread [10, 17]. Thus, 2-methoxyestradiol, once considered 

an inactive end-metabolite of estradiol, has recently emerged as a very promising agent for 

cancer treatment and several potential molecular targets and pathways of activation have 

been suggested. 

 

The growth-inhibitory properties of 2-ME have been primarily associated with its effects on 

tubulin dynamics and with the induction of mitotic arrest and apoptosis. In this regard, Attalla 

et al [18] demonstrated that in cancer cells at concentrations that cause mitotic G2/M arrest 

(1 µmol/L), 2-ME stabilizes polymerized tubulin rather than inhibit its polymerization as 

showed at higher concentrations (more than 20 µmol/L) in previous studies [19]. Moreover, 

2-ME has been shown to interact with colchicine binding site (a tubulin interfering agent) [20]. 

At the molecular level, 2-ME has been shown to stimulate caspase 3 activity, with 

subsequent cleavage of Poly (ADP-Ribose) Polymerase (PARP) and DNA fragmentation, 

which are markers for apoptosis. Additionally, 2-ME modulates p53-dependent as well as 

p53-independent mechanisms inducing apoptosis in prostate cancer cells [13] and lung 
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cancer cells [21]. Interestingly, Seegers et al [22] reported that, in contrast to cancer cells, 2-

ME does not induce apoptosis in normal human skin fibroblasts. Other mechanisms and 

molecular targets influenced by 2-ME include interaction with reactive oxygen species [23], 

cell cycle kinases and regulators [16, 24] and transcription factors modulators [25]. 

 

In contrast to estradiol, 2-ME has no binding affinity for estrogen receptors (ERs) and several 

studies provided evidences that the anti-proliferative effects of 2-ME are ER-independent 

[26, 27]. Finally, in order to explain the unique ER-independent 2-ME effects, participation of 

a receptor, yet unidentified, has been proposed [28]. 

 

17β-Estradiol (E2) 2-Hydroxyestradiol (2-OHE) 2-Methoxyestradiol (2-ME)

CYP450 COMT

17β-Estradiol (E2) 2-Hydroxyestradiol (2-OHE) 2-Methoxyestradiol (2-ME)

CYP450 COMT

 

Figure 3 Structure of 17β-estradiol and its conversion into the biologically 

active metabolites 2-hydroxyestradiol and 2-methoxyestradiol. 
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1.2. Pathways for Estradiol Actions 

The current dogma is that estrogen effects are mediated through the estrogen receptors 

(ERs). However, increasing evidence suggests that other ER-independent mechanisms also 

exist. 

1.2.1. The Estrogen Receptors 

Estrogen receptors belong to the superfamily of nuclear receptors, including steroid-, thyroid-

, vitamin D-, retinoic acid receptors.  

 

The Structure 

Nuclear receptors all share a modular structure, composed of 6 functional domains: A/B, C, 

D, E and F (Fig.4). The N-terminal A/B domain and the C-terminal F domain contain 

transactivation function ( AF-1 and AF-2, respectively) for the interaction with components of 

the core transcription machinery, corepressors and coinducers. The C domain is the most 

strongly conserved region and contains the DNA-binding domain. The hinge D region 

allows the receptor to bend altering the ER conformation and possesses signals for the 

nuclear localization. Finally, the ligand-binding domain in the E region confers the ligand 

specificity to the receptor. 
 

To date, two estrogen receptor subtypes have been identified, ERα and ERβ, which are 

encoded by genes on different chromosomes (chromosome 6 and 14, respectively). The first 

receptor was cloned in 1986 [29] and for about ten years was believed to be the only one. 

However recently, in 1996, a second ER, called ERβ, was discovered in rat prostate and 

ovary, and subsequently cloned by Kuiper et al. [30]. The human ERα and ERβ cDNAs 

encode for proteins containing 595 and 530 amino acids, respectively [31]. Although the 

DNA-binding domains of the two receptor subtypes are very similar (they share 95% of the 

amino acids), the overall degree of homology is low (Fig.4). The ligand-binding domains have 

only 60% homology, which may contribute to the specificity of the receptor binding and 

agonist/antagonist activities of certain non-steroidal ligands showed by Sun et al. [2, 32]. 

However, both receptors show a similar affinity to the major ligand, 17β-estradiol (KD=0.6 nM 

[30]). 

 

 
 

 17



  INTRODUCTION 

 

 
hERβ

hERα
NH2 COOHA/B C D E F

NH2 COOHA/B C D E F

DNA-binding
domain

Ligand-binding
domain

17 97 30 60 18% homology

Chromosom

6

14
hERβ

hERα
NH2 COOHA/B C D E F

NH2 COOHA/B C D E F

DNA-binding
domain

Ligand-binding
domain

17 97 30 60 18% homology

Chromosom

6

14

 

Figure 4 Schematic representation of the modular structure of the human 

estrogen receptor subtypes ERα and ERβ.  

 

The Tissue Distribution 

In addition to the differences in the structure and ligand-binding specificity, there is also a 

large disparity in the tissue distribution of the two ER subtypes. For example, ERα is the 

predominant receptor in the endometrium, breast-cancer cells and the ovary. In contrast, the 

kidney, intestinal mucosa, lung, bone marrow, bone, brain endothelial cells and prostate 

mostly express ERβ [2]. Moreover, in tissues expressing both ERs (e.g, the brain and the 

bone), there is often a distinct ER expression pattern within heterogenous cell types 

composing the tissue. 

 

In accordance with the above observations, recent studies in knock out animal models, 

lacking ERα or ERβ, provide strong evidence for the existence of functional differences 

between the two ER forms [33]. Additionally, some splice variants of both receptors have 

also been identified, which may be responsible for modulating the effects of estrogen 

differently [34]. 

 

The Regulation 

One aspect which plays a critical role in defining the final effects of the steroid or non-steroid 

ligands, is the specific regulation of ERα and ERβ expression within a cell type. The 

expression of ER subtypes may largely depend on and change in response to extracellular 

signals. In this regard, estradiol has been shown to downregulate estrogen receptor (alpha) 

in the human breast cancer cell line MCF-7, via an autoregulatory feedback involving the 
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binding of ER to its gene and repressing its own expression [35, 36]. Alarid et al [37] 

described a proteasome-mediated proteolysis of ER, which also seems to account for the 

regulation of ER levels. Specific modulation of the ER subtypes by estradiol was investigated 

in a very recent study, that reported an upregulation of both ERα and ERβ in human retinal 

pigment epithelium [38]. Specific upregulation of ERα by E2 was also detected in osteoblasts 

[39]. In contrast, an apparent downregulation of ERβ and no change in ERα were shown in 

the prostate following treatment with genistein, a phytoestrogen with higher affinity to ERβ 

[40]. 

 

At present there is only a limited amount of information regarding ER regulation, especially 

for the newly discovered ERβ. Interestingly, the two ERs have been shown not only to have 

different functions, but also opposite ones. Lindberg et al [41] have very recently shown in 

bone that an important physiological role of ERβ is to modulate ERα-mediated gene 

transcription. In addition to the well established ER subtypes, ERα and ERβ, also a putative 

ER or ER-γ only specific for natural estrogens was identified in mouse liver [42]. Presence of 

an intracellular ER type II with reduced affinity for estradiol [43] and splice variants for both 

ERα and ERβ [44, 45] have also been reported, however, these receptors have not yet been 

well characterized. Moreover, nuclear orphan receptors termed estrogen receptor-related 

receptors display high degree of amino acid identity with human ER. However, so far 

potential ligands have been not yet identified [46]. 

 

1.2.2. The Classical Pathway  

The classical pathway for estradiol action involves the activation of the estrogen receptors as 

transcription factors (Fig.5 A). ERs are found in the nucleus as well as in the cytosol 

associated with heat shock proteins (chaperones), which stabilize them and mask the 

receptor DNA binding site. As free estrogen diffuses into the cell, it binds to the ER, 

triggering a conformational change, which causes its dissociation from the heat shock 

proteins and the homo- or heterodimerization of the ER. Subsequently, the estrogen-ER 

complex diffuses into the nucleus, where it binds to specific palindromic, cis-acting DNA 

sequences, called estrogen responsive elements (EREs), within the regulatory regions of 

target genes [47]. The sequence 5’GGTCAnnnTGACC3’ (n is a random nucleotide) from the 

Xenopus laevis vitellogenin gene has been defined as the consensus ERE sequence [48]. 

 

In addition to DNA, the estrogen-ER complex interacts with coactivators or corepressors, 

including SRC-1/-2/-3, CBP/p300, TRAP220, PGC-1, p68 RNA helicase and SRA [49, 50] via 
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the AF-1 and AF-2 domains. These associations determine and regulate the induction or 

repression of the target gene expression. Among the target genes containing the consensus 

sequence ERE known so far are progesterone receptor, prolactin, lactoferrin, ovalbumin, 

vitellogenin, c-fos, c-jun and c-myc. 

 

1.2.3. Alternative pathways 

Findings in the last decade indicate that estradiol induces its biological effects not only via 

genomic, but also non-genomic mechanisms. Moreover, the biological effects of E2 are 

triggered by ER-dependent as well as ER-independent mechanisms. Pathways other than 

the classical one are generally referred to as alternative pathways (Fig.5 B). 

 

ER-dependent, non-genomic 

Estradiol actions that occur rapidly and appear not to involve direct ER-mediated gene 

transcription are termed non-genomic effects. In this regard, some estrogen-induced 

responses have been observed within seconds to minutes following stimulation and, 

therefore, cannot be explained by a transcriptional mechanism, which takes hours or days. 

Such rapid non-genomic effects have been shown to be initiated at the membrane level, both 

by 17β-estradiol and its membrane-impermeant BSA-conjugate [51]. Indeed, ERs have been 

identified within the plasma membrane of endothelial cells, in so-called caveolae [52]. 

Caveolae are membrane invaginations coated on the intracellular surface with multiple 

proteins and ER may act through association with these proteins. 

 

Whether membrane ERs are distinct from the intracellular forms remains unclear. Razandi et 

al [53] reported the detection of ERα and ERβ in the membrane of Chinese hamster ovary 

cells transfected with an expression vector coding for the respective intracellular forms. In 

contrast, in ERα KO mouse the preservation of rapid, ERα-mediated E2 actions suggests the 

existence of a membrane ER distinct from the intracellular form [54]. An example of the rapid 

effects of estradiol is the modulation of the mitogen-activated kinases ERK1 and ERK2 

activity, shown to be mediated via the direct interaction of ER with Src tyrosine kinase [55]. 

Other rapid effects induced by estradiol are eNOS stimulation [56], PKA and PKC activation, 

cAMP formation and increase of intracellular Ca2+ (reviewed by [57]). 

 

 20



  INTRODUCTION 

Ligand-independent 

The ERs can be activated also without the binding of a ligand. Indeed, cross talks with 

extracellular growth factors such as IGF-1 and EGF leads to an increase in the expression of 

ER target genes. There are indications that ER-phosphorylation may serve as mechanism of 

ligand-independent activation [58].  

 

ERE-independent 

There are studies providing evidences for an induction of genes lacking the classic ERE 

sequence by E2-ER complex. A mechanism has been discussed by which ER interact with 

the transcription factors Fos and Jun at activating protein 1 (AP-1) binding sites and with the 

transcription factor Sp1, activating the respective responsive elements [50]. Some of the 

target genes without apparent estrogen responsive element but activated by estrogen code 

for epidermal growth factor (EGF), EGF receptor, cyclin D1 and breast cancer-1 (BCRA1) 

[59]. 

 

ER-independent 

Finally, recent findings from studies with double (ERα and ERβ) ER knock out mice provide 

indications that E2 may have effects via mechanisms independent of ERs (discussed later). 
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Figure 5 Hypothetical model for estrogen action through different 

intracellular pathways. Classical pathway through cytosolic/nuclear receptors 

acting as nuclear transcription factor (A) and alternative pathways (B). Gp, G 

protein; iNOS, inducible nitric oxide synthase; AC, adenylat cyclase; AP-1, 

activating protein 1; ER, estrogen receptor; co, corepressor/coactivator; c, 

chaperone. 
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1.3. Estradiol and the Cardiovascular System 

Cardiovascular disease is one of the major causes of death and disability in Western 

civilization [60]. The process that principally contributes to the vascular pathogenesis is 

atherosclerosis. The primary trigger for atherosclerosis is largely damage of the vascular 

endothelium (Fig.6). Injured endothelial cells respond by expressing cytokines, which are 

chemotactic for monocytes. Additionally, injured cells express adhesion molecules for the 

monocytes to bind to. Monocytes from the blood enter subendothelial space, where they 

differentiate into macrophages and digest LDL, resulting in the formation of foam cells. 

Platelets also enter into the lesion, where they can secrete growth factor PDGF-BB and TGF-

β. These factors, together with mitogenic factors secreted by foam cells and endothelial cells, 

activate smooth muscle cells (SMCs) to proliferate, migrate into the damaged area and 

produce connective tissue matrix rich in collagen. Collectively, these processes result in 

neointima formation and thickening of the vessel wall. In addition to vascular injury, intimal 

thickening due to SMC accumulation has been shown to also occur during the normal course 

of vessel aging [61], proning the development of atherosclerosis.  
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Figure 6 Schematic representation of vascular injury induced neointima 

formation. Migration and proliferation of vascular smooth muscle cells in the 

intima are key processes leading to neointima formation and thickening of 

the vessel wall. RBC, red blood cells. 

 
Epidemiological studies provide evidence that premenopausal women have a lower 

incidence of coronary heart disease than men (Fig.7). With the onset of menopause (around 

age 55), dysfunction of the ovaries and subsequent decrease in the synthesis of 17β-
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estradiol is accompanied by an increased incidence of cardiovascular disease [62]. The 

relation between estrogen deficiency and vascular pathology is further supported by the fact 

that reduced risk of coronary disease is observed in postmenopausal women (PMW) taking 

hormone replacement therapy (HRT) [64]. Estradiol deficiency in postmenopausal women 

leads to numerous other health problems such as, hot flushes, osteoporosis, sleep difficulties 

and perhaps contributes to progression of Alzheimer’s disease. Lack of estradiol in PMW 

lowers the quality of the life. Therefore, HRTs are given in order to reduce various disorders 

associated with estradiol deficiency, including cardiovascular disease. However, use of HRT 

also entails an increased risk for breast and endometrial cancer. To counterbalance these 

deleterious effects, estrogen replacement is substituted sequentially with some form of 

progesterone. In contrast to many observational studies supporting the cardiovascular 

benefit of HRT in healthy postmenopausal women (primary prevention) [63], other studies in 

secondary prevention using estradiol plus a form of progesterone (medroxyprogesterone 

acetate, MPA) observed an increased risk of cardiovascular events in the first year of 

treatment [65]. Additionally, it has been observed that in a given cohort of postmenopausal 

women, HRT provides cardioprotective effects in only 50 to 60% of the treated patients [66]. 

The inconsistencies in the results of different epidemiological/clinical studies may be due to 

the poor knowledge of the mechanism of action of sex steroid hormones on the vascular 

system. Additionally, a clarification of the mechanisms involved in the vascular protective 

effects of estradiol would allow the development of novel agents for the prevention and 

treatment of cardiovascular diseases in both women and men, with minimal side effects (e.g., 

cancer and feminization in males). Finally, since progesterone has been demonstrated to 

abrogate the protective effects of estradiol, the lack of benefits of HRT in PMW observed 

may be due to the use of MPA [67]. 
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1.3.1. Potential Mechanisms of Estradiol Action in the Cardiovascular System  

Consistent with the protective effects of HRT, in vivo studies conducted in several animal 

species and using various models, like balloon injury-induced neointima formation and 

allograft-induced dysplasia, show that 17β-estradiol prevents pathological vascular 

remodeling processes and neointima formation [68-72] (Fig.8). These anti-vasoocclusive 

effects of estradiol are mediated via multiple pathways, involving interactions with a variety of 

growth factors, cell types, and biochemical/molecular mechanisms (reviewed by Dubey et al 

[73]) and the two most important actions are on modulation of vascular tone and inhibition of 

cell growth. 

 

Effects on Vascular Tone 

Estradiol induces vasodilatation, largely via its stimulatory effects on nitric oxide (NO) 

synthesis and release [73]. E2 induces the expression of the nitric oxide synthase enzyme 

and stimulates the constitutive NO synthesis via genomic pathway. In addition, it directly and 

rapidly stimulates NO release in a non-genomic way through an estrogen receptor located in 

the membrane [74]. Findings implicate ERα in mediating the effects of estradiol on NO 

synthesis [56]. Even though, NO plays a major role in mediating the vasodilatory effects of 

E2, other mechanisms also participate. For example, a direct interaction of estradiol with K+ 

channels [75] and the activation of cAMP production [76]. Finally, estradiol reduces the 

synthesis of vasoconstrictors such as angiotensin II, endothelin-1 and catecholamines 

(reviewed in [73]). 

 

Effects on Cell Growth 

The abnormal SMCs activity is a key process responsible for vascular pathology and 

estradiol inhibits the growth of SMCs. Under normal circumstances, the endothelium is 

thought to induce a net inhibitory effect on the growth of these cells [77]. Damage or 

dysfunction of the endothelium by balloon catheters, vascular cuffs, and immune reactions 

results in SMCs proliferation, migration and extracellular matrix synthesis, and estradiol has 

been shown to inhibit all of these three processes of growth. The inhibition of mitogen-

activated protein kinase (MAPK) activity [78], the stimulation of synthesis of growth inhibitory 

molecules (such as NO and cAMP), the enhancement of the release of matrix-

metalloproteinase-2 (a regulator of cell migration) and the inhibition of collagen synthesis (an 

extracellular matrix protein and an inducer of cell migration) [73, 76], are some of the 

mechanisms by which E2 regulates SMCs activity. Other effects that contribute to the 
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cardioprotective action of estradiol are summarized here (reviewed in Dubey et al, 2001 

[73]).  

Estradiol: 

- accelerates functional endothelial recovery after arterial injury, by inducing endothelial 

cell proliferation via vascular endothelial growth factor stimulation, thus inducing 

repair of an otherwise exposed atherogenic surface; 

- serves as an antioxidant and protects the vasculature from free radicals generated at 

site of cell injury and in response to cytokines. Free radicals induce apoptosis and are 

cell damaging; 

- downregulates the expression of adhesion molecules, which facilitates the 

recruitment of leukocytes, macrophages and monocytes at the site of injury. Thereby 

inhibiting macrophages to enter the subendothelial space and generate growth 

factors that would subsequently result in vascular remodeling; 

- inhibits allograft-inducible major histocompatibility complex class II antigen 

expression, thus, preventing allograft transplant-induced arteriosclerosis; 

- modulates the synthesis of circulating factors that are mitogenic for SMCs (e.g., 

angiotensin II, homocysteine and endothelin-1) and damaging for ECs (e.g., 

homocysteine); 

- upregulates leukemia inhibitory factor (LIF), shown to inhibit cuff injury-induced 

neointima formation; 

- decreases the synthesis of procoagulant factors; 

- regulates Ca2+, Na+ and K+ channels. 

 

The current dogma is that estrogen receptors mediate the vasculo-protective effects of 

estradiol and the presence of both ERα and ERβ in vascular cells has greatly increased the 

complexity of potential estrogen regulatory pathways. ERs have been demonstrated to play a 

role in the modulation of some estradiol effects, including NO synthesis, cAMP production 

and expression of adhesion molecules [73]. Additionally, a male patient carrying a non-

functional mutation of ERα showed impaired vascular function [79] and recently Pare et al 

demonstrated in animal model that ERα mediates the protective effects of estrogen against 

vascular injury [80]. However, evidences exist also for ER-independent mechanisms. For 

example, in knock out animal models, estradiol still inhibits injury-induced neointima 

formation in the absence of ERα or ERβ expression [81, 82]. The possibility that the ERs 

may compensate for each other has been suggested. However, in experiments with double 

(both ERα and ERβ) knock out mice  the anti-mitogenic effect of estradiol on SMCs growth 

following vascular injury was unaffected, whereas estradiol did not significantly inhibit the 
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neointima formation [83]. The involvement of mechanisms other than ER in mediating the 

cardioprotective effects of estradiol is further supported by the observations that E2 is unable 

to prevent neointima formation in non-gonadectomized male rats (expressing both ER 

subtypes) after balloon-induced injury [72]. Thus, whether also ER-independent mechanisms 

are involved in mediating the cardiovascular effects of estradiol is still unresolved and under 

intense debate. 
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1.4. Vascular Smooth Muscle Cell Proliferation 

In the intact blood vessel, vascular smooth muscle cells (vSMCs) are relatively quiescent and 

highly specialized as contractile cells to control lumen diameter and thereby regulate blood 

flow in response to neuronal, hormonal and local factors. When these cells are placed in 

culture or are activated following vessel injury, they switch from the contractile/differentiated 

mode to a proliferating/synthetic cell type, capable of expressing for a number of growth-

regulatory molecules. This process of switching is called phenotypic modulation [84]. 

 

1.4.1. The Cell Cycle 

In response to mitogens, quiescent SMCs begin to proliferate, entering the cell cycle. The 

cell cycle consists of a consecutive serie of processes, generally invariant in their order, 

which successively double the whole cell mass to produce two identical daughter cells. In a 

typical mammalian cell cycle four distinct phases have been recognized, called G1 (gap 1)-, S 

(synthesis)-, G2 (gap 2)- and M (mitotic)-phase (Fig.9). Additionally, the quiescent cell 

condition is also referred to as G0. 

 

The exact sequence of these phases and their regulation by extra- and intracellular signals 

are influenced by the cyclin-dependent kinases (CDKs). Their activities are regulated by 

phosphorylation and by association of proteins called cyclins, whose synthesis and 

degradation vary during the cell cycle. Depending on the peak of their expression, the cyclins 

are distinguished in G1 cyclins (cyclins D), G1/S transition cyclins (cyclin E) and mitotic 

cyclins (cyclin A and B, whose expression is maximal at G2/M phase). 

 

In response to mitogens, quiescent cells enter the G1-phase, during which the synthesis and 

activation of the regulatory proteins begins. The signaling cascade activated by growth 

factors induces an accumulation of cyclins D, thus, providing a link between mitogenic stimuli 

and the cell cycle machinery [85]. Cyclins D associate with Cdk4 and Cdk6 and induce the 

hyperphosphorylation of the retinoblastoma proteins (mainly Rb). The hypophosphorylated 

Rb binds to and inhibits the transcription factors E2Fs. Following hyperphosphorylation of Rb 

in late G1-phase E2Fs are released. The subsequent increase of their transcriptional activity 

results in the expression of genes encoding for proteins required for DNA synthesis (for 

example the proliferating cell nuclear antigen, PCNA, and the DNA-polymerase) and genes 
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encoding for proteins, which play a role in G1/S transition, such as cyclin E and cyclin A. Both 

cyclins form complexes with Cdk2 and regulate the maintenance of Rb phosphorylation.  

After the replication of the entire genomic material during the S phase, the cell proceeds into 

the G2-phase. Here the progression to division of the cell, in the M-phase, is independent of 

further growth factor stimulation. In G2, cyclin B levels increase and the protein complexes 

with Cdk1 to form the “maturation-promoting factor (MPF)”. Its activity is regulated by cyclin B 

availability as well as Cdk1 dephosphorylation (induced by the Cdc25 protein) and is 

necessary for cell entry into mitosis. This last phase of the cell cycle includes different 

processes (such as the chromosomes segregation), which lead to the division of the cell into 

two identical daughter cells. 

 

Additionally, cyclin A can also associate with Cdk1 protein, however, the role of this complex 

is not well defined. Apart from cyclin levels and phosphorylation status, the CDK activity is 

also modulated by CDK-inhibitors (CDKI). Two families of inhibitors have been described. 

The INK4 (inhibitor of CDK4) family includes p16, p15, p18 and p19, which specifically inhibit 

Cdk4/6 [86]. In contrast, the proteins of the KIP/CIP (CDK inhibiting protein) family, p21, p27 

and p57, can inhibit the activity of all CDKs. Downregulation of p27 and p21 are critical 

events, which promote cell cycle progression into S phase. Moreover, these last CDKIs have 

been shown to associate with Cdk/cyclin complexes both inhibiting or inducing the kinase 

activity and the stoichiometry is though to determine which of these final effects are induced 

[87]. 

 

The checkpoints 

The progression into the next cell cycle phase depends on the successful completion of the 

preceding one. The regulation of extracellular and intracellular growth-modulating signals is 

ensured by signaling pathways called checkpoints. Many of these pathways have been 

recognized during the cell cycle and new ones are rising. Among the well accepted are the 

G1/S-, the G2/M-, the DNA damage and the recently described spindle-checkpoints. 

 

The G1/S checkpoint: In the G1 phase the cell has to control its size, the presence of 

nutritional substances and the integrity of the DNA as well as the synthesis of the molecular 

machinery for DNA replication before to progress into the S phase. The pathway able to 

substantially arrest the cell cycle in G1 if necessary involves the CDK inhibitor p21. High p21 

protein levels inhibit Cdk4/6 and Cdk2 activities, thus avoiding the Rb phosphorylation and 

therefore the activation of the transcription factor E2F. As a consequence, the genes coding 

proteins necessary for progression to S-phase are not expressed. Moreover, p21 can also 

 29



  INTRODUCTION 

directly block PCNA activity, thus arresting DNA replication [88]. Induction of p21 occurs 

through tumor suppressor protein p53-dependent (described in the section of DNA damage 

checkpoint) as well as p53–independent pathways [89 , 90].  

 

The G2/M checkpoint: In G2 the cell has to control the integrity of the machinery for the 

chromosomes segregation, before it enters the mitotic phase. Even though the G2/M 

checkpoint is not well known, Cdc25 and p53 are the best candidates involved in this 

checkpoint [91]. 

 

The DNA damage checkpoint: Depending on the cell cycle stage when the DNA damage 

occurs, the cell is induced to arrest in G1, to block the DNA replication or to arrest in G2 [92]. 

The protein best known to be involved in response to DNA damage is the p53. In response to 

genotoxic stressors p53 induces the synthesis of p21, which in turn inhibits cyclin/cdk activity 

in order to block cell cycle at the G1 phase, allowing DNA repair [93]. The role of p53 in G2 

arrest is less clear, although it appears that part of the mechanism involves inhibition of Cdk1 

and cyclin B1 downregulation [94]. Alternatively, depending on the context, p53 can promote 

apoptosis (discussed in section 1.4.4).  

 

Spindle checkpoint: Spindle checkpoint during the mitotic phase ensures proper attachment 

of the chromosomes to the mitotic spindle before cells enter anaphase and the sister 

chromosomes are distributed to the two daughter cells. Microtubule-disrupting agents are 

though to arrest cells in mitosis by triggering this checkpoint [95, 96]. 

 

Abnormal expression or inactivation of cell cycle regulatory proteins have been observed in 

cancers as well as in vascular proliferative diseases and provide evidences for the cell cycle 

as a potent therapeutic target. In this regard, the gene coding for p53 is frequently mutated in 

human cancers [97]. Furthermore, anomalies in the expression of Rb have been observed in 

some leukemia [98] and the protein level of the CDK inhibitor p27 falls rapidly in rat carotid 

arteries following injury [88].  
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Figure 9 Simplified scheme of cell cycle in smooth muscle cells. MAPK, 

mitogen-activated protein kinase; Cdk, cyclin-dependent kinase; Rb, 

retinoblastoma protein; PCNA, proliferating cell nuclear antigen; MPF, 

mitosis promoting factor. 

 

1.4.2. The Mitogen Activated Kinase Pathways 

Following vascular endothelium injury, many regulatory molecules are released and mitogen 

activated kinases (MAPKs) are enzymes which rapidly alter cell activity according to these 

changes in the environmental stimuli (Fig.10). MAPKs phosphorylate specific target proteins, 

including other protein kinases, transcription factors, phospholipases and cytoskeletal 

proteins, thus, regulating cellular activities ranging from gene expression, proliferation, 

movement, metabolism and apoptosis. The cascade inducing the activation of MAPKs upon 

an extracellular signal includes three sequentially activated kinases: MAPK kinase kinases 

(MKKKs) phosphorylate and activate specific MAPK kinases (MKKs), which in turn activate 

MAPK proteins by phosphorylation. The MAPKs family includes extracellular signal regulated 

kinases (including ERK1 and ERK2), c-Jun amino-terminal kinase/ stress-activated protein 

kinase (JNK/SAPK) and p38 enzymes. 
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JNK and p38 map kinases are mainly activated in response to stress, playing an important 

role in controlling apoptosis [99, 100]. In contrast, the pathway involving ERK1/2, the most 

extensively studied, is primarily triggered by mitogens and has the Raf→MEK→ERK module. 

ERK1/2 have been shown to be stimulated after arterial injury [101] and to play an important 

role in SMC proliferation [102] and migration (about half of all cellular MAPK activity 

generated by mitogens is microtubule-associated, which is thought to phosphorylate 

microtubule-associated proteins and then destabilize microtubules and promote cell 

movement) [103]. Among the many effects, ERK1/2 have been shown to mediate cyclin D1 

expression [104, 105] and studies by our group previously showed that estrogen, which has 

anti-mitogenic effects on SMCs growth, reduces ERK1/2 activity [106]. 
 

1.4.3. The Phosphoinositide 3-Kinase Pathway 

Another pathway shown to be activated in the early response to vascular injury, inducing 

SMCs proliferation, is the phosphoinositide 3-kinase (PI3K) pathway (Fig.10). Its activation 

follows a similar pattern to that observed for the ERK pathway [101]. Several growth factors 

trigger the activation of PI3K through receptor tyrosine kinases or G-protein-coupled 

receptors, which leads to the generation of phospholipids in the cell membrane 

(phosphatidylinositol-3,4-biphosphate and phosphatidylinositol-3,4,5-triphosphate). These 

recruit Akt protein (also called protein kinase B, PKB) at the cell membrane and activate 

phosphoinositide-dependent kinases (PDKs), which in turn phosphorylate and activate Akt. 

Active Akt delivers a survival signal by phosphorylating key apoptotic regulators. Moreover, 

recent work implicates Akt in promoting cell cycle progression [107]. Studies in this regard 

suggest that activation of the PI3K pathway is required for mitogen-induced cyclin D1 

expression [108] and reduction of p27 expression [109], therefore participating to the 

progress into the cell cycle. Additionally, Akt has also been implicated in the regulation of 

Raf, providing an opportunity for crosstalk between PI3K and Ras/Mapk pathways [109]. 
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Figure 10 Schematic representation of the relevant signalling pathways in 

smooth muscle cell growth in response to extracellular signals. MKKK, 

MAPK kinase kinase; MKK, mapk kinase; ERK, extracellular signal regulated 

kinase; MEK, MAPK/ERK kinase; PI3K, phosphoinositide-3-kinase, PDK, 3-

phosphoinositide-dependent kinase. 

 

1.4.4. The SMC Apoptosis in Atherosclerosis 

Recent studies demonstrate the presence of apoptotic SMCs in atherosclerotic lesions [110, 

111]. Apoptosis, also called programmed cell death, is controlled by intrinsic cellular 

mechanisms, which finally result in DNA fragmentation, alterations of nucleus morphology 

and cell fragmentation without leakage of cytosolic macromolecules. Apoptosis is distinct 

from the other cell death pathway, necrosis, which is characterized by cellular swelling, 

rupture of plasma membrane and finally cell lysis with leakage of the cellular components. 

Similar to other cells, SMCs undergo apoptosis in response to stress via exo- and 

endogenous pathways, involving death receptors (like Fas or TNF-R) or mitochondria (via 

release of cytochrome c), respectively (Fig.11). Both pathways induce the activation of 

initiator caspases, caspase 8 and caspase 9, respectively, by cleavage of the protein. They 

converge at the level of the protein caspase 3, which directly activates or inactivates cellular 

target proteins, such as PARP, endonucleases and structural proteins, responsible for the 

apoptotic outcome [112]. Apart from the death receptor and mitochondrial pathways, the JNK 

and p38 MAPKs are able to mediate apoptosis, via the activation of p53. p53 has been 
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shown to process a variety of different signals such as DNA damage, hypoxia and 

mechanical stress, favoring growth arrest or apoptosis [100]. 

 

With regard to vascular disease, JNK and p53 are hyperexpressed and activated in lesions 

and may play a key role in mediating cell apoptosis during the development of 

atherosclerosis [112]. Additionally, there is evidence that p38 mediates mechanical stress-

induced apoptosis in SMCs, resulting from changes in the blood flow [113]. However, 

whether SMC apoptosis has a beneficial or a deleterious role in atherosclerosis development 

remains unclear. 
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Figure 11 Apoptotic pathways in 

smooth muscle cells. JNK, Jun-N 

terminal kinase; Cyt c, Cytochrome c; 

Fas-L, Fas ligand. 



2. GENERAL HYPOTHESIS AND OBJECTIVES 

1. The biological effects of estradiol are largely mediated via estrogen receptors, which 

exist in two structurally different forms, ERα and ERβ. The evidence that ERα and ERβ have 

distinct functions raises the possibility that the regulation of their expression within a cell type 

may play a critical role in defining the final tissue-related effects of estradiol. 

Therefore, the first aim of this study was to investigate the specific regulation of both ERα 

and ERβ expression in human aortic smooth muscle cells (HASMCs), with an eye on the role 

that they play in the anti-mitogenic effect of estradiol in these cells. 
 

2. Several lines of evidence suggest that the protective effects of estradiol on neointima 

formation and vasoocclusion are mediated via ER-independent pathways. Since SMCs play 

a key role in the vascular remodeling process and express enzymes capable of metabolizing 

estradiol into biologically active products with no affinity to ERs, we hypothesized that the 

conversion of estradiol into its metabolites may in part be responsible for its anti-mitogenic 

action on SMCs (Fig.A).  

 

3. In our initial studies, we found that the estradiol metabolite 2-methoxyestradiol (2-ME) 

is the final mediator for the anti-mitogenic effects of estradiol in HASMCs. Therefore, we 

further investigated the molecular mechanisms underlying the anti-proliferative effects of 2-

ME. 

 

 
Fig.A Working hypothesis: the 

antimitogenic effect of estradiol on 

vascular smooth muscle cell 

(vSMCs) proliferation is mediated in 

part through the activity of its 

metabolites 2-hydroxy- (2-OHE) and 

2-methoxyestradiol (2-ME), without 

involving ER. Estradiol is 

metabolized in the liver as well as 

locally within the target cells. 
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3. MATERIAL 

3.1. Cell Culture 

7.5 % Sodiumbicarbonat solution Sigma, St.Louis, USA (S-8761) 

Antibiotic-antimycotic (100x conc.) Gibco BRL, Paisley, UK (15240-096) 

DMEM Gibco BRL, Paisley, UK (11880-028) 

DMEM/F12 Gibco BRL, Paisley, UK (11039-021) 

FCS (fetal calf serum) Gibco BRL, Paisley, UK (16140-071) 

Femal Human aortic VSMCs  Cascade Biologics, Inc, USA (C-007-5C) 

HBSS (w/o Ca2+ and Mg2+, 10x conc) Bioconcept, Allschwil, CH (3-02K34-I) 

HBSS (with Ca2+ and Mg2+) Sigma, St.Louis, USA (H-8264) 

Hepes buffer Bioconcept, Allschwil, CH (5-31F00-H) 

M231 Cascade Biologics, Inc, USA (M-231-500) 

MCF-7 ATCC 

PBS Tabletten Gibco BRL, Paisley, UK (18912-014) 

PDGF-BB Sigma, St.Louis, USA (P-3201) 

SMGS Cascade Biologics, Inc, USA (S-007-25) 

Trypsin Sigma, St.Louis, USA (T-3924) 

3.2. Antibodies and Peptides  

3.2.1. Primary Antibodies 

anti-β-actin Sigma, St.Louis, USA (A-5441) 

anti-Akt Cell Signaling Technology, Beverly, MA (9272) 

anti-Akt-phosphorylated (Ser473) Cell Signaling Technology, Beverly, MA (9271) 

anti-Akt-phosphorylated (Thr308) Cell Signaling Technology, Beverly, MA (9275) 

anti-caspase 3 Upstate Biotechnology, Lake Placid, NY (06-735) 

anti-cyclin B1 Upstate Biotechnology, Lake Placid, NY (05-373) 

anti-cyclin D1 Upstate Biotechnology, Lake Placid, NY (06-137) 

anti-ERα Alexis, Lausen, CH (210-201-C050) 

anti-ERβ Alexis, Lausen, CH (210-180-C050) 

anti-ERK 1/2 Upstate Biotechnology, Lake Placid, NY (06-182) 

anti-ERK 1/2-phosphorylated Calbiochem, La Jolla, CA (442705) 

anti-p21 Calbiochem, La Jolla, CA (PC55) 
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anti-p27 Chemicon International, Temecula, CA (AB3003) 

anti-Rb hypo/hyperphosphorylated BD Biosciences (554136) 

anti-tubulin Sigma, St.Louis, USA (T-4026) 

anti-alpha tubulin ICN (69-125) 

3.2.2. Secondary Antibodies 

goat anti-rabbit IgG- peroxidase conjugated Pierce, Rockford, USA (31460) 

goat anti-mouse IgG-peroxidase conjugated Pierce, Rockford, USA (31430) 

goat anti-mouse F[ab’], FITC-conjugated ICN (67230) 

3.2.3. Peptides 

recombinant peptides :  

  ERα recombinant Alexis, Lausen, CH (201-015-C050) 

  ERβ recombinant Alexis, Lausen, CH (201-015-C050) 

immunizing peptides :  

  To anti- ERα antibody Alexis, Lausen, CH (155-031-C050) 

  To anti- ERβ antibody Alexis, Lausen, CH (155-029-C050) 

 

3.3. Chemicals and Buffers 

2-mercaptoethanol Fluka, Buchs, CH (63690) 

2-methoxyestradiol 

(1,3,5(10)-estardtrien-2,3,17β-triol 2-methylether) 

Steraloids, Newport, RI, USA (E2490) 

Aprotinin Sigma, St.Louis, USA (A-3428) 

Cycloheximide Sigma, St.Louis, USA (PS1002) 

Deoxycholate Sigma, St.Louis, USA (D-6750) 

DMSO (dimethylsulfoxid) Fluka, Buchs, CH (41640) 

DTT (dithiothreitol) Fermentas, Hanover, MD, USA (R0891) 

Supersignal West Dura Pierce, Rockford, USA (34075) 

Supersignal West Pico Pierce, Rockford, USA (34080) 

FuGENE 6 Roche, Basel, CH (1 814 443) 

Glycine Promega, Madison, WI, USA(H 5071/3) 

Leupeptin (hemisulfate salt) Sigma, St.Louis, USA (L-2884) 

NaCl (sodiumchloride) Fluka, Buchs, CH (71381) 
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nonfat dry milk COOP, CH 

PMSF (phenylmethylsulfonyl fluoride) Sigma, St.Louis, USA (P-7626) 

Ponceau S Sigma, St.Louis, USA (P-7767) 

Triton X-100 Sigma, St.Louis, USA (T-8787) 

Tween 20 (polyoxyethylenesorbitan monolaurate) Sigma, St.Louis, USA (P-7949) 

2% gelatin Sigma, St.Louis, USA (G-1393) 

Hoechst solution (bisbenzamide) Sigma, St.Louis, USA (H-6024) 

Propidium Iodide Sigma, St.Louis, USA (P-4170) 

Methanol Fluka, Buchs, CH (32213) 

5’-3H-Thymidine Amersham, Dübendorf, CH (TRK328) 

Temed Sigma, St.Louis, USA (T-9281) 

Glucose Sigma, St.Louis, USA (G-6152) 

APS (ammoniumpersulfate) Sigma, St.Louis, USA (A-6761) 

Tris Sigma, St.Louis, USA (T-1503) 

Na2MoO4 (sodium molybdate) Fluka, Buchs, CH (71756) 

BSA (bovine serum albumin) Sigma, St.Louis, USA (A-3059) 

Paclitaxel Sigma, St.Louis, USA (T-1912) 

EDTA (ethylendiaminetetraaceticacid) Sigma, St.Louis, USA (ED2SS) 

NP40 Sigma, St.Louis, USA (NP-40) 

3-MC (3-methylcholanthrene) Sigma, St.Louis, USA (M-6501) 

Phenobarbital Sigma, St.Louis, USA (04710) 

L-[3H]proline Amersham, Dübendorf, CH (TRK323) 

ICI 182,780 Tocris, Ballwin, MO, USA (1047) 

Quercetin Sigma, St.Louis, USA (69249) 

OR486 Tocris, Ballwin, MO, USA (0483) 

PD 98059 Tocris, Ballwin, MO, USA (1213) 

ABT (1-aminobenzotriazole) Sigma, St.Louis, USA (A-3940) 

TCA (trichloroacetic acid) Sigma, St.Louis, USA (T-6399) 

Ethanol puriss Fluka, Buchs, CH (02860) 

70% (v/v) Ethanol Kantonsapotheke Zürich 

liquid scintillation Opti-Fluor Packard Biosciences, USA (6013199) 

Prestained SDS-PAGE standard Biorad, Reinach, CH (161-0318) 

Rotiphorese Gel30 

 (37.5:1 Acrylamid/bisacrylamid) 

Roth GmbH, DE (3029.1) 

SDS (lauryl sulfate) Sigma, St.Louis, USA (L-5750) 

Tris/HCl pH 6.8 Biorad, Reinach, CH (161-0799) 
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Tris/HCl pH 8.8 Biorad, Reinach, CH (161-0798) 

17β-estradiol (1,3,5(10)-estardtrien-3,17β-diol) Steraloids, Newport, RI, USA (E950) 

Paraformaldehyde Sigma, St.Louis, USA (P-6148) 

Rnase A Roche, Basel, CH (109169) 

2-hydroxyestradiol (1,3,5(10)-estardtrien-2,3,17β-

triol) 

Steraloids, Newport, RI, USA (E2470) 

 

3.4. Oligonucleotide Sequences 

Described under section 4.2 Synthesized by Microsynth, Balgach, CH 

 

3.5. Buffers and Kits  

10% SDS polyacrylamide gel  

 

For 2 minigels 

 

running gel 

6.65 ml  

5 ml 

200 µl 

8.25 ml 

85 µl 

10 µl 

 

Rotiphorese Gel30 

1.5 M Tris/HCl pH 8.8 

10% (w/v) SDS 

dest. Wasser 

20% (w/v)  APS 

Temed 

 stacking gel 

1.35 ml 

2 ml 

80 µl 

4.4 ml 

40 µl 

8 µl 

 

Rotiphorese Gel30 

0.5 M Tris/HCl pH 6.8 

10% (w/v) SDS 

dest. Wasser 

20% (w/v) APS 

Temed 
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For 2 big gels running gel 

24 ml  

15 ml 

600 µl 

20 ml 

150 µl 

30 µl 

 

Rotiphorese Gel30 

1.5 M Tris/HCl pH 8.8 

10% (w/v) SDS 

dest. Wasser 

20% (w/v) APS 

Temed 

 stacking gel 

2.6 ml 

5 ml 

200 µl 

12.2 ml 

50 µl 

20 µl 

 

Rotiphorese Gel30 

0.5 M Tris/HCl pH 6.8 

10% (w/v) SDS 

dest. Wasser 

20% (w/v) APS 

Temed 

 

Sample buffer 1g/L glucose in PBS 

ABBOTT ER-EIA Monoclonale Abbott AG, Baar, CH (B98424) 

BCA-protein assay kit  Pierce, Rockford, USA (23227) 

Hyperfilm ECL Amersham, Dübendorf, CH (RPN2103K) 

Transfer buffer (10x) 1x: 25 mM Tris, 192 mM glycine, pH 8.3 

by Biorad, Reinach, CH (161-0771), 

completed with final 20% (v/v) methanol 

Running buffer (10x) 1x: 25 mM Tris, 192 mM glycine, 0.1% (w/v) 

SDS by Biorad, Reinach, CH (161-0772) 

5x loading buffer  0.313 mM Tris/HCl pH 6.8 

10% SDS 

0.05% bromphenol blue 

50% glycerol 

from Fermentas, Hanover, MD, USA (R0891)

Lysis buffer 1 50 mM Tris/HCl pH 7.5-8, 150 mM NaCl, 1% 

deoxycholate, 0.2% SDS, 1% Triton X-100, 

10 ug/ml aprotinin, 10 ug/ml leupeptin, 0.287 

mM PMSF 
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Lysis buffer 2 Purchased from Cell Signaling Technology, 

Beverly, MA, USA, containing 20mM  

Tris (pH 7.5), 150 mM NaCl, 1mM EDTA, 1 

mM EGTA, 1% Triton X-100, 2.5 mM sodium 

pyrophosphate, 1mM β-glycerophosphate, 

1mM Na3VO4, 1µg/ml leupeptin, 0.287 mM 

PMSF, 0.2% SDS. 

Stripping buffer 1 0.1 M glycine in PBS, pH 2-3 

Stripping buffer 2 1M NaCl in PBS 

Microtubule-stabilizing buffer 20 mM Tris-HCl (pH 6.8), 140 mM NaCl, 1 

mM MgCl2, 2 mM EDTA, 0.5% NP40, and 0.4 

µg/ml paclitaxel 

PI-staining solution 50 µg/ml propidium iodide, 100 U/ml Rnase 

A, sample buffer 

3.6. Plastic Material 

Tips, reaction tubes (1.5 ml), combitips 

 

Eppendorf, Hamburg, DE  

Reaction tubes 14 ml, 50 ml; FACS tube 

 

Falcon by Beckton Dickinson 

Cell culture dishes 100 mm,60 mm ; 

cell culture flasks 75 cm2 

 

Falcon by Beckton Dickinson 

6.5-mm diameter 24-Transwell plates  

 

Costar 

Cryotubes 

 

Nalge Nunc International, USA (377224) 

Cryoflex 

 

Nalge Nunc International, USA (34958) 

Western Blotting apparature  BioRad and Amersham 
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4. METHODS 

4.1. Western Blotting 

Western blot analysis were performed on whole-cell lysates (except when indicated). Cells 

grown and treated in 60 mm culture dishes were washed once with HBSS and then lysed in 

70 µl of lysis buffer (lysis buffer 1 for estrogen receptor detection and lysis buffer 2 for the 

other proteins). The samples were homogenized 2-10 seconds by sonication and the protein 

concentration was determined as described under section 4.8. Equal amounts of proteins 

(10-20 µg/lane) were diluted in 5x loading buffer plus 0.1M DTT and 2.5% 2-

mercaptoethanol. The proteins were denatured by boiling the samples at 95 °C for 5 minutes, 

resolved in 10% SDS-polyacrylamide gel and transferred to a nitrocellulose membrane. 

Succeded transfer was controlled through staining with Ponceau S. 

 

To detect specific protein expression the membranes were blocked in 5% nonfat dry milk in 

PBS/0.2% Tween 20 (overnight at 4°C or 1 hr at RT), incubated with the primary antibody 

(see the list in material section) for 1 hr at RT or overnight at 4°C and then incubated with 

peroxidase-conjugated secondary antibody for 1 hr at RT. The antibodies were diluted in 1% 

nonfat dry milk in PBS/0.2% Tween 20 and the same buffer was used to wash the 

membranes 3 times 10 min after each incubation. Labeled peroxidase activity was detected 

using ECL (Pierce) and the membranes were exposed to X-OMAT LS films. For multiple 

detection of different proteins on the same membrane, the membrane was stripped through 

incubation for 20 min at RT with stripping buffer 1, followed by short wash with stripping 

buffer 2 and 3 washes of 10 min with PBS/0.2% Tween 20. 

4.2. Cell culture 

Human Aortic Smooth Muscle Cells (HASMCs): Human female aortic SMCs (Cascade 

Biologics, Inc.) were cultured under standard tissue culture conditions (37°C, 5% CO2) in 

M231 culture medium supplemented with smooth muscle growth supplement (containing 5% 

v/v FBS, human fibroblast growth factor, human epidermal growth factor and insulin) and 1x 

antibiotics-antimycotic (100 µg/ml streptomycin, 100 µg/ml penicillin and 0.025 µg/ml 

amphotericin B). Medium was changed every 2 days and when cells reached subconfluency 

they were washed twice with HBSS (without Ca2+ and Mg2+), trypsinized in 0.025% v/v 

Trypsin and diluted 5 times. 
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Mammary carcinoma cells (MCF-7): MCF-7 cells (ATCC) were cultured under standard 

tissue culture conditions in DMEMF12/10mM Hepes/ 0.11% Sodiumbicarbonat/1x antibiotic-

antimycotic supplemented with 10% fetal calf serum. Medium was changed every 2 days and 

when cells reached subconfluency they were washed twice with HBSS (without Ca2+ and 

Mg2+), trypsinized in 0.025% v/v Trypsin and diluted 10-20 times. 

 

4.2.1. Cryopreservation of Cells 

Subconfluent cells were trypsinized in 0.025% v/v Trypsin and centrifuged 10 min, 1200 rpm 

at RT. The pellet was resuspended in ice-cold culture medium (2ml/ 75 cm 2 flask) containing 

7.5 % DMSO as cryoprotective agent. Aliquots of 500 µl were gradually frozen to –70 °C in 

cryotubes in a Mr. Frosty box. For long-term storage the cells were kept in liquid nitrogen. 

4.2.2. Cell Thawing 

The cryotubes containing the frozen cells were rapidly thawn under warm water. The content 

was transferred to a tube and 14 ml of fresh growth medium were slowly added. The cells 

were then plated in 75 cm2 culture flasks and incubated under standard tissue culture 

conditions. 

4.3. Transfection of HASMCs with Antisense Oligonucleotides 

GenBank and NCBI sequence viewer were used to obtain the human ERα and ERβ cDNA 

sequences, and MacVector 4.1 was used to select the sequences complementary to ERα 

and ERβ mRNA.  OLIGOs were commercially synthesized and purified by Microsynth, 

Schweiz. 

 

VSMCs were grown to subconfluency in 60 mm culture dishes in complete culture medium. 

Subsequently, monolayers were washed and treated for 48 hours with DMEM/F12 (phenol 

red free)/10 mM Hepes/0.11% Sodiumbicarbonat supplemented with 1% (v/v) FuGENE 6 

and containing or lacking 10 µmol/L antisense, sense or scrambled phosphorothioated 

OLIGOs.  In some experiments, where indicated, the cells were treated with the OLIGOs in 

the presence of 25 ng/ml PDGF-BB or 10 µmol/L of the protein synthesis inhibitor 

cycloheximide. Following the respective treatments, cells were lysed and the expression of 

ERα and ERβ was evaluated in whole cell lysates by Western blot analysis. 
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Figure representing the principle of antisense oligonucleotides (aODN) 

function. aODN are short DNA sequences (18-20 base pairs) 

complementary to the sequence of the mRNA of the target protein. The 

binding of the aODN to the mRNA avoids the translation and the synthesis of 

the target protein. 

4.4. Cell Cycle Distribution Analysis 

HASMC were seeded in 100-mm culture dishes and let grow in complete culture medium to 

60% confluency. When indicated the cells were starved for 48 hrs in DMEMF12/10mM 

Hepes/ 0.11% Sodiumbicarbonat/1x antibiotic-antimycotic before treatment with different 

concentrations (0-5 µM) of 2-methoxyestradiol at 37°C, 5% CO2 in complete culture medium 

for various time periods (0-96 h). Controls were treated with vehicle (final concentration 0.1% 

DMSO). At the time of analysis the cells were ≈ 80% confluent. They were washed twice with 

HBSS (w/o Ca2+ and Mg2+) and harvested with 0.025% Trypsin. The cells were then washed 

twice with sample buffer by centrifuging them for 10 min, at 1350 rpm, 4°C and counted in 

1ml sample buffer. Equal number of cells (1-2 x106) for each sample was centrifuged in a 

FACS tube for 10 min at 1350 rpm, at 4°C, fixed in ice-cold 70% ethanol and stored at 4°C 

until analyzed. For DNA staining with Propidium Iodide (PI), the fixed cells were centrifuged 

for 7 min at 2600 rpm, 8°C, and the pellet resuspended in 700 µl PI-staining solution and 

incubated at RT with constant shaking for 30 min-1 hr in the dark. DNA content was analyzed 

with the use of flow cytometer. 

4.5. Separation of Nuclear, Membrane and Cytosolic Fractions from 
Whole Cell Lysate 

Nuclear, membrane and cytosolic fractions from whole cell lysate were separated by 

centrifugation as described by Lu et al [114]. Cells were lysed in 1 ml lysis buffer 1 and 

centrifuged at 3,000 x g for 10 min at 4°C and the nuclear pellet was washed once with 
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HBSS and resuspended in lysis buffer. The supernatant from this first spin was centrifuged at 

100,000 x g for 1 hr at 4°C and the cell membrane pellet was washed once with HBSS and 

resuspended in lysis buffer. The supernatant remaining after the high-speed spin contained 

the cytosolic fraction. 

4.6. Blocking of Anti ER Antibody  

For ER-neutralization assay, 0.5 µg/ml of anti-ERα or anti-ERβ antibodies were incubated 

overnight at 4°C with 15 µg/ml of their respective immunizing peptides in PBS/0.1 mg/ml 

BSA. 

4.7. Separation of Soluble and Polymerized Tubulin 

Separation of soluble and polymerized tubulin in HASMCs was carried out as described by 

Minotti et al [115] with minor modifications. After drug exposure, about 5 x 106 cells in 100-

mm Petri dishes were washed with PBS and harvested in 1 ml of PBS containing 0.4 µg/ml 

of paclitaxel using a rubber policeman. Cells were centrifuged and lysed using 70 µl of 

microtubule-stabilizing buffer and then transferred to 1.5-ml microcentrifuge tubes. Samples 

were centrifuged at 12,000 x g for 10 min at 4°C, and the supernatants containing soluble 

tubulin were placed in separate microcentrifuge tubes. Pellets containing the polymerized 

tubulin were resuspended in 70 µl of water. Samples were analyzed by Western Blotting as 

described below. 

4.8. Protein Concentration Assay 

Protein concentration was determined with BCA-protein assay kit (Pierce) following the 

protocol described by the company. The BCA Protein Assay is a detergent-compatible 

formulation based on bicinchoninic acid (BCA) for the colorimetric detection and quantitation 

of total protein. The absorbance was measured with SpectraFluor Plus (Tecan) and the data 

were analyzed with Magellan 3. 

4.9. Growth Studies 

Studies were conducted using phenol-red free medium. When not specified, HASMCs were 

growth arrested in DMEM containing 0.4% BSA for 48 hrs in the presence or absence of the 

test agents. To evaluate the effects of the estrogen receptor antagonist ICI 182,780 or the 

effects of inhibitors of estradiol metabolism quercetin, OR486 and 1-aminobenzotriazole (10 
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µmol/L), cells were pretreated for 1 hr before treatment with the test agents. Controls were 

treated with vehicle (maximal 0.1% DMSO). 

4.9.1. Collagen Synthesis 

Confluent monolayers of HASMCs growth arrested for 48 hrs were treated in 24 well plates 

for 36 hrs with DMEM supplemented with 2.5% FCS plus L-[3H]proline (1 µCi/ml) in the 

presence or absence of the test agents. Following treatment, the experiment was terminated 

by washing the cells twice with PBS and twice with ice-cold 10%TCA. The precipitate was 

solubilized in 500 µl of 0.3 N NaOH and 0.1% SDS (50°C for 2 hrs). The samples were 

subsequently neutralized with 100 µl 5N HCl and aliquots from 4 wells for each treatment 

were counted in a liquid scintillation counter. To ensure that the inhibitory effects of the 

experimental agents on collagen synthesis were not due to changes in cell number, the 

experiments were conducted in confluent monolayers of cells in which changes in cell 

number were precluded. Additionally, cell counting was performed in cells treated in parallel 

with the cells used for the collagen synthesis studies, and the data were normalized to cell 

number. 

4.9.2. DNA Synthesis 

Subconfluent monolayers of HASMCs growth arrested for 48 hrs were treated in 24-well 

plates with DMEM supplemented with 2.5% FCS in the presence or absence of the test 

agents. After 20 hrs, the treatments were repeated with freshly prepared solutions 

supplemented with [3H]thymidine (1µCi/ml) for an additional 4 hrs. The experiments were 

terminated by washing the cells twice with PBS and twice with ice-cold 10%TCA. The 

precipitate was solubilized in 500 µl of 0.3 N NaOH and 0.1% SDS (50°C for 2 hrs). The 

samples were neutralized with 100 µl 5N HCl and aliquots from 4 wells for each treatment 

were counted in a liquid scintillation counter. 

4.9.3. Cell Migration 

HASMCs were starved overnight in 0.25% FCS and then trypsinized and approximately 

30,000 cells/well were then placed in 6.5-mm diameter 24-Transwell plates with an 8-micron 

polycarbonate membrane pore size precoated overnight with 2% gelatin. The cells were 

allowed to attach for 1-2 hrs at 37°C, 5% CO2. Thereafter, treatments in 0.5 ml medium were 

placed in the lower well chamber of the Transwell plates. Following incubation for 5 hrs at 

37°C, 5% CO2, the medium was removed. Subsequently, cells from the upper surface of the 

membrane were removed, whereas, cells on the lower surface were fixed in methanol and 
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stained with Hoechst (0.5µg/ml) for 20 min in the dark. The membranes were carefully 

removed and then mounted on glass slides. The labeled nuclei of the migrated cells were 

visualized and counted by fluorescent microscopy. Cells that migrated were determined by 

counting 12 different spots on each slide and taking the average. 

4.9.4. Cell Number 

HASMCs were plated (5 x 103 cells/well) in 24 well plates and allowed to attach overnight. 

Cells were growth arrested for 48 hrs when indicate and subsequently treated every 24 hrs. 

Cells were harvested by trypsinization and counted in a Coulter Counter. 

4.10. Analysis of 17β-estradiol and 2-Methoxyestradiol Effects on Protein 
Expression 

To study the effects of 17β-estradiol (E2) and 2-methoxyestradiol on the expression of 

selected proteins, HASMCs or MCF-7 cells in 60-mm culture dishes were treated for different 

time periods (0-96 hrs) with complete growing medium containing or lacking various 

concentrations (0-5 µmol/L) of E2 or 2-ME. Controls were treated with vehicle (max. 0.1% 

DMSO). The protein expression was analyzed by Western Blotting. 

4.11. ER Detection using EIA (ABBOTT ER-EIA Monoclonal) 

Estrogen receptor was detected in MCF-7 and HASMCs using ABBOTT ER-EIA Monoclonal 

(ABBOTT Laboratories IL, USA). After various treatments the cells were washed twice with 

PBS and scraped in ice-cold homogenization buffer (10 mM Tris, 1.5 mM EDTA, 5 mM 

Na2MoO4). After four seconds sonication, the samples were kept for 30 min on ice and 

subsequently centrifuged at 10,000 x g for 1 hr at 4°C. The cytosolic fraction within the 

supernatant was then transferred to a prechilled glass tube on ice. Protein concentrations 

were then determined and the final concentration adjusted to 1-2 mg/ml with cold 

homogenization buffer. Samples (100 µl/ well) were first incubated for 18 hrs at 4°C with 

beads coated with anti-ER antibodies. The beads were then washed 4 times with 400 µl 

distilled water and 200 µl HRP-conjugated anti-ER was added. After 1 hr an incubation at 

37°C the beads were washed 4 times with distilled water. In order to detect the bound ER, 

the beads were incubated with 300 µl of OPD (o-Phenylenediamine•2HCl) substrate solution 

for 30 min at RT. The reaction was stopped with 1 ml 1 N sulfuric acid and the absorbance 

read at 492 nm with SpectraFluor Plus (Tecan). 

 47



  METHODS 

4.12. Alpha-Tubulin Immunostaining 

Human aortic SMCs grown to subconfluence in 8-well chamber slides were growth arrested 

for 48 hrs by feeding DMEMF12/10 mM Hepes/0.11% Sodiumbicarbonat containing  0.4% 

BSA. Subsequently, the starved/synchronized cells were treated for 24 hrs with 2-ME (0, 0.1, 

1, 2.5 µmol/L) in presence of 2.5 % FCS. Following the treatment, the cells were washed 

twice with PBS and fixed at 37°C with 2% paraformaldehyde containing 0.04% Triton-X 100. 

The polymerised tubulin in fixed SMCs was labelled with primary anti-alpha tubulin (1:2500 

dilution) and secondary (fluorescein-linked, 1:50 dilution) antibodies. The staining was 

analysed with fluorescence microscopy. 

 

4.13. Statistical Analysis 

Data was analyzed using ANOVA and statistical significance (P<0.05) calculated using 

Fisher’s Least Significant Difference test. 
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  RESULTS AND DISCUSSION 

5. RESULTS AND DISCUSSION 

5.1. Identification of Estrogen Receptor Subtypes α and β in Human 
Aortic Smooth Muscle Cells 

 

OBJECTIVES 

In mammalian cells the presence of estrogen receptor subtypes α and β are well 

characterized. The primary aim of these experiments was to identify the presence and 

cellular distribution of ERα and ERβ in human aortic smooth muscle cells (HASMCs), used 

for delineating the mechanism of estradiol action. 

 

INTRODUCTION 

It is well accepted that the biological effects of estradiol are largely mediated via estrogen 

receptors. To date, two ER subtypes ERα and ERβ have been identified [1, 2]. Moreover, 

recent studies provide evidence that ERα and ERβ mediate distinct and even opposite 

effects of estradiol [3]. Therefore, the presence and relative expression of the two ER 

subtypes may be important for understanding and interpreting the effects of estradiol on 

vascular SMCs. In different cell types, ERα and ERβ have been shown to be expressed in 

various cellular compartments including the membrane, cytosol and nucleus [4]. Moreover, 

ERs expressed in the membrane are active and mediate some of the non-genomic effects of 

estradiol [5]. Therefore, in the present study, we characterized the cellular distribution of both 

ERα and ERβ in HASMCs. 

 

METHODS 

As described in section 3.  
 

RESULTS 

5.1.1. HASMCs Express both ERα and ERβ 

The expression of ERα and ERβ was detected in growing HAMSCs by Western Blotting 

using antibodies against the two specific ER subtypes. To confirm that the bands detected 

corresponded to the ERs and were not due to unspecific staining, the membranes were 

probed with antibodies pre-blocked with the immunizing peptide (as described in section 3). 
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Cell lysates run in duplicates on the same gel were stained in parallel with the blocked and 

not blocked antibodies. As shown in Fig.1, both ERα and ERβ are expressed in HASMCs 

and appear at different molecular weight (ERα is detected at about 55 kDa and ERβ at about 

48 kDa). Moreover, the ERα and ERβ bands were absent when the membranes were 

incubated with pre-blocked anti-ERα and anti-ERβ antibodies. 
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5.1.2. Subcellular distribution of ERs in HA

To investigate the cellular distribution of ERα an

membrane, cytosolic and nuclear fractions we

described by Lu et al [6], see section 3). In abs

were predominantly expressed in the cytosolic 

as ERβ was also detected in the cell membran

evidence in the literature for the presence of E

the specificity of the detected band by bl

immunizing peptide. Under these conditions 

fractions (Fig.2 B). 
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Figure2 Western Blot showing the 

subcellular distribution of ERα and ERβ in 

HASMCs (A). Incubation with blocked and 
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membrane; C, cytosol; N, nucleus. 

 

 
 

 

DISCUSSION 

Prior investigating the regulation of ERs expression and their involvement in mediating the 

anti-mitogenic effects of estradiol, we detected their presence in our cell system (HASMCs). 

Western Blotting technique using both specific and blocked antibodies were employed to 

confirm the presence of ERα and ERβ in HASMCs. Additionally, an alternative ABBOTT ER-

EIA Monoclonal method, an enzyme immunoassay, was employed for ER detection in 

HASMCs (data not shown). However, probably due to lack of sensitivity, using EIA assay we 

were not able to detect ER expression in our cells (even at very high total protein amount). 

To confirm and validate the accuracy of procedures used for ER detection in HASMCs, we 

analyzed in parallel the expression of ER in MCF-7 cells with EIA assay and in the same cell 

lysates with Western Blotting. 

 

Investigating the cellular distribution of ERs, we found both ER subtypes to be predominantly 

expressed in the cytosol. Similar results were observed by Press et al [4] in the estrogen-

responsive MCF-7 cells under the same experimental conditions. Interestingly, using the 

same antibody which detected intracellular ER forms, a band corresponding to ER was 

stained in the membrane fraction. However, further investigation is needed to confirm this 

finding. 

 

In summary, we showed the presence of the two ER subtypes in HASMCs and its 

prevalence in the cytosol in absence of ligand, as described in the classical pathway model 

(described in section 1.2), building the basis for the further investigations on ER regulation 

and role in the anti-mitogenic effect of estradiol. 
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5.2. Differential Regulation of Estrogen Receptor Subtypes α and β in 
Human Vascular Smooth Muscle Cells 

 

OBJECTIVES 

Estrogen receptor (ER) subtypes α and β play specific and important roles in mediating the 

vasoprotective effects of estradiol. However, the regulation of ER α and β expression within 

the vasculature is not well understood. Therefore, the aim of this study was to determine 

whether ER subtypes α and β are differentially regulated in human aortic smooth muscle 

cells (HASMCs) and whether their modulation may affects the anti-mitogenic effect of 

estradiol.  

 

INTRODUCTION 

Estradiol differently influences cellular growth and differentiation in a variety of tissues, 

including the vasculature, in part via estrogen receptors (ERs).  In vascular smooth muscle 

cells, ERs regulate the levels of several vasoactive agents including nitric oxide and cyclic 

AMP 1. Studies in ERα knockout mice suggest that ERα may inhibit vascular injury-induced 

lesion formation 2. Moreover, recent findings that arterial blood pressure is increased in ERβ 

knockout mice 3 and that in Japanese postmenopausal women a specific polymorphism in 

the ERβ gene is associated with hypertension 4 suggest that ERβ plays a critical role in 

lowering blood pressure. These findings provide evidence that ERα and ERβ may perform 

distinct functions, and therefore the endogenous regulation of the expression of these two 

ER subtypes may be important in defining actions of estradiol. 

 

Studies in non-vascular tissues and cells indicate that physiological levels of ERs limit ER 

gene transcription via autologous downregulation5. In an autoregulatory negative feedback 

loop, estrogens induce a decline in both ER protein and mRNA 6. Moreover, antisense 

oligonucleotides (OLIGOs) to ERα mRNA up-regulate ERα expression in MCF-7 cells by 

potentially interfering with the binding of ERs to ER genes 7. However, currently very little is 

known about the regulation of the more recently discovered ERβ 8.  Hence, the main purpose 

of the present study was to investigate the regulation of both ERα and ERβ expression in 

HASMCs. In this regard, we examined the effects of antisense, sense and scrambled 

OLIGOs to ERα and ERβ mRNA on the expression of both ER subtypes in cultured 

HASMCs. Because OLIGOs did modulate the levels of ERα, this afforded the opportunity to 
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investigate whether the well-known anti-proliferative effect of estradiol on vascular smooth 

muscle cell proliferation is mediated via ERα.  

 

METHODS 

If not further specified, as described in section 3. 

 

Treatments: GenBank and NCBI sequence viewer were used to obtain the human ERα and 

ERβ cDNA sequences, and MacVector 4.1 was used to select the sequences 

complementary to ERα and ERβ mRNA.  OLIGOs were commercially synthesized and 

purified (Microsynth, Schweiz).  The phosphorothioated sequences of the various OLIGOs 

used are:  

 

Antisense (AS): 

α1  (5’-GACGAGACCAATCATCAGG-3’, nucleotides 1175-1193) 

α2  (5’-TCGGAGACACGCTGTTGA-3’, nucleotides 316-333) 

α3  (5’-CAGGTGGATCAAAGTGTC-3’, nucleotides 1467-1484) 

α4  (5’-GCCAGACGAGACCAATCA-3’, nucleotides 1180-1197) 

β1  (5’-GTAGTTGCCAGGAGCATGT-3’, nucleotides 1230-1249) 

β2  (5’-TTGAGGTTCCGCATACAG-3’, nucleotides 390-407) 

β3  (5’-CAGACAGCGCAGAAGTGA-3’, nucleotides 536-553) 

Sense (S): 

Sequences used were complementary to the corresponding AS sequences mentioned 

above. 

Scrambled (Scr): 

α1 5’-ACGCGAACGATGGACTACA-3’ 

β1 5’-TGATCGACTGTCGAGTGAG-3’ 

 

HASMCs were grown to subconfluency in presence of complete medium. Subsequently, 

monolayers were washed and treated for 48 hours with DMEM/F12 (phenol red free) 

supplemented with 1% (v/v) FuGENE 6 (Roche Diagnostic AG, Switzerland) and containing 

or lacking 10 µmol/L antisense or scrambled phosphorothioated OLIGOs.  In some 

experiments, where indicated, the cells were treated with the OLIGOs in the presence of 25 

ng/ml PDGF-BB (Sigma) or 10 µmol/L of the protein synthesis inhibitor cycloheximide 

(Sigma).  Following the respective treatments, cells were lysed and the expression of ERα 

and ERβ was evaluated in whole cell lysates by Western blot analysis. 
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To study the effects of estradiol on ER expression, subconfluent HASMCs or MCF-7 cells in 

60 mm dishes were treated for 48 hours with complete growth medium containing or lacking 

various concentrations (0-1000 nmol/L) of estradiol (Steraloids) or vehicle (0.1% DMSO).  To 

study whether the effects of estradiol on ER levels are influenced by OLIGOs, the cells were 

preincubated for 2 hours with antisense OLIGOs prior to the treatment with estradiol. 

Subsequently, ERα and ERβ expression in whole cell lysates were evaluated by Western 

Blot analysis. 

 

Growth Studies:  All growth studies were conducted using phenol red free culture medium 

and steroid free FCS.  To evaluate the role of ERα in mediating the growth inhibitory effects 

of estradiol in HASMCs, we assayed the anti-mitogenic effects of estradiol on PDGF-BB (25 

ng/ml)-induced DNA synthesis, collagen synthesis and cell proliferation in HASMCs 

pretreated with or without OLIGOs. Briefly, sub-confluent monolayers of HASMCs were 

growth arrested by feeding DMEM containing 0.25% albumin plus 1% (v/v) FuGENE 6 

(Roche Diagnostics AG, Schweiz) for 48 hours in the presence or absence of 10 µmol/L 

antisense or scrambled OLIGOs.  Growth was induced for 24 hours by treating HASMCs in 

the presence of fresh OLIGOs with PDGF-BB, and DNA synthesis was evaluated after 48 

hours.  For cell proliferation studies, cells were treated in the presence of fresh OLIGOs with 

PDGF-BB every 48 hours, for 6 days, and changes in cell number were assayed.  For 

collagen synthesis, confluent HASMCs were treated for 48 hours.  

 

As previously described by us 9, 3H-thymidine and 3H-L-proline incorporation were used to 

assay DNA and collagen synthesis, respectively, and cell counting was performed for cell 

proliferation studies as described in section 3.9. 

 

RESULTS 

5.2.1. Antisense Oligonucleotides Upregulate ERα Without Changing ERβ 
Expression 

To assess the influence of OLIGOs on ERα and ERβ expression, cells were treated with 

specific OLIGOs in the presence of the transfection reagent FuGENE 6, which is known to 

increase OLIGO uptake by cells 10.  As shown in Fig.1 A, treatment of cells with FuGENE 6 

alone did not influence the expression of ERα or ERβ, indicating that FuGENE did not 

interfere with the Western blot method and did not influence ER expression.  Importantly, 

FuGENE 6 did not cause cell injury as assessed by trypan blue uptake and morphological 

analysis (data not shown). 
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Treatment of HASMCs with 10 µmol/L AS-OLIGOα1 to ERα up-regulated the expression of 

ERα by 184% compared with untreated HASMCs.  In contrast to ERα, the expression of ERβ 

was unchanged by AS-OLIGOα1 to ERα (Fig.1 B).  In HASMCs treated with 10 µmol/L AS-

OLIGOβ1 to ERβ, the expression of ERα was also upregulated by 208 % compared with 

untreated HASMCs, whereas the expression of ERβ did not change (Fig.1 B).  Sense (S) 

OLIGOs, either S-OLIGOα1 to ERα or S-OLIGOβ1 to ERβ, also induced the levels of ERα, 

but not ERβ (Fig.1 B). 
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Figure 1 Western blots depicting the expression of ERα and ERβ in 

HASMCs.  Panel A shows the presence of both ERs forms in HASMCs and 

the influence of FuGENE 6, the transfection agent used, on ERα and ERβ 

expression. Panel B illustrates the modulatory effects of 10 µmol/L of 

antisense (AS) and sense (S) OLIGOs to ERα (OLIGOα1) and ERβ 

(OLIGOβ1) on the expression of ERα and ERβ in total cell lysates.  The bar 

graphs show the densitometric analysis of the changes observed and 

normalized to the internal standard, β-actin.  The results are presented as 

mean ± SEM (n=6). * P<.05 vs control cells (C). 
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Upregulation is Due to New Protein Synthesis and Regardless of Oligonucleotide 
Position 

As shown in Fig.2, the stimulatory effect of AS-OLIGOα1 or AS-OLIGOβ1 to ERα or ERβ, 

respectively, on ERα expression was blocked by the protein synthesis inhibitor 

cycloheximide.  In the presence of AS-OLIGOβ1, cycloheximide significantly increased the 

expression of ERβ, but not ERα (Fig.2). 
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Figure 2 Western blots showing the modulatory effects of 10 µmol/L of 

antisense OLIGOs to ERα (AS-α1) and ERβ (AS- β1) on the expression of 

ERα and ERβ in HASMCs, in the presence and absence of the protein 

synthesis inhibitor cycloheximide (CY, 10 µmol/L). ERα and ERβ expression 

was measured in total cell lysates.  The bar graphs show the densitometric 

analysis of the changes observed and normalized to the internal standard, β-

actin.  The results are presented as mean ± SEM (n=3). * P<.05 vs control 

cells (C). 

 

To ascertain whether the stimulatory effects of OLIGOs were confined to certain specific 

region of the ER mRNA, we analyzed and compared the effects of various AS-OLIGOs 

against 3‘-regions as well as 5‘-regions of ERα and ERβ mRNA.  As shown in Fig.3 A, all 

OLIGOs against ERα and ERβ mRNA tested induced ERα expression regardless of their 

specificity for the 3‘-region or 5‘ –region of ERα or ERβ mRNA. Similar to AS- and S-

OLIGOs, ERα, but not ERβ, was induced by scrambled (Scr) OLIGOs (Fig.3 B). 
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Figure 3 (Panel A) Bar graphs showing the effects of various antisense (AS) 

OLIGOs (10 µmol/L) against 3’ and 5’ regions of ERα and ERβ. The values 

depict the densitometric analysis of the ERα and ERβ levels by Western 

blots and normalized to the internal standard, β-actin. (Panel B) Western 

blots and corresponding bar graphs showing the effects of scrambled (Scr) 

OLIGO sequences on the expression of ERα and ERβ. The results are 

presented as mean ± SEM (n=3). * P<.05 vs control cells (C). 

 

5.2.2. Estradiol Regulates Expression of ER Subtypes Differently and Cell Type 
Specifically 

As shown in Fig.4, treatment of HASMCs with estradiol concentration-dependently reduced 

the expression of ERα, but not ERβ. In contrast to ERα, a modest, but significant, increase in 

the expression of ERβ was observed in HASMCs treated with high (non-physiological) 

concentrations of estradiol.  A maximal decrease of 65 % in the expression of ERα was 

observed in HASMCs treated with 1000 nmol/L estradiol.  Similar to HASMCs, estradiol 

concentration-dependently decreased the expression of ERα in MCF-7 cells.  However, in 

contrast to HASMCs, estradiol down-regulated the expression of ERβ in the MCF-7 cells. 
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Figure 4 Representative Western blots showing the effects of estradiol (E2, 

0-1000 nmol/L) on the expression of ERα and ERβ in human aortic HASMCs 

(Panel A) and MCF-7 cells (Panel B). The bar graphs show the 

densitometric analysis of the changes observed and normalized to the 

internal standard, β-actin.  The results are presented as mean ± SEM (n=3). 

* P<.05 vs control cells (C). 

 

 

Antisense Oligonucleotides Blocked the Down-Regulatory Effect of Estradiol 

In cancer cell lines, intracellular ERs inhibit the transcriptional activity of their own genes by 

interacting with negative hormone-responsive elements located within the gene coding 

sequence 5.  Consequently, in cancer cell lines AS and S-OLIGOs stimulate ER expression 

by serving as decoys that prevent ERs from binding to promoters of their own genes 7. To 

test whether the stimulatory effect of AS-OLIGOs on ERα in HASMCs was due to this same 

mechanism, we determined whether AS-OLIGOs blocked the down-regulatory effects of 

estradiol on ER expression. As shown in Fig.5, treatment of HASMCs with estradiol 

significantly down-regulated ERα expression in the absence but not in the presence of 

antisense AS-OLIGO to ERα. 
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5.2.3. Upregulation of ERα Does Not Increase

Treatment of HASMCs with 10 µmol/l of ERα, E

OLIGOs did not alter the stimulatory effects of PD

collagen synthesis (data not shown).  Estradiol in

cell proliferation and collagen synthesis (Fig.6). 

antisense OLIGOs to ERα, ERβ or both ERα and

PDGF-BB-induced DNA synthesis, cell prolifer

increased (Fig.6).  Similar results were obtained

(data not shown). 
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Figure 5 Representative Western blots 

showing effects of estradiol (E2, 100 

nmol/L)-induced down-regulation of 

ERα in the absence and presence of 

antisense (AS) OLIGOs to ERα. The 

bar graph shows the densitometric 

analysis of the changes observed and 

normalized to the internal standard, β-

actin. The results are presented as 

mean ± SEM (n=3). * P<.05 vs control 

cells (C); § P<0.05 vs cells treated with 

E2 alone. 
 the Anti-mogenic Effect of Estradiol 
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Figure 6 Inhibitory effects of estradiol (E2; 

1-100 nmol/L) on PDGF-BB-induced DNA 

synthesis, collagen synthesis and cell 

number in human aortic HASMCs treated 

with 10 µmol/L of antisense OLIGOs to 

ERα, ERβ or ERα and ERβ. Values 

represent mean ± SEM from 3 separate 

experiments, each conducted in 

quadruplicate. Treatmtent with antisense 

(AS) OLIGOs alone did not alter the 

growth of SMC, both in presence or 

absence of PDGF-BB (± 2% change). * 

P<.05 vs control cells (C). 
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DISCUSSION 

The original aim of this study was to downregulate the expression of ERα and ERβ using 

specific antisense OLIGOs in HASMCs to investigate which ER type mediates the anti-

mitogenic effects of estradiol.  However, the observation of a paradoxical increase in ERα, 

but not ERβ, expression in HASMCs treated with OLIGOs aimed to block ER mRNA 

translation lead us to study in detail the regulation of the expression of the two specific forms. 

Moreover, using HASMCs in which ERα expression was upregulated by OLIGOs, we 

investigated whether ERα mediates the anti-mitogenic effects of estradiol, as originally 

planned. 

 

The present study demonstrates that the levels of ERα and ERβ in HASMCs are differentially 

regulated.  Treatment of HASMCs with antisense OLIGOs to ERα and ERβ induced a 

paradoxical up-regulation of ERα, but not ERβ, protein levels, irrespective of the ER 

targeted.  Similar effects are obtained with sense and scrambled OLIGOs, suggesting that 

the effects are not due to the specific interaction with ERα or ERβ mRNA.  The stimulatory 

effects of antisense OLIGOs on ERα expression are blocked by cycloheximide, suggesting 

that the increased levels are due to de novo synthesis of new ERα.  The fact that 
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cycloheximide decreases the levels of ERα and increases the levels of ERβ suggests that 

ERβ levels are repressed under basal conditions by post-translational mechanisms.  

Treatment of HASMCs with estradiol down-regulates the expression of ERα, but not ERβ, 

whereas treatment of MCF-7 cells with estradiol down-regulates the expression of both ERα 

and ERβ.  The finding that estradiol down-regulates the expression of ERβ in MCF-7 cells, 

but not in HASMCs, suggests that the regulatory effects of estradiol on ERs differs in MCF-7 

cells versus HASMCs.  

 

The finding that antisense OLIGOs to ERα up-regulated the expression of ERα is in sharp 

contrast to the working principles of antisense oligonucleotides, which bind to specific mRNA 

to block their translation to specific proteins.  To rule out the possibility that the interaction of 

antisense OLIGOs with mRNA was responsible for the up-regulation of ERα, we examined 

the effects of sense and scrambled OLIGOs.  Our finding that both the sense and scrambled 

OLIGOs induce ERα suggests that a direct pairing with mRNA is not the mechanism of the 

up-regulation of ERα protein.  This contention is further supported by our observation that all 

of the OLIGOs tested, including the scrambled OLIGOs, up-regulated ERα expression. 

 

Our results are consistent with the findings of Santagati et al. 7 and Williard et al 11 who also 

report an up-regulation of ERs in MCF-7 cells treated with antisense and sense OLIGOs to 

ERs and in cells expressing antisense mRNA to ERs.  The concentration of ERs in cells is 

primarily under the control of estrogens, and in this regard estrogen induces a decline in both 

ER protein and mRNA 6.  Moreover, ER itself seems to be directly involved in regulating this 

process 5.  Santagati and colleagues hypothesize, and their data support, that OLIGOs to 

ERs prevent the autologous down-regulation of ERs by binding to them and preventing their 

interaction with selected regions within the ER genes that are responsible for attenuating 

transcription 7.  Our observations that estradiol significantly downregulated the expression of 

ERα in the absence but not in the presence of antisense OLIGOs is consistent with the 

explanation offered by Santagati et al 7 for their finding in MCF-7 cells. The observation that 

upregulation of ERα by AS-OLIGOs is blocked in presence of estradiol suggests that the 

effect of the OLIGOs may depend on the ratio between estradiol and OLIGO. Alternatively, 

estradiol may stimulate the ER degradation via a proteasome-mediated proteolytic 

mechanism as demonstrated by Alarid et al 12. Finally, our finding that OLIGO-induced ERα 

levels are blocked by the protein synthesis inhibitor cycloheximide suggests that increased 

levels of ERα are due to de novo synthesis and not due to reduced degradation.  

 

Another important observation of the present study is that the expression of ERα, but not 

ERβ, is increased by the OLIGOs, suggesting that they are differentially regulated.  We also 
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observed that estradiol down-regulates the synthesis of ERα, but not ERβ. In contrast to ERα 

there is no autologous down-regulation of ERβ 13, therefore, interference with ERβ binding to 

the ERβ gene would not influence its basal level.  Factors contributing to the differential 

effects of OLIGOs and estradiol on ERα and ERβ expression are unclear. It is feasible that 

the considerable divergence of amino acids sequence observed in domains, other than the 

DNA binding domain 14, are responsible for the different regulation of ERα and ERβ by 

OLIGOs and estradiol. Indeed, differential increase in ERα and ERβ expression has been 

observed in rabbit cardiac allografts 15 and in vascular cells following injury 16, respectively. 

 

A potentially important finding is the observation that cycloheximide increases the expression 

of ERβ.  Most likely, ERβ gene expression is repressed under basal conditions by specific 

proteins and the synthesis of these specific proteins is blocked by cycloheximide.   

 

Our finding that in contrast to HASMCs, estradiol down-regulates the expression of both ERα 

and ERβ in MCF-7 cells suggests that regulation of ER gene expression differs across cell 

types.  Because the steroid receptors appear to be the limiting factor in the response of a cell 

to the steroidal signal 17,18 , the above finding may be of great importance in explaining the 

disparate biological effects of estradiol observed across cell types.  For example, estradiol 

stimulates growth of breast and uterine cells but inhibits growth of HASMCs.  Indeed, ERα is 

the predominant receptor in breast and uterine cells; whereas, ERβ is the major ER in 

HASMCs 13. 

 

We hypothesize that the inhibitory effects of estradiol on VSMC growth are mediated by the 

local conversion of estradiol to methoxyestradiols (an endogenous metabolite of estradiol 

which has potent anti-angiogenic and anti-carcinogenic effects and has no affinity for ERs)19.  

However, a recent study concludes that ERα importantly contributes to vasoprotection 

induced by estradiol 2.  Thus, whether the anti-mitogenic effects of estradiol are ER-

dependent or ER–independent remains an open question.  To address this question further, 

in the present study we examined the effects of estradiol on growth of HASMCs in which 

ERα was selectively induced by antisense OLIGOs.  Our finding that estradiol inhibits VSMC 

growth similarly in HASMCs expressing almost 100% more ERα strongly argues against a 

role for ERα in mediating the growth inhibitor effects of estradiol on HASMCs. 

 

In contrast to the present study and the previous study conducted with Chapel Hill ERα 

knockout mice 20, a recent study in ERα knockout mice from Strasbourgh provides evidence 

that the inhibitory effects of estradiol in vascular injury-induced lesion formation are ERα 

mediated 2.  However, vascular lesion formation in untreated Strasbourgh ERα knockout 
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mice is dramatically reduced, and this suggests that the lack of ERα may protect against 

vascular injury-induced lesion formation.  Clearly, additional studies are warranted to address 

this critical issue. 

 

Our findings provide evidence that the levels of ERα and ERβ in HASMCs are differentially 

regulated.  In this regard, the synthesis of ERα, but not ERβ, can be induced by OLIGOs, 

and this is a potential therapeutic tool to up-regulate tissue-specific expression of ERα in 

order to increase the effects of its estrogenic ligands.  In HASMCs, estradiol down-regulates 

the expression of ERα, but not ERβ, and this may explain why ERβ is highly expressed in 

female HASMCs 13.  Our finding that estradiol down-regulates ERβ expression in MCF-7 

cells, but not HASMCs, suggests that regulation of ER gene expression is different in 

reproductive and cancer cells as compared with HASMCs.  This may in part explain why 

estradiol inhibits growth in HASMCs and induces growth in MCF-7 cells.  Finally, our findings 

provide evidence that the anti-mitogenic effects of estradiol are unaltered in HASMCs 

expressing a 2-fold higher level of ERα, suggesting that the anti-mitogenic effects of estradiol 

are not ERα mediated.  
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OBJECTIVES 

Estrogen receptors (ERs) are considered to mediate the ability of 17β-estradiol (estradiol) to 

reduce injury-induced proliferation of vascular smooth muscle cells (VSMCs) leading to 

vascular lesions. However, the finding that estradiol attenuates formation of vascular lesions 

in response to vascular injury in knock-out mice lacking either ERα or ERβ challenges this 

concept.  Our hypothesis is that the local metabolism of estradiol to methoxyestradiols, 

metabolites of estradiol with little affinity for ERs, mediates the ER-independent antimitogenic 

effects of estradiol on VSMCs.  

 

INTRODUCTION 

Estradiol reduces vascular injury.  In this regard, physiological concentrations of estradiol 

attenuate the development of atherosclerosis,1 decrease balloon injury- and allograft-induced 

vascular lesions1,2 and inhibit the proliferation of vascular smooth muscle cells (VSMCs),2 a 

process that contributes to vascular pathology following vascular injury.1,2  Inasmuch as 

many of the biological effects of estrogens are mediated by estrogen receptors (ERs) and 

arteries express both ERα and ERβ,3-5 the current dogma is that ERs mediate the 

vasculoprotective effects of estradiol.  However, the finding that estradiol inhibits injury-

induced lesion formation in arteries of mice lacking either ERα 6 or ERβ 7 as well as in double 

knockout mice lacking both ERα and ERβ (ERαERβ-/-)8 challenges this concept. Thus, other 

mechanisms that do not involve ERs may participate in the vasculoprotective actions of 

estradiol. 
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It is possible that the vasculoprotective actions of estradiol are mediated in part by local 

(vascular) conversion of estradiol to metabolites that inhibit vascular lesion formation 

independently of ERs by exerting anti-growth effects on VSMCs.  VSMCs produce 

cytochrome P450 (CYP450) enzymes that metabolize estradiol to 2- and 4-hydroxyestradiol 9 

and catechol-O-methyltransferase (COMT) that converts 2- and 4-hydroxyestradiol to 2- and 

4-methoxyestradiol.10  However, the hypothesis that conversion of estradiol to 

hydroxyestradiols and methoxyestradiols occurs in human VSMCs and mediates the anti-

growth effects of locally applied estradiol is not well-tested.   In the present study, we tested 

this hypothesis by examining the inhibitory effects of estradiol on the growth of human aortic 

VSMCs in the presence and absence of modulators (activators or inhibitors) of CYP450 and 

COMT.  

 

METHODS 

Growth Studies: Human female aortic VSMCs were purchased from Clonetics and cultured 

under standard tissue culture conditions as described previously.5  Studies were conducted 

using phenol red-free culture medium.  Subconfluent VSMCs were growth arrested for 48 

hours in the presence or absence of 10 µmol/L of 3-MC or phenobarbital and the effects of 

various treatments or vehicle on steroid-free fetal calf serum (FCS; 2.5%)-induced 3H-

thymidine incorporation into DNA was assessed as previously described.5 Aliquots from 4 

wells for each treatment with 10 ml scintillation fluid were counted in a liquid scintillation 

counter. 

 In the cell number experiments, VSMCs were plated (5x103  cells/well) and allowed to 

attach overnight.  Cells were growth arrested for 48 hours and subsequently treated every 24 

hours for 4 days.  On day 5, cells were dislodged by trypsinization and counted on a coulter 

counter.  In some experiments the cells were treated every 48 hours with estradiol, and then 

cells were dislodged and counted on days 4, 8, 12 and 16. 

 For collagen synthesis, confluent monolayers of VSMCs growth arrested for 48 hours 

in the presence or absence of 10 µmol/L 3-MC or phenobarbital and the effects of various 

treatments or vehicle on 2.5% FCS-induced 3H-proline incorporation into collagen was 

assessed as previously described.5  Cell counting was performed in cells treated in parallel to 

the cells used for the collagen synthesis studies, and the data were normalized to cell 

number. 

 For cell migration studies, we used 6.5 mm diameter Transwell plates (Costar) with 

an 8-micron polycarbonate membrane pore size. 11 VSMCs were serum-starved overnight in 

0.25% FCS and then trypsinized.  Approximately 30,000 cells were placed on each 

polycarbonate membrane.  Treatments in 0.5 ml and were placed in the lower well chamber 
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of the Transwell plates. After an incubation of 5 hours at 37°C, the media were removed.  

Next, cells from the upper surface of the membrane were removed, whereas cells on the 

lower  surface were fixed in methanol and stained  with Hoechst (0.5 µg/ml). The membranes 

were then mounted on glass slides, and the labeled nuclei of the migrated cells visualized by 

fluorescent microscopy. Cells that migrated were determined by counting 12 different spots 

on each slide and taking the average. 

 Metabolism of Catecholestradiols to Methoxyestradiols:  Confluent VSMCs were 

incubated with 2-hydroxyestradiol for 4 hours, internal standard (16α-hydroxyestradiol) was 

added, samples were extracted with methylene chloride, extracts were dried under vacuum, 

residues were reconstituted in mobile phase and samples were analyzed by HPLC with UV 

detection using gradient elution.12 

Estrogen Receptor Expression Studies: 

 To investigate whether the SMCs used  express oestrogen receptors α and β, cell 

lysates from cultured SMCs were analysed by western blots and probed with antibodies to 

ER-α (purified antiserum to human ER-α; Alexis Corp., Lausen, Switzerland) and ER-β 

(purified antiserum to human ER-β; Alexis Corp.).  

Statistics:  Statistical significant (P<0.05) was assessed with ANOVA, Student’s t-test or 

Fisher’s LSD test. 

 

RESULTS 

5.3.1. The Endogenous Metabolites of 17β-estradiol Inhibit HASMCs Growth. 

To address the potential role of estradiol metabolites in regulating VSMC growth, we first 

tested the potency of estradiol and estradiol metabolites to inhibit FCS-induced growth of 

human aortic VSMCs. Treatment of growth arrested VSMCs with 2.5% FCS induced DNA 

synthesis (3H-thymidine incorporation), collagen synthesis (3H-proline incorporation) and 

proliferation (cell number) by 7-fold (P<0.05 vs 0.4% BSA), 6-fold (P<0.05 vs 0.4% BSA) and 

12- to 14-fold (P<0.05 vs 0.4 % BSA), respectively.  Estradiol metabolites differentially 

inhibited FCS-induced DNA synthesis (Fig.1A), proliferation (Fig.1B) and collagen synthesis 

(data not shown) in the following order of potency: 2-methoxyestradiol > 2-hydroxyestradiol 

≥4-methoxyestradiol > estradiol.  Only high concentrations (>1µmol/L; Fig.1) of estrone, 

estriol, 16α-hydroxyestrone, 2-hydroxyestrone and 4-methoxyestrone inhibited FCS-induced 

increases in DNA synthesis, cell proliferation and collagen synthesis (data not shown).  

Concentrations of estradiol as low as 1 nmol/L (physiological concentration) and 

concentrations of 2-methoxyestradiol, 2-hydroxyestradiol and 4-methoxyestradiol as low as 

0.1 nmol/L significantly inhibited FCS-induced increases in cell number.  Estradiol  inhibited 
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DNA synthesis and cell proliferation by 44% and 50%, respectively, at a concentration of 

1 µmol/L. At this concentration 2-methoxyestradiol, 2-hydroxyestradiol and 4-

methoxyestradiol inhibited DNA synthesis by 72%, 62% and 58%, respectively, and cell 

number by 86%, 73% and 64%, respectively.  The inhibitory effects of estradiol increased 

with time of exposure. Treatment of  human aortic VSMCs with a physiological concentration 

(1 nmol/L) of estradiol for 4, 8, 12 and 16 days inhibited FCS-induced cell proliferation by 

17%, 31%, 45% and 68%, respectively (Fig.2A). 

 

 
 

 
Figure 1  Effects of increasing concentrations of estradiol metabolites on 

FCS-induced 3H-thymidine incorporation (Panel A) and cell number (Panel 

B) in human VSMCs. The results are presented as percent change from 

control (VSMCs treated with FCS alone). Values for each data point 

represent means ± SEM from 3 separate experiments conducted in 

quadruplicate. * P<0.05 vs control treated with FCS alone. 
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Figure 2 Effects of various treatments on the inhibitory effects of estradiol 

(β-E) on FCS-induced proliferation of VSMCs (Panels A and B) and DNA 

synthesis (Panel C) by VSMCs.  Panel A depicts the modulatory actions of 

CYP450 inhibitors and activators, and Panel B shows the modulatory actions 

of COMT inhibitors. The concentration of estradiol was either 1 nmol/L 

(Panels A and B) or 1 µmol/L (Panels C).  For 3-methylcholantherene (3-

MC), phenobarbital (PB), quercetin (Quer), OR486 (OR) and 1-

aminobenzotriazole (ABT) the concentration was 10 µmol/L or as indicated 

in figure. For luteolin, the concentration was 25 µmol/L or as indicated.  

Values for each data point represent means ± SEM from 3 separate 

experiments conducted in quadruplicate. *P<0.05 versus cells treated with 

FCS alone; §significantly (P<0.05) different from estradiol alone. 
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To investigate whether the local metabolism of estradiol to metabolites by CYP450s is 

responsible for the growth inhibitory effects of estradiol, we studied the effects of estradiol in 

the presence and absence of modulators of CYP450s.  Exposure of human VSMCs for 48 

hours to CYP450 inducers (3-MC [10 µmol/L] and phenobarbital [10 µmol/L])13,14 and to a 

CYP450 inhibitor (1-aminobenzotriazole; ABT [0.1-10µmol/L])15 did not influence FCS-

induced DNA synthesis, cell proliferation or collagen synthesis.  However, the time-

dependent effects of estradiol (1 nmol/L) on cell proliferation were accentuated by the CYP 

inducers 3-MC and phenobarbital.  For example, the inhibitory effect of estradiol (1 nmol/L) 

on FCS-induced proliferation of human aortic VSMCs on day 8 of the growth curve was 

enhanced from 31% to 58% and 69% by the CYP450 inducers 3-MC and phenobarbital, 

respectively (Fig.2A).  In contrast, the CYP450 inhibitor, ABT, blocked the inhibitory effects of 

estradiol on cell proliferation (Fig.2A). Similar to the CYP450 inhibitor ABT, the inhibitory 

effects of estradiol on cell proliferation were blocked in presence of COMT inhibitors, 

quercetin and OR486 (Fig.2B). The inhibitory effects of estradiol on DNA synthesis were 

completely abolished by the CYP450 inhibitor ABT  and the COMT inhibitors quercetin and 

OR486 (Fig.2C), moreover, these effects of ABT, quercetin and OR486 were concentration-

dependent (Fig.2C).  Apart from augmenting the effects of estradiol on cell number (Fig.2A), 

3-MC and phenobarbital also enhanced the inhibitory effects of estradiol on collagen 

synthesis (Fig.3A) and cell migration (Fig.3B). The CYP450 inhibitor ABT and the COMT 

inhibitors quercetin and OR486, also blocked the enhanced inhibitory effects of estradiol 

observed in the presence of CYP450 inducers, 3-MC and phenobarbital, on collagen 

synthesis, SMC migration  (Fig.3A and 3B) and cell proliferation (data not shown). Trypan 

blue exclusion tests and MTT assay indicated no loss in viability of cells treated with various 

agents. 
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Figure 3 Effects of various treatments on the inhibitory effects of estradiol 

(β-Est) on FCS-induced collagen synthesis (Panel A) and PDGF-BB 

(25ng/ml)-induced VSMC migration (Panel B).  For estradiol the 

concentration was of 1 µmol/L and for 3-methylcholantherene (3-MC), 

phenobarbital (PB), quercetin (QUE), OR486 (OR) and 1-

aminobenzotriazole (ABT) the concentration was 10 µmol/L. Values for each 

data point represent means ± SEM from 3 separate experiments conducted 

in quadruplicate. *P<0.05 versus cells treated with FCS alone; §significantly 

(P<0.05) different from estradiol alone. 

5.3.2. The Role of the Estrogen Receptor in the Anti-Mitogenic Effect of 17β-estradiol 
and its Metabolites. 

ICI182780 blocked the growth inhibitory effects of estradiol in a concentration-dependent 

manner (Fig.2C). The lowest concentration of ICI182780 that significantly attenuated the 

inhibitory effects of 1 µmol/L estradiol was 10 µmol/L, and at a concentration of 50 µmol/L 

ICI182780 completely blocked the inhibitory effects of 1 µmol/L estradiol (Fig.2B).  Compared 

with ICI182780,  ABT, quercetin and OR486 were more potent in antagonizing the growth 

inhibitory effects of estradiol (Fig.2C).  

In order to rule out the participation of the type II ER in mediating the modulatory effects of 

quercetin on the growth effects of estradiol, we evaluated the effects of estradiol on VSMC 
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growth in the presence of luteolin, a high affinity type II ER ligand.16 In contrast to quercetin 

and OR486, the inhibitory effects of estradiol were not blocked by luteolin (Fig.2B and 2C). 

The inhibitory effects of 2-hydroxyestradiol, but not 2-methoxyestradiol, on VSMC 

proliferation (Fig.4A and 4B), collagen synthesis (Fig.4C) and cell migration (Fig.4D) were 

completely prevented by quercetin and OR486,  competitive inhibitors of COMT.12  Moreover, 

quercetin and OR486 blocked the growth inhibitory effects of estradiol, either in the absence 

(Fig.2 and 3) or presence (Fig.2 and 3) of 3-MC and phenobarbital.  In contrast to quercetin 

and OR486, ICI182780 (50 µmol/L), an estrogen receptor antagonist,17 did not block the 

growth inhibitory effects of either hydroxyestradiol (Fig.4A-4D).  

 

 
Figure 4  Inhibitory effects of 2-hydroxyestradiol (2OHE) and 2-

methoxyestradiol (2ME) on FCS-induced growth (A and B, cell number; C, 
collagen synthesis; D, PDGF-BB (25ng/ml)-induced  migration) of human 

VSMCs in the presence and absence of the estrogen receptor antagonist 

ICI182780 (ICI; 100 µmol/L), quercetin (QUE;10 µmol/L) or OR486 (OR;10 

µmol/L). Values are mean ± SEM from 3 separate experiments conducted in 

quadruplicate.* P<0.05 vs control; § significant reversal of inhibitory effect. 

 

 Human VSMCs metabolized 2-hydroxyestradiol to 2-methoxyestradiol (apparent Km 

0.35 ± 0.07µmol/L and Vmax 15.7 ± 0.7 pmoles/min/106 cells) and this metabolism was 

blocked by quercetin and OR486, but not ICI182780 (Fig. 5A). We have previously shown 

that at concentrations greater than 1µmol/L ICI182780 inhibits the metabolism of estradiol to 

2- and 4-hydroxyestradiol by CYP1A2 and with apparent Ki 27 µmol/L.17 As compared to 

either quercetin, OR486 or ABT, ICI182780 was less potent in blocking the inhibitory effects 
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of estradiol on VSMC growth (Fig.2B). Moreover, 1 µmol/L ICI182780 was unable to block 

the inhibitory effects of 1nmol/L estradiol, even though the estradiol to ICI182780 ratio was 

1:1000 (Fig.5B). To further reaffirm that the decreased potency of ICI182780 was not due to 

lack of expression of ERs in the SMCs, we assayed the expression of ER-α and ER-β in the 

cells used. As shown in Figure 6, the human aortic SMCs expressed both ER-α and ER-β. 

 

 

Figure 5  (Panel A) Inhibitory effects of quercetin (QUE; 10µmol/L), OR486 

(OR; 10µmol/L) and ICI182780 (ICI; 10µmol/L)  on the metabolism of 2-

hydroxyestradiol (5 µmol/L) to 2-methoxyestradiol (2MeO-E) by human 

VSMCs. Values are mean ± SEM from 3 separate cultures. (Panel B) 

Antagonistic effects of concentrations of ICI182780 (ICI) that inhibit estradiol 

(βE) metabolism (100 µmol/L) and do not inhibit estradiol metabolism (1 

µmol/L) on the inhibitory effects of 1 and 100 nmol/L estradiol, respectively, 

on FCS-induced proliferation of human VSMCs.  The ratio of estradiol and 

ICI182780 was 1:1000 under both treatment conditions. The data is 

presented as % of control where 100% is defined as the increase in cell 

number in response to FCS alone. * P<0.05 vs VSMCs treated with FCS 

alone; §significant (P<0.05) reversal of the inhibitory effects of estradiol. 
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Figure 6 A Representative western blot showing the expression of ER-α 

(panel A) and ER-β (panel B) in human aortic SMCs used for metabolism 

and growth studies. Similar expression of both ER-α and ER-β were 

observed in other human aortic SMCs used for the study. 

 

DISCUSSION 

 The purpose of this study was to test the hypothesis that in human VSMCs, 

conversion of estradiol to methoxyestradiols mediates in part the inhibitory effects of estradiol 

on VSMC growth.  In support of this hypothesis we observed that: 1) methoxyestradiols and 

their precursors, hydroxyestradiols, are more potent than estradiol in inhibiting VSMC growth; 

2) the inhibitory effects of estradiol on VSMC growth are enhanced by CYP450 inducers; 3) 

and the inhibitory effects of estradiol, both in presence and absence of CYP450 inducers, are 

abolished by a CYP450 inhibitor.  

The hypothesis that conversion of estradiol to methoxyestradiols mediates in part the 

inhibitory effects of estradiol on VSMC growth is also supported by the observation that the 

inhibitory actions of 2-hydroxyestradiol, but not 2-methoxyestradiol, on VSMCs are 

attenuated by COMT inhibitors, quercetin and OR486,12  drugs which have no binding affinity 

for ERs.17,18  In this regard, both quercetin and OR486 decrease the inhibitory effects of 

estradiol on human VSMCs regardless of the absence or presence of CPY450 inducers. On 

the other hand, even high concentrations of the ER antagonist ICI182780, do not block the 

growth inhibitory effects of either 2-hydroxyestradiol or 2-methoxyestradiol. This is strong 

evidence that the metabolism by COMT of 2-hydroxyestradiol to 2-methoxyestradiol 

mediates the inhibitory effects of 2-hydroxyestradiol.  Moreover, these results indicate that 

the inhibitory effects of 2-hydroxyestradiol and 2-methoxyestradiol are ER-independent, as 

would be anticipated because of the low affinity of hydroxyestradiols and methoxyestradiols 

for ERs.  The hypothesis that the inhibitory effects of estradiol are due to its conversion to 

methoxyestradiols is further supported by our observation that human VSMCs metabolise 2-

hydroxyestradiol to 2-methoxyestradiol and that this metabolic step is blocked by quercetin 

and OR486.12  
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 Quercetin not only blocks the conversion of catecholestrogens to methoxyestrogens, 

12  but also binds to the type II ER 16 which has been implicated in regulating cell growth. 16 

The finding that, in contrast to quercetin, the inhibitory effects of estradiol are not blocked by 

luteolin, a high affinity type II ER ligand, 16 rules out the participation of type II ER and 

supports the conclusion that quercetin blocks the inhibitory effects of estradiol by inhibiting 

COMT and blocking the formation of methoxyestradiols. This contention is directly supported 

by the observations that OR486, an established COMT inhibitor,18 blocked the metabolic 

conversion of 2-hydroxyestradiol to 2-methoxyestradiol by SMCs, as well as the 

antimitogenic effects of  both estradiol and 2-hydroxyestradiol, but not 2-methoxyestradiol.  

High concentrations of the ER antagonist ICI182780 block the inhibitory effects of estradiol 

on human VSMCs. This result is at odds with our hypothesis that methoxyestradiols mediate 

the growth inhibitory actions of estradiol.  However, since the molecular structure of 

ICI182780 resembles estradiol, it is likely that ICI182780 competes with estradiol for 

CYP450s and blocks the metabolism of estradiol. In support of this idea, we recently 

reported that ICI182780 inhibits the metabolism of estradiol to catecholestradiols in human 

hepG2 cells expressing CYP1A2, an CYP450 isozyme responsible in part for metabolizing 

estradiol to catecholestradiols.13,14,17  Thus, the inhibitory effects of  ICI182780 may be 

mediated either via antagonism of ERs or by inhibition of estradiol metabolism.  In this 

regard, it is important to note that the blockade of estradiol-induced growth inhibition by 

ICI182780 is independent of the estradiol to ICI182780 ratio, but rather is dependent on 

whether the concentration of ICI182780 inhibits estradiol metabolism. The potential that 

ICI182780 may block the antimitogenic effects of estradiol by inhibiting COMT can also be 

ruled out as it blocked the antimitogenic effects of estradiol, but not 2-hydroxyestradiol and 2-

methoxyestradiol. Moreover, in contrast to quercetin and OR486, ICI182780 failed to inhibit 

the conversion of 2-hydroxyestradiol to 2-methoxyestradiol. These findings support the 

conclusion that ICI182780 blocks the inhibitory effects of estradiol on VSMCs by preventing 

the metabolism of estradiol to catecholestradiols, the precursors of methoxyestradiols. 

The findings that the inhibitory effects of estradiol are mediated by methoxyestradiols, which 

have little or no binding affinity for ERs, suggest that the inhibitory effects of estradiol may be 

ER-independent. However, the role of other non-identified ERs cannot be ruled out, as some 

recent studies have identified ERγ19  which is possibly a receptor for catecholestrogens. 

 Our hypothesis that estradiol metabolism to methoxyestradiols is responsible for 

mediating the growth inhibiting effects of locally applied estradiol on vascular VSMCs has 

several important clinical implications.  Hormone replacement therapy provides 

cardiovascular protection in only some postmenopausal women,1 a finding that may be 

explained by differential metabolism of estradiol to methoxyestradiols in VSMCs in 

postmenopausal women receiving estradiol replacement therapy. In particular, genetic 
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differences in CYP450s and COMT and the presence of endogenous or exogenous 

molecules that inhibit CYP450s or COMT may influence the vasculoprotective effects of 

estradiol. 

 Another implication of our hypothesis relates to the increased risk of cancer induced 

by hormone replacement therapy. 2-Methoxyestradiol decreases tumor growth, angiogenesis 

and growth of cancer cells,14 and a reduced synthesis of 2-hydroxyestradiol, a precursor of 2-

methoxyestradiol, is associated with an increased risk of cancer.14 Therefore, 2-

methoxyestradiol may prevent both cancer and cardiovascular disease.  Inasmuch as cancer 

(mammary and endometrial) is one of the main risks of hormone replacement therapy, it is 

possible that 2-methoxyestradiol could be used clinically to prevent cardiovascular disease in 

women without increasing the risk of cancer.  In addition, since 2-methoxyestradiol is non-

feminizing,20,21 it could also be of therapeutic benefit in men. 

 Perspectives : The findings of this study provide evidence in human VSMCs that  the 

local metabolism of estradiol to methoxyestradiols, metabolites of estradiol with little or no 

affinity for ERs, mediates in part the ER-independent inhibitory effects of locally applied 

estradiol. Our results suggest that estradiol metabolism in the vascular wall may be an 

important determinant of the cardiovascular protective effects of circulating estradiol and that 

individual differences, both genetic and acquired, in the local vascular metabolism of 

estradiol could determine a particular woman’s risk of cardiovascular disease. Moreover, 

genetic or acquired differences in estradiol metabolism may determine the cardiovascular 

benefits a women receives from estradiol replacement therapy in the postmenopausal state. 

Finally, our results also imply that non-feminizing estradiol metabolites may afford 

cardiovascular protection regardless of gender.  
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5.4. 2-ME Inhibits Human Aortic Smooth Muscle Cell via Double 
Blockade of Cell Cycle and Modulation of Cell Cycle Regulators  

 

OBJECTIVES 

We previously demonstrated that the anti-mitogenic effects of estradiol on SMC growth are 

mediated by 2-methoxyestradiol, an endogenous metabolite of estradiol with no affinity for 

estrogen receptors. The aim of this study was to investigate the mechanisms by which 2-ME 

inhibits human aortic SMCs proliferation. 

 

INTRODUCTION 

Neointima formation is a key process in the development of vasoocclusive disorders. The 

cellular process contributing to the etiology of neointima formation involves proliferation of 

vascular smooth muscle cells. In response to mitogens, quiescent vascular SMCs begin to 

proliferate, thereby entering the cell cycle. In a typical mammalian cell, the cell cycle is 

regulated by cyclin-dependent kinases (CDKs) and their regulatory subunits, the expression 

of which varies during the cell cycle (as described in section 1.4).  

 

We observed that 2-methoxyestradiol (2-ME) is able to inhibit serum-induced cell number, 

DNA- and collagen synthesis. Moreover, using pharmacological agents we demonstrated 

that 2-ME mediates the anti-mitogenic effects of estradiol in HASMCs (section 4.3). In 

contrast to estradiol, 2-ME has no binding affinity for estrogen receptors (ERs) and the anti-

mitogenic effects of 2-ME are not blocked by ER antagonists, suggesting that its actions are 

ER-independent [1]. The growth-inhibitory properties of 2-ME have been primarily associated 

with its effects on tubulin dynamics [2] and with the induction of mitotic arrest and apoptosis 

[3]. However, the mechanisms by which 2-ME inhibit cell growth seem to be cell type 

dependent. In this regard, Seegers et al [4] reported that, in contrast to cancer cells, 2-ME 

does not induce apoptosis in normal human skin fibroblasts. Additionally, several studies 

demonstrate that 2-ME inhibits tubulin polymerization in vitro, however, Attalla et al [2] 

showed that it promotes tubulin polymerization in intact cells. 

 

Hence, the purpose of the present study was to determine the molecular mechanisms by 

which 2-ME exerts its anti-mitogenic action in HASMCs by examining its effect on cell cycle 

and cell cycle regulatory proteins. 
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METHODS 

As described in section 3. The experiments were conducted in triplicates, n= 2-4. 

 

RESULTS 

5.4.1. 2-Methoxyestradiol Inhibits Cell Growth in Proliferating HASMCs and Changes 
Cell Morphology. 

In order to investigate the mechanisms during the entire cell cycle, by which 2-ME inhibits the 

proliferation of HASMCs, we used cycling cells growing in complete culture medium 

(M231/SMGS/1xantibiotica/antimycotika). We first tested the anti-mitogenic efficacy of 2-ME 

on proliferating cells, at concentrations ranged between 0 and 10 µmol/L (which may be 

potentially favorable for local delivery). Following 48 hours of treatment, only 2-ME at 

concentrations higher than 0.1 µmol/L showed an inhibitory effect on cell growth (Fig.1 A). 

The reduction of cell number reached a maximum (12% ± 1.4 of untreated cells, p<0.05) at 2 

µmol/L and did not further increase until a concentration of 10 µmol/L. At these 

pharmacological concentrations, the effect of 2-ME on cell number was maximal after 24 

hours treatment (Fig.1 B). To analyze whether morphological changes of the cells occurred 

following 2-ME treatment, microscopic observations were conducted, which revealed that 

treatment with 2 and 10 µmol/L 2-ME altered the cell morphology (Fig.2). The cell lost its 

elongated processes and the shape became rounded with a subsequent reduction in cell 

size. The decrease in cell number was visible under the microscope. The morphological 

alteration could be observed already after short-term (6 hours) treatment with 2 µmol/L 2-ME 

(data not shown). According to these findings, we decided to use pharmacological 

concentrations of 2-ME (1-10 µmol/L) to investigate its cell growth inhibitory mechanisms.
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Figure1 Inhibitory effect of 2-ME on cell 

number in proliferating HASMCs treated 

with 0-10 µmol/L for 48 hours (A) and at 

different times of treatment with 0.01, 2 

and 10 µmol/L (B). *P<.05 vs not treated 

cells (contro). 
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Figure2 Microscopic 

pictures of morphological 

changes in HASMCs 

induced by 0.1, 2 and 10 

µmol/L 2-ME following 48 

hours of treatment. 

 

 

5.4.2. Double Blockade of HASMCs Cell Cycle in G0/G1 and G2/M Phases by 2-
Methoxyestradiol. 

Similar to other microtubule interfering agents, 2-ME has been shown to induce G2/M phase 

arrest of the cell cycle in other cell types. Therefore, we looked at the effect of 2-ME on cell 
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cycle progression in HASMCs. Following treatment of proliferating HASMCs with 2-ME for 48 

he total cell DNA cohours, t ntent was stained with propidium iodide (PI) and measured by 

 

 

flow cytometric analysis. A concentration-dependent accumulation of cells in the G2/M phase 

was observed (from 16 ± 0.55 % in untreated to 40.2 ± 0.8 % in 5 µmol/L 2-ME treated cells, 

Fig.3 A). At 2 and 5 µmol/L 2-ME, this accumulation was maximal after 48 hours (29 ± 0.45 

% and 40.2 ± 0.8 %, respectively) and did not change until day 6 (Fig.3 B). Simultaneously, 

the population of G0/G1 cells was significantly (p<0.05) reduced after 48 hours (from 73.4 ± 

0.8 % in untreated to 52.25 ± 0.35 % in 5 µmol/L 2-ME treated cells, Fig.3 A); however, it did 

not further decrease until day 6 and the cell population was equally distributed between 

G0/G1 and G2/M phases. Probably, the initial reduction of cells in G0/G1 was due to the lack of 

progression of cells from G2/M, which was counterbalanced by an arrest of the progression 

into the S phase. No significant 2-ME effects were observed in the S population of 

proliferating cells. 
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Figure 3 Flow cytometric analysis of HASMCs distribution in the different 

phases of the cell cycle. Proliferating cells were treated with 0.1, 2 and 5 

µmol/L 2-ME for 48 hours (A) or for 2, 4 and 6 days (B) and the DNA was 

stained with propidium iodide.*P<.05 vs not treated cells (control). 
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We further n resulted 

from a true escent by 

serum star esence or 

absence of 0 1 rum starvation (78.9 

± 0.45 % in G0/G1 phase, 5.8 ± 0.5 % in S phase and 15.25 ± 0.05% in G2/M). Quiescent 

cells were restimulated with 5% serum containing growth medium in the presence or 

absence of 2 µmol/L 2-ME. The results are presented as bar graphs in Fig.4 A (left column). 

Following 24 hours of serum treatment, the population of G /G cells significantly decreased 

to 63.4 ± 1.7 % with a concomitant increase of HASMCs in S phase (17.9 ± 0.8 %) and a 

minor increase in G /M phase (18.7 ± 0.9 %). 2-ME significantly (p<0.05) inhibited G → S 

progression following serum stimulation, as reflected by the higher percentage in G /G cell 

population (67.15 ± 0.25 %) and the lower percentage of cells which entered the S phase 

(14.2 ± 0.3 %), as compared to untreated cells. These data indicate that cell cycle arrest in 

G /G  observed in proliferating cells treated with 2-ME was due to inhibition of the 

progression into S phase. Since the same cell suspensions measured by flow cytometric 

analysis were used for cell number count, it reaffirms the finding that 2-ME inhibits 

proliferation of serum-stimulated cells (Fig.4 B). In proliferating cells used as control and 

treated in parallel with 2-ME, cells were arrested in both G0/G1 and G2/M phases (Fig.4 right 

elucidated whether the observed stabilization of the G0/G1 cell populatio

 inhibition of the progression into S phase. HASMCs were made qui

vation for 48 hours and then stimulated to enter S phase in the pr

2-ME. Subconfluent HASMCs accumulated in G /G  after se

0 1 

2 1 

0 1 

0 1

column), as described before.  
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Figure4 2-ME effects on 

HASMCs serum starved for 48 

hours and restimulated with 5% 

serum containing growth 

medium in the presence or 

absence of 2 µmol/L 2-ME (left 

column). In parallel, proliferating 

cells were treated with the same 

2-ME concentration (right 

column). The bar graphs show: 

(A) the flow cytometric analysis 

of the cell cycle distribution and 

(B) the cell number. * P<.05 vs 

starved cells; § P<.05 vs not 

treated cells. 

 

 

 

Reversibility of 2-ME Inhibitory Effect 

To investigate whether the anti-mitogenic effect of 2-ME is transient, a feature which may be 

suitable for its possible use as a therapeutic agent, proliferating HASMCs were treated with 2 

µmol/L 2-ME for 48 hours and subsequently the treatment was withdrawn and cells grown for 

another 48 hours. The flow cytometric analysis (Fig.5 A) shows that the treatment withdrawal 

did not reverse the effect of 2-ME on cell cycle distribution after 48 hours. In contrast, 

simultaneously the proliferation of cells measured by cell number, showed a reversal of the 

inhibitory effect of 2-ME (Fig 5B). Indeed, the number of cells significantly (p<0.05) increased 

respect to the treated cells and almost doubled after 48 hours of treatment withdrawal. 

Moreover, as compared to 2-ME an equimolar concentration of 17β-estradiol (2 µmol/L) was 

significantly less potent in inhibiting cell number in growing cells (Fig.5 B) and did not 

interfere with the cell cycle distribution (Fig.5 A).  
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Figure 5 Effect of 2-ME withdrawal. Proliferating HASMCs were treated with 

2 µmol/L 2-ME for 48 hours and subsequently the treatment was withdrawn 

(where indicated) and cells grown for another 48 hours. In parallel, cells 

were continuously treated for 96 hours with estradiol (E2.) Cell cycle 

distribution (A) and cell number (B) were measured. * P<.05 vs untreated 

cells (control). 

5.4.3. 2-Methoxyestradiol Does Not Induce Apoptosis in HASMCs 

In cancer cells, 2-ME has been shown to induce apoptosis. However, little is known about 

apoptotic effects in normal cells. In order to investigate whether the observed double arrest in 

HASMCs cell cycle by 2-ME may lead to apoptosis, cycling cells were treated with 2-ME for a 

longer time period. Proliferating cells were incubated for 10 days with 2 µmol/L 2-ME, a 

concentration that induced maximal cell growth inhibition already after 24 hours (as 

described previously). Even after 10 days of 2-ME treatment no sub G1 population appeared, 

indicating the absence of apoptosis (Fig.6 A). As positive control for apoptosis HASMCs 

were treated for 24 hours with hydrogen peroxide (H2O2, 0.05 mol/L) and the appearance of 

sub G1 cell population was evident. Moreover, at none of the 2-ME concentrations tested the 

cell number fell below the one at treatment initiation, indicating no cell loss (Fig.1 B, 5 B) and 

microscopical observations failed to provide evidence of apoptotic body formation. Moreover, 
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at the molecular level, we assayed caspase 3 fragmentation, which is one of the final 

signaling events leading to apoptosis and used as a positive marker for apoptosis detection.  

We found no caspase 3 fragmentation in HASMCs treated for 0 to 72 hours with 2 µmol/L 2-

ME (Fig.6 B), whereas caspase 3 cleavage was detected in H2O2 treated cells, suggesting 

that 2-ME does not induce apoptosis in HASMCs. Additionally, in apoptotic control cells, β-

actin was degraded in many fragments (an indirect marker for apoptosis [5]) and this was not 

the case for 2-ME treated cells (Fig.6 B).  
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Figure 6 Investigation on induction of apoptosis by 2-ME in HASMCs. 

Proliferating HASMCs were treated with 2 µmol/L 2-ME. The cells were 

analyzed by flow cytometry for presence of sub G1 cell population after 10 

days (A) or by Western Blotting for caspase 3 cleavage after 72 hours (B). 

As positive control for apoptosis the cells were treated with H2O2, (0.05 

mol/L) for 24 hours. 

5.4.4. 2-Methoxyestradiol Inhibits Rb Phosphorylation 

To delineate the mechanism by which 2-ME arrests HASMCs in G0/G1 phase, we examined 

its effect on Rb phosphorylation. Because Rb hyperphosphorylation is a prerequisite for the 

progression of cells from G1 to S phase [6], the presence of both hyper- and 

hypophosphorylated Rb forms was examined by Western Blotting. As shown in Fig.7, 

following 48 hours of treatment, 2-ME attenuated the hyperphosphorylated band in a 

concentration dependent manner, with the lowest effective concentration being 1 µmol/L. A 

substantial inhibition of Rb phosphorylation was also observed in HASMCs treated with 2 
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µmol/L of 2-ME for 48 hours. These data suggest that the G0/G1 cell cycle arrest induced by 

2-ME may result from the abrogation of Rb phosphorylation. Additionally, some studies 

provide evidence for unexpected functions of Rb even in G2/M phases of the cell cycle, such 

as centrosome duplication or stabilization of mitotic regulators, however, the causal 

relationship is not clear [7, 8]. 
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Figure 7 Western blots depicting the 2-ME effect on phosphorylation of the 

retinoblastoma protein. Proliferating HASMCs were treated with 2-ME for 

different times (at 2µmol/L) (A) and different concentrations (for 48 hours) 

(B). 

5.4.5. Effects of 2-ME on G1 and G2 Cyclins Expression in HASMCs 

To understand the mechanism by which 2-ME inhibits Rb phosphorylation, we further 

explored its effect on the expression of cyclins, such as cyclin D1, for which Rb is a substrate. 

2-ME inhibited cyclin D1 expression in a concentration (0-5 µmol/L) as well as time-

dependent (0-48 hours) manner (Fig.8). In cell cycle experiments 2-ME caused accumulation 

of cells in G2/M phase. We therefore investigated its effect on the expression of cyclin B1, a 

component of the maturation-promoting factor (MPF). As shown in Fig.9, treatment of 

HASMCs caused a concentration-dependent (0-10 µmol/L) reduction in cyclin B1 expression, 

maybe responsible for causing an arrest in G2/M phase. 
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Figure 8 Western blots showing the inhibitory effect of 2-ME on cyclin D1 

expression in proliferating HASMCs for different times (at 2 µmol/L) (A) and 

different concentrations (for 48 hours) (B). The bar graphs depict the 

densitometric analysis of the changes observed and normalized to the 

internal standard, β-actin. * P<.05 vs untreated cells. 
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Figure 9 Western blot depicting the concentration-dependent effect of 2-ME 

on cyclin B1. Proliferating HASMCs were treated with 2-ME at concentrations 

indicated for 48 hours. The bar graphs show the densitometric analysis of 

the changes normalized to the internal standard, β-actin.* P<.05 vs untreated 

cells. 
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5.4.6. Effect of 2-Methoxyestradiol on ERK1/2 and PI3K Signaling Pathways 

The mitogen-activated ERK1/2 and the PI3K transducing pathways have been shown to play 

an important role in the replication of SMCs in response to mitogenic signals following arterial 

injury [9]. Moreover, these pathways have been suggested to regulate cyclin D1 expression 

[10-12]. Therefore, we investigated the effects of 2-ME on ERK1/2 and Akt activation by 

measuring phosphorylation. As shown in Fig.10, 2-ME prevented ERK1/2 phosphorylation in 

a time (0-48 hours) and concentration (0-5 µmol/L) dependent fashion. Similar to ERK1/2, 2-

ME inhibited Akt phosphorylation in a concentration-dependent manner (Fig.11). 
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Figure 10 Modulatory effect of 2-ME on MAPK (ERK1/2) phosphorylation in 

growing HASMCs. Time-dependent (at 2 µmol/L, A) and concentration-

dependent (for 48 hours, B). The bar graphs show the densitometric analysis 

of the changes observed by Western blotting normalized to the 

unphosphorylated ERK1/2 proteins.* P<.05 vs untreated cells. 
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Figure 11 Western blot depicting the concentration-dependent effect of 2-

ME on Akt phosphorylation. Proliferating HASMCs were treated with 2-ME 

for 48 hours. The bar graphs show the densitometric analysis of the effect 

normalized to the unphosphorylated Akt protein.* P<.05 vs untreated cells. 

 

5.4.7. Role of CDK Inhibitors p21 and p27 on Antimitotic Effect of 2-ME 

Downregulation of CDK inhibitor p27 in response to mitogens is important for the maximal 

activation of G1 cyclin/CDK complexes. Moreover, p27 has been shown to be downregulated 

in SMCs after vascular injury, thereby allowing their proliferation [13]. Thus, we further 

examined the changes in p27 expression in HASMCs treated with 2-ME. As expected, 2-ME 

induced p27 protein levels in a concentration-dependent manner (0-5 µmol/L Fig.12). 

However, in marked contrast to p27, the expression of the CDK inhibitor p21 was 

downregulated under the same treatment conditions (Fig.13 A). This indicates that p21 is not 

responsible for the 2-ME induced G1 arrest. In this context, Liu et al [14] provided evidence 

that p21 expression is positively regulated by MAPKs; hence, the inhibitory effect of 2-ME on 

ERK1/2 phosphorylation may potentially explain the downregulating effect on p21 (Fig.10). In 

order to test this notion, we treated the cells with the specific ERK1/2 inhibitor PD 98059 (10 

µmol/L), and measured p21 expression. Similar to 2-ME, PD 98059 significantly (p<0.05) 

inhibited p21 protein levels (Fig.13 B). PD 98059 specifically inhibited ERK1/2 

phosphorylation with no effect on Akt (Fig.13 C). These data provide evidence that the 

inhibitory effect of 2-ME on ERK1/2 phosphorylation is responsible for downregulating p21 

expression. Additionally, similar to 2-ME, estradiol (2 µmol/L) reduced p21 protein level 

(Fig.13 B), suggesting that the mechanisms of action involved were similar. 
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Figure 12 Inducing effect of 2-ME on the expression of the CDK inhibitor 

p27. Proliferating HASMCs were treated with 2-ME at the concentrations 
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indicated for 48 hours and then the expression of p27 was analyzed by 

Western blotting. The bar graphs show the densitometric analysis of the 

changes, normalized to the internal standard, β-actin.* P<.05 vs untreated 

cells. 
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Figure 13 Western blots showing the MAPK-dependent inhibition of p21 

expression by 2-ME in proliferating HASMCs. A) Concentration-dependent 

changes of 2-ME treatment. B) Effects of estradiol (E2) and the ERK1/2 

inhibitor PD 98059 (10 µmol/L) on p21 expression. C) Modulatory effect of 

PD 98059 on ERK1/2 and Akt phosphorylation. The cells were treated under 

the different conditions for 48 hours. The bar graphs show the densitometric 

analysis of the changes observed, normalized to the internal standard, β-

actin (in A and B), or to the unphosphorylated protein forms (C).* P<.05 vs 

untreated cells (control). 
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5.4.8. 2-ME Inhibits Tubulin Polymerization in HASMCs 

Because of the known microtubule interfering property of 2-ME, we investigated its effects on 

tubulin polymerization in cycling HASMCs. Following 48 hours of treatment with different 

concentrations (0-10 µmol/L) of 2-ME, polymerized and free tubulin were separated (as 

described in section 3) and detected by Western blotting. As shown in Fig.14 A, 2-ME 

concentration dependently reduced the amount of polymerized tubulin. Colcemid (0.1 µg/ml) 

was used as positive control and as expected it inhibited microtubules polymerization, similar 

to 2-ME. Indeed, immunohistochemistry staining of tubulin in intact cells (Fig.14 B) clearly 

showed the 2-ME effect on microtubule organization in intact cells. 
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Figure 14 Effect of 2-ME on tubulin dynamics. A) Western blot and bar 

graph representing the inhibitory effect of 2-ME on tubulin polymerization. 

Proliferating HASMCs were treated with the indicated concentrations of 2-

ME and with 0.1 µg/ml of the tubulin interfering agent colcemid during 48 

hours. B) Immunostaining of alpha-tubulin in HASMCs treated for 24 hours 

with 2-ME at the indicated concentrations. * P<.05 vs untreated cells. 

 

5.4.9. 2-ME Effects in Mitogen-Stimulated Quiescent HASMCs 

Growth studies showed that 2-ME prevents the mitogen-induced proliferation of starved 

SMCs. In quiescent HASMCs the level of cyclin D1 is low, however, in response to mitogen 
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PDGF-BB, its expression is increased, reaching a maximum after 18 hours (Fig.15 A). At 

concentrations, which inhibited mitogen-induced proliferation, 2-ME substantially prevented 

cyclin D1 upregulation in quiescent HASMCs. According to that, PDGF-BB induced ERK1/2 

phosphorylation in quiescent HASMCs and this effect was also inhibited by 2-ME treatment 

(Fig.15 B). These results provide evidence for similar mechanisms to be involved in inducing 

anti-mitogenic action of 2-ME in serum-restimulated and full proliferating HASMCs. 
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Western blots showing the effects of 

2-ME on quiescent HASMCs 

restimulated with PDGF-BB (25 

ng/ml). A) Time-dependent inhibitory 

effect of 0.1 µmol/L 2-ME on the 

induction of cyclin D1 expression. The 

bar graph depicts the densitometric 

analysis of the changes, normalized 

to β-actin. % of the values in 

quiescent cells are indicated.  

B) Concentration-dependent inhibitory 

effect on ERK1/2 phosphorylation 

following 2-ME treatment for 48 

hours. The bar graph depicts the 

densitometric analysis of the 

changes, normalized to the 

unphosphorylated ERK1/2 proteins. 

% of the values in 2-ME 

untreated, PDGF-BB restimulated 

cells are indicated. * P<.05 vs 

untreated cells. 
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DISCUSSION 

2-Methoxyestradiol has been shown to inhibit growth of cancer cells and angiogenesis in 

solid tumors [15], suggesting that it may have a therapeutic potential as an antitumor drug. 

Previously, we provided evidences that the sequential conversion of estradiol to 2-ME is 

necessary for its anti-mitogenic effects on HASMCs growth. In the present study, we 

demonstrated that the anti-proliferative actions of 2-ME in HASMCs involved different 

mechanisms. 2-ME modulated the function and the expression of key cell cycle regulators, 

interfered with microtubule dynamics and induced double cell cycle arrest in proliferating 

cells. These effects were not accompanied with apoptosis and were reversible.  

 

We showed that 2-ME inhibited mitogen-induced progression of quiescent cells (in G0/G1) 

into the cell cycle, supporting the growth inhibitory studies presented previously under 

section 5.3. At pharmacological concentrations (0-10 µmol/L), 2-ME also inhibited the 

proliferation of cycling cells by blocking the cell cycle in two phases, G0/G1 and G2/M. In 

accordance with our hypothesis that the anti-mitogenic effects of estradiol are mediated by 2-

ME, Gewirtz et al [16] reported that high concentrations of estradiol (100 µmol/L) were 

capable of arresting MCF-7 cells, whereas physiological concentrations stimulated growth 

[17]. Additionally, similar to our observations in proliferating HASMCs, Gewirtz et al reported 

a time-dependent accumulation of cells in G2/M phase with a final equally distribution 

between G0/G1 and G2/M. Moreover, the anti-mitogenic effect of pharmacological 

concentrations of E2 on MCF-7 cells has been previously reported to be ER-independent 

[18]. Our interpretation of these data is that at high concentrations enough estradiol is 

metabolized to 2-ME, which may be responsible for the anti-mitogenic effects. 

 

2-ME as been shown to have microtubule interfering activity. In this regard, Seegers et al 

[19] showed that 2-ME (1 µmol/L) affected the spindle formation of dividing MCF-7 and HeLa 

cells. Similarly, in our study we observed inhibition of tubulin polymerization in HASMCs 

following 2-ME treatment. Microtubules play important roles in a variety of biological 

functions, especially in governing the movement of chromosomes during mitosis, and this 

could possibly explain the 2-ME induced accumulation of HASMCs in G2/M phase. 

Additionally, D’Amato et al [20] provided evidence for the interaction of 2-ME with the 

colchicine binding sites on tubulin. Accordingly, we observed that colcemid, a colchicine 

analog, mimicked the effects of 2-ME on tubulin polymerization in HASMCs. Apart from 

interference with tubulin, other mechanisms may also be involved in mediating 2-ME induced 

arrest of HASMCs in G2/M phase. In this context, we provided evidence that 2-ME inhibits 

the expression of cyclin B1, which is required for mitotic initiation [21]. Since the majority of 
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cancer cell lines overexpress cyclin B1, it is feasible that its accumulation is a prerequisite for 

tumor growth [21], whereas its downregulation may inhibit tumorogenesis.  

 

Using pharmacological concentrations we also demonstrated that treatment with 2-ME 

arrests proliferating HASMCs in G0/G1 phase, implying the involvement of alternative 

mechanisms. Indeed, our findings that: 1) 2-ME inhibits the signaling pathways ERK1/2 and 

PI3K and inhibits the expression and activation of key proteins responsible for the 

progression of cells into the DNA replicating phase (such as cyclin D1 expression and Rb-

phosphorylation); and 2) upregulates the expression of CDK inhibitor p27, provide evidence 

that 2-ME can block HASMCs in G0/G1 phase via two different mechanisms. This contention 

is also supported by the fact that p27 protein levels rapidly fall in rat carotid arteries following 

balloon injury [13], thereby allowing SMCs to proliferate in response to the mitogenic signals. 

Therefore, upregulation of p27 expression by 2-ME may importantly contribute for its anti-

proliferative effects in HASMCs. In contrast to the effect of 2-ME on p27 and to the findings in 

cancer cells [3], we observed a decrease in the expression of the other CDK inhibitor, p21, 

which is involved in the G1/S checkpoint. The reasons for these disparate findings are 

unclear, however, since p21 expression is positively regulated by MAPK [14] and 2-ME 

inhibits MAPK in HASMCs the observed downregulation of p21 may be a consequence of 

the inhibitory effect of 2-ME on MAPK phosphorylation. This assertion is further supported by 

our observation that treatment of HASMCs with PD, a specific MAPK inhibitor, also resulted 

in downregulation of p21. Recent studies provide evidence that expression of p21 is also 

positively regulated by Akt [22]. Since 2-ME inhibits Akt phosphorylation, it is possible that 

the downregulatory effect of 2-ME on p21 is due to its inhibitory effects on both MAPK and 

Akt.  

 

Apart from inhibiting growth, various studies in cancer cells have shown induction of 

apoptosis by 2-ME [3, 23] and this possibility was also investigated in HASMCs. In HASMCs 

treated with pharmacological concentrations of 2-ME we saw no indications of apoptosis. In 

agreement with our findings, Seegers et al [4] also reported that 2-ME does not induce 

apoptosis in normal human skin fibroblasts. Moreover, in MCF-7 cells the cell cycle arrest 

induced by pharmacological concentrations of estradiol was shown not to be associated with 

apoptosis [16]. At the molecular level, in addition to the lack of caspase 3 cleavage, we did 

not observe fragmentation of β-actin, an indirect indicator for apoptosis [5], following 

incubation with 2-ME. In this regard, caspase-mediated cleavage of cytoskeletal actin has 

been reported to play a positive role in the morphological changes associated with apoptosis 

[5]. In contrast to 2-ME treated cells, apoptosis was induced in HASMCs treated with 

hydrogen peroxide, a well-established apoptosis inducer [24-26]. Hence, our findings provide 
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evidence that 2-ME does not induce programmed cell death in HASMCs. The fact that 2-ME 

induces apoptosis in cancer cells but not in normal cells may be of immense therapeutic 

importance for its potential use as an anticancer drug. However, further investigations are 

needed to evaluate this possibility. 

 

In addition to the above findings, we also provided evidence that the anti-mitogenic effect of 

2-ME on HASMCs (cell number count) were reversible. However, in contrast to cell 

proliferation assay, we did not observe a reversal in the cell cycle arrest (flow cytometric 

analysis) 48 hours after 2-ME was withdrawn. It is feasible that the sensitivity of the two 

assays may have contributed to the disparate results, and that the 2-ME effect at that time 

was still not adequately reversed to be detected using flow cytometry technique. In contrast, 

Kumar et al. described a recovery of human prostate cancer cells after 2-ME treatment was 

withdrawn for 24 hours using this method. Further studies are necessary to confirm the 

reversibility of 2-ME treatment in HASMCs by this technique.  
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6. CONCLUSIONS AND PERSPECTIVES 

The observation that premenopausal women are protected against cardiovascular diseases 

in comparison to men and postmenopausal women has attributed to estradiol an additional 

role in the cardiovascular system. This vasoprotective role of estradiol is supported by the 

demonstrations that estradiol inhibits injury-induced neointima formation in vivo and mitogen-

induced growth and migration of vascular SMCs in vitro. The knowledge of how estradiol 

induces its protective effects and the investigation of the mechanisms involved may be very 

important for the development of drugs able to mimic estradiol-mediated protection without 

inducing undesired side effects such as feminization and carcinogenicity. 

We initially hypothesized that the local metabolism of estradiol to metabolites, with no affinity 

for ERs, is largely responsible for its anti-vasoocclusive actions. In this study, using human 

SMCs, we provided evidence in support to this hypothesis:  

 

We demonstrated that HASMCs express both ERα and ERβ; however, the anti-proliferative 

effects of estradiol were not enhanced when the expression of ERα was increased using 

antisense oligonucleotides. This finding suggests that ERα does not play a major role in 

mediating the anti-mitogenic effects of estradiol in HASMCs.  

 

We also demonstrated that estradiol metabolites, with no affinity for ERs, are more potent 

than estradiol in inhibiting HASMC growth. Moreover, the final anti-mitogenic effects of 

estradiol were blocked or enhanced when the enzymes responsible for its metabolism were 

inhibited or induced, respectively. Additionally, blocking the conversion of estradiol to 2-ME 

was sufficient to block estradiol action, suggesting that this metabolite is the final mediator. 

 

Moreover, we provided evidences that 2-ME inhibits growth of proliferating HASMCs by 

inducing a double blockade in the cell cycle. 2-ME arrested the cells in the G0/G1 phase and 

this was associated with inhibition of ERK1/2 and Akt signaling pathways, including the 

downregulation of cyclin D1 expression and Rb phosphorylation, and induction in the 

expression of the CDK inhibitor p27. Additionally, we observed that 2-ME inhibits cyclin B1 

expression and tubulin polymerization; this may in part explain the growth arresting effects of 

2-ME in the G2/M phase. Finally, our findings also provide evidence that 2-ME does not 

induce apoptosis in HASMCs. 
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Figure representing the investigated mechanisms by which estradiol induces 

its anti-proliferative effect on human aortic smooth muscle cells (HASMCs). 

 

Taken together, our observations suggest that in addition to having antitumor property, 2-ME 

may be a therapeutically useful substance to suppress abnormal proliferation of arterial 

SMCs for the prevention and the progression of atherosclerosis.  

 

Presently, the protective effects of hormone replacement therapy in postmenopausal women 

are controversial. In contrast to previous observations [1], recent studies on HRT (using 

estradiol along with medroxyprogesterone) for secondary prevention even showed an 

increased risk in cardiovascular events [2]. These results, together with the well known 

carcinogenic effects of estradiol, has lead to the advise against using HRT. The role of 

estradiol metabolism in mediating the vascular protective effects of estradiol may be of key 

importance to understand the causes of such inconsistencies in the results of different 

epidemiological/clinical studies and to find alternative therapeutic approaches. Since the 

activity of the enzymes responsible for the sequential conversion of estradiol into its 

metabolites may be influenced by many external factors such as diet, smoke, environmental 

factors and genetic polymorphism, its modulation may lead to lack of effects of estradiol. 

Therefore, administration of 2-ME in HRT would bypass the lack of effect due to metabolism. 
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Moreover, the negative side effects of estradiol may be avoided by using directly 2-ME, 

which has anticancer action and is non-feminizing. 

Physiological concentrations of estradiol have opposite effects on different cell types. While 

inhibiting growth of vascular SMCs, estradiol induces proliferation in endothelial and cancer 

cells. Apart from the metabolism, also ER-mediated indirect effects (such as NO synthesis) 

participate to the anti-proliferative action of estradiol. Because the two ER subtypes (ERα 

and ERβ) have been shown to induce even opposite estradiol actions, their regulation may 

be relevant for the final effects observed on growth in the different cell types. In this regard, 

our findings of the different modulation of ERα and ERβ expression by estradiol in HASMCs 

and MCF-7 cells and the presence of both ERs in the membrane of HASMCs may provide a 

new possibility of investigation to understand the way by which this estradiol has tissue- and 

cell-specific effects. 
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