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Preface

Nuclear hormone receptors are not only important drug targets, but have
also been the focus of decades of active and highly insightful research.
Ten years ago, a review on nuclear receptors was entitled “The Second
Decade” and a special issue of Molecular Endocrinology in 2005 dealt
with the results of these research efforts. The consensus from nuclear
receptor research was of course that the signaling pathways mediated by
these receptors warrant further research, even though in principle they
appeared to represent the most immediate, seemingly simple signaling
pathway from hormone (ligand) binding to gene expression changes.

In nuclear receptor molecular biology, estrogen receptor research
has additional unique facets: since the discovery of ethinyl estradiol
by Inhoffen and Hohlweg in the laboratories of Schering AG in the
1930s—and therefore several decades longer than nuclear receptor re-
search itself—estrogen receptors have been targets of widely used, orally
administered drugs. Thus, accumulating clinical experience on estrogen
action in vivo helps to support the progress in molecular biological
research.

Strikingly, research challenges were faced then and again when clin-
ical observations suggested more complex effects and actions than were
evident in cell culture and animal studies. On the other hand, the apparent
conflicts of clinical data with well-established paradigms in preclinical
models of estrogen action, e.g., in the cardiovascular system, hold both
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inspiration and demand for estrogen receptor research to develop bet-
ter models and provide more detailed explanations of estrogen action
in vivo. Newer models and explanations should not only accommodate
current clinical experience, but should also open up the opportunity to
develop novel treatment paradigms and better estrogen-receptor-based
therapies to meet medical needs in oncology, hormone therapy, fertility
control, and gynecological diseases.

In order to discuss the latest research development in this field and
to foster the interaction between basic researchers and drug develop-
ers, the Ernst Schering Research Foundation held a symposium entitled
“Tissue-Specific Estrogen Action: Novel Mechanisms, Novel Ligands,
Novel Therapies?” The present volume of the Ernst Schering Research
Foundation Symposium Proceedings series covers the different areas
of estrogen receptor research that were the focus of the symposium:
the basic molecular biology of transcriptional regulation by estrogen
receptors has become dynamic thanks to the work of Frank Gannon
and co-workers, who established in a series of time-resolved promoter
studies that ER works in a cyclical manner on target gene promoters.
The molecular biology of estrogen receptor action in vivo in both clas-
sical (reproductive) and nonclassical (e.g., blood vessels, heart, brain)
target organs has been studied thoroughly using the estrogen receptor
knock-out (ERKO) mouse models, as well as tissue-specific mutants
(Kenneth S. Korach, Tim M. Wintermantel, and Günther Schütz). Evan
Simpson elucidated estrogen actions in nonclassical target organs us-
ing both genetic models and clinical examples of estrogen deficiency.
Using in vivo models for complex disease processes in the cardiovascu-
lar system, Jean-Francois Arnal studied ERKO models and carried the
understanding of estrogen—and selective ER action—in atherosclerosis
and vascular disease to unforeseen detail. In addition to receptor isoform-
specific knockouts, receptor isoform-specific ligands gain tremendous
impact on research: Theo Pelzer, Richard Williams, and Gail Risbridger
used isoform-selective ligands to unravel estrogen receptor function in
in vivo models of blood pressure regulation, rheumatoid arthritis, and
benign prostate hyperplasia, respectively. Receptor subtype-specific lig-
ands also hold promise in clinical development, as illustrated by Heather
Harris’s work on Wyeth’s ERB-041 compound. Novel signaling mech-
anisms of estrogens such as rapid, membrane-initiated signaling are
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a starting point to identify mechanism-specific (as opposed to isoform-
specific) ligands: Christiane Otto (Bayer Schering Pharma AG) pre-
sented ‘status reports’ on this new quest for ligands. Those ligands that
trigger selective ER pathways might also one day provide novel treat-
ment options, but they will without doubt generate more data to discuss
in future symposia.

K.S. Korach
T.M. Wintermantel
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Abstract. In recent years, there has been a growing realization that a static
two-dimensional model of gene activation by transcription factors is inadequate.
Based on the work from a number of groups (Kang et al. 2002; Liu and Bagchi
2004; Metivier et al. 2003; Park et al. 2005; Reid et al. 2003; Shang et al. 2000;
Sharma and Fondell 2002; Vaisanen et al. 2005), it is becoming clear that tran-
scriptional regulation by nuclear receptors is a dynamic and cyclical process
(Metivier et al. 2006). There are significant consequences that arise from this
shift in understanding, from nuclear receptors as ligand activated factors that
bind to a response element to activate expression of a target gene to a pro-
cess where the receptor repeatedly binds in order to achieve transcription. New
insights that arise from viewing the activation process as cyclical and the con-
sequences of this for developing new strategies that modulate the activity of the
estrogen receptor are outlined in this chapter.
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As we and others have described, the binding of the estrogen receptor-α
(ERα) to an estrogen response element within the promoter of a target
gene is the first of many steps that ultimately lead to the engagement
and functional activation of RNA polymerase II (PolII) (Liu and Bagchi
2004; Metivier et al. 2003; Park et al. 2005; Reid et al. 2003; Shang
et al. 2000). The first cellular response is the binding of SWI/SWF
complex that alters the chromatin context. This is followed by modi-
fications to the histone code by histone methyl transferase (HMT) and
histone acetyl transferase (HAT)-mediated post-translational modifica-
tions to local histones at the promoter region. These changes are multi-
ple and complex and occur in a defined sequence on a given promoter.
The outcome of these alterations is the generation of a new chromatin
landscape that is permissive to the recruitment of the transcription com-
plex, mediators, elongation factors, and ultimately PolII. This rendition
is not much different than the previous description of the mechanism of
action of the ERα except that the cyclical process requires that the com-
plexes assembled during the first phase need to be disassembled in order
to allow for subsequent activation cycles. Consistent with this model,
ERα is a target of the ubiquitin-proteasome pathway (Nawaz et al. 1999;
Preisler-Mashek et al. 2002; Reid et al. 2003; Stenoien et al. 2001). Fol-
lowing functional attainment, events previously regarded as transcrip-
tionally repressive then take place to reset the promoter, thereby allow-
ing the commencement of the next cycle. The histone code is changed
to a nonpermissive state through the deacetylation of histones by the ac-
tion of histone deacetylases (HDACs), and the methylation of histones
is also reversed. Chromatin condensation is then carried out by the chro-
matin remodeling complexes prior to ERα initiating the entire process
again.

ERα-initiated cycles consist of an initial association phase followed
by a subsequent clearance phase. The degradative action of the protea-
some and the removal of the post-translational tags associated with an
active histone environment lead to this conceptualization of the tran-
scription process. The insight that ERα achieved transcriptional activa-
tion in a cyclical manner implies that interfering with any step in the
process, including classical repressors of estrogen action, would likely
block the assembly of the activation complex and subsequent recruit-
ment of PolII and hence block the induction of gene expression. In
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many cases of breast cancer, where ERα is expressed and remains cen-
tral to oncogenic proliferation, analogs of estrogen are used to block the
proliferative function of ERα. It follows that an understanding of the
consequences of other inhibitors that might act in an indirect way could
have significant consequences. For example, inhibitors or activators of
some of the steps in ERα-mediated transcriptional activation might lead
to alterations in the activity of ERα and could give rise to new thera-
peutic reagents for the treatment of estrogen-dependent endocrine dis-
orders such as ERα-positive breast cancer and postmenopausal osteo-
porosis.

1 Inhibiting the Proteasome

The ubiquitin-proteasome system is now well acknowledged as a major
regulator of normal cellular physiology. Initially viewed as an end point
for the degradation of proteins, it is now recognized to be a significant
contributor to the maintenance of the status quo of a well-functioning
cell and plays a particularly important role in the regulation of gene
transcription (Muratani and Tansey 2003). The estrogen receptor itself
is a direct target for ubiquitination (Nawaz et al. 1999; Nirmala and
Thampan 1995). It was shown by the O’Malley (Lonard et al. 2000) and
Mancini (Stenoien et al. 2001) groups that the widely used proteasome
inhibitor, MG132, interfered with the ability of ERα to activate target
gene transcription. This inhibition occurs despite an increase in the lev-
els of ERα (through decreased degradation by the proteasome). We con-
firmed this observation and showed that the same outcome is achieved
with another proteasome inhibitor lactacystin (Reid et al. 2003). Criti-
cally, and in keeping with the cyclical action of estrogen receptor medi-
ated transactivation, we demonstrated that inhibiting polymerase activ-
ity prevents degradation of ERα, while conversely, inhibition of protea-
some activity blocks mRNA synthesis from responsive genes.

In order to define the role of the proteasome in ERα-dependent tran-
scriptional activation more clearly, we utilized chromatin immunopre-
cipitation analysis (ChIP) of the ERα target gene pS2 (Trefoil Fac-
tor 1) in the ERα-positive breast cancer cell line MCF7 as a model
system. Induction of pS2, under the experimental conditions used, is
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solely dependent on ERα. We showed that proteins involved in the
ubiquitin-proteasome pathway associate with the promoter of pS2 in
ChIP assays. Furthermore, using transcriptionally synchronized cells,
we showed that components of the ubiquitin-proteasome pathway, in-
cluding certain proteasome components, were cyclically recruited to the
pS2 promoter in an ERα-dependent fashion. It follows that these ERα-
recruited ubiquitin-proteasome pathway proteins likely play an impor-
tant role in disassembling the ERα transcriptional activation complex.
This would allow for rapid and precise regulation of transcriptional acti-
vation by priming the promoter for subsequent rounds of transcriptional
activation when sufficient ligand is available or by blocking additional
activation when ligand is no longer present. Consistent with the vital
role of the proteasome in ERα-dependent transcription, the proteasome
inhibitor MG132 dramatically alters the profile of the cyclic binding of
ERα to the pS2 promoter. Although ERα bound to the target promoter
for a longer period of time in the presence of MG132, PolII was not
recruited (Reid et al. 2003). The data obtained from these kinetic ChIP
experiments are in keeping with the data from the inhibition of transac-
tivation of a target gene in a cell and further strengthen the role of cyclic
binding of ERα in the activation of gene expression.

The role of the proteasome in regulating ERα-dependent transcrip-
tion may also have clinical relevance. The dipeptidyl boronic acid pro-
teasome inhibitor PS-341 was recently accepted for therapeutic use un-
der the name Valcade (Bortezomib) for the treatment of multiple my-
eloma. Interestingly, this drug also shows promise in both in vitro and
xenograft experiments for use in the treatment of breast cancer (Teicher
et al. 1999). From the above data, it would appear that proteasome in-
hibitors may potentially be included in the drugs that are used in con-
junction with front-line treatments by antiestrogens for the treatment of
ERα-positive cancers.

2 Inhibiting Specific Ubiquitin Ligases

Prior to degradation by the proteasome, target proteins are tagged by
a series of ubiquitin moieties that are added by the action of a cas-
cade of enzymes that culminate in the polyubiquitination of the sub-
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strate protein (Ciechanover 2005). The final component of this system,
which also provides specificity, is the E3 ubiquitin ligase. It is estimated
that the human genome contains more than 400 ubiquitin ligases. We
showed that ERα was ubiquitinated and that both MDM2 and E6AP,
members of two different classes of ubiquitin ligases (RING finger and
HECT domain, respectively), were in fact present in complexes with
ERα on the pS2 promoter (Reid et al. 2003). In a kinetic ChIP exper-
iment, we showed that these ubiquitin ligases were recruited in syn-
chrony and subsequent to ERα, but prior to the arrival of the protea-
some components. This is consistent with the hypothesis that the degra-
dation of ERα is an important component of the transcription cycle of
ERα. In the presence of proteasome inhibitor, the E3 ligases, but not
the proteasome component Rpt6 (or PolII), were still recruited to the
pS2 promoter together with ERα. One would predict, therefore, that in-
hibitors of specific ER-associated E3 ligases should also interfere with
the ability of ERα to transactivate a target gene. One such candidate
is the Nutlin family of compounds developed by Hoffman-La Roche.
The Nutlins are specific inhibitors of the interaction between MDM2
and p53 (Vassilev et al. 2004) and show great potential for therapeu-
tic use in the treatment of many types of cancer. The impact of these
compounds on ERα action will be very instructive and could poten-
tially point to a further novel approach to the treatment of ERα-positive
cancers.

3 HDAC Inhibition

As indicated above, an integral part of the transcription cycle for est-
rogen-regulated genes is the removal of acetylation tags from histones.
The histone deacetylases (HDACs) are a family of enzymes responsible
for this step and have been shown to be recruited to the pS2 promoter
during transcriptional activation at the time when the binding phase of
ERα has been completed (Metivier et al. 2003). Although deacetyla-
tion is frequently associated with the shut-down of a chromatin locus,
it was critical to determine whether the inhibition of the HDAC activ-
ity indeed promoted gene expression by interfering with the shutting
down of the chromatin locus or inhibited it by blocking the integrated
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steps in the cyclical binding of the transcription factor ERα. A med-
ically relevant alternative to Trichostatin A (TSA), the reagent most
commonly used to block HDAC activity in the laboratory, is valproic
acid (VPA). Interestingly, VPA is widely used clinically for the treat-
ment of convulsions, epilepsy, and related disorders and is currently
in phase II trials as a potential cancer therapy (Chavez-Blanco et al.
2005). The reported side effects of VPA treatment include many that
one might anticipate from an interruption of the normal physiological
function of ERα such as reproductive abnormalities (Duncan 2001; Iso-
jarvi et al. 1993; O’Donovan et al. 2002), endocrine disorders (Rattya
et al. 2001), and decreased bone mass (Sato et al. 2001). Consistent with
these results, we demonstrated that when cells were transfected with an
estrogen-responsive reporter construct (ERE-TK-luciferase) and treated
with VPA (or TSA), the transactivation was greatly diminished (Reid
et al. 2005). The consequences at the cellular level were also profound,
with the compounds showing a cytotoxicity profile that matched their
inhibition of reporter gene activation. Using expression microarray as-
says, it was further shown that there was a 90% overlap between the
effects of VPA and tamoxifen (the estrogen-receptor ligand used ex-
tensively in the treatment of breast cancer) on a family of estrogen-
responsive genes. Taken together it is clear that the inhibition of histone
deacetylase activity did not stimulate transcription of ERα activated
genes, but rather inhibited the expression of these genes, thus adding
further support to the proposed essential role for the integration of all
steps in the cyclical induction of transcription by ERα.

Interestingly, the biological effects of VPA also appear to be linked to
the ubiquitin-proteasome pathway. For example, while VPA treatment
decreased ERα mRNA expression, it also decreased ERα protein lev-
els in a proteasome-dependent manner (Reid et al. 2005). Furthermore,
VPA treatment has been shown to increase targeted protein degradation
by specifically increasing the expression of the ubiquitin-conjugating
enzyme UBC8, thereby promoting the ubiquitination and subsequent
proteasomal degradation of substrate proteins by the ubiquitin ligase
RNF12 (Kramer et al. 2003). We are currently investigating whether
RNF12 also plays a role in the regulation of ERα-dependent transcrip-
tion and whether this may account for the proteasome-dependent func-
tion of VPA in mediating increased ERα degradation.
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Arising from these studies, yet another family of therapeutic agents
can be viewed as having potential in the treatment of breast cancer. As
indicated above, VPA is widely used at high concentrations for other
disorders and is beginning to be investigated for its therapeutic effi-
cacy in cancer. A study is being prepared to follow the epidemiology of
women that received VPA for a different dysfunction with respect to the
incidence of breast cancer. In light of our results, one would predict that
women who have undergone VPA treatment for other disorders would
have a lower risk of breast cancer. However, our lack of understanding
regarding some of the early stages of the onset of breast cancer could
give rise to a different outcome. It would perhaps be surprising if there
were no effect on ERα-mediated cancers and therefore the outcome of
this study will be of great interest.

4 Inhibition of DNA Methylation

The mechanism of action of VPA on estrogen-regulated transcription
was examined in detail by ChIP experiments using the pS2 promoter as
an indicator of ERα binding and activity. These experiments suggested
a role for the involvement of the maintenance DNA methyl transferase-1
(DNMT1) and methyl CpG binding protein-2 (MeCP2) in the activation
of gene transcription. In the absence of the HDAC inhibitor, association
of DNMT1 and MeCP2 was readily detected by ChIP analysis, whereas
treatment with VPA increased binding of MeCP2, but decreased the
presence of DNMT1 on the promoter (Reid et al. 2005). Furthermore,
assays using the methylation-sensitive restriction enzyme HpaII as an
indicator of the methylation status of CpG dinucleotides in the vicin-
ity of the promoter demonstrated that a change in the methylation sta-
tus occurred at specific CpGs near the transcriptional start site (Reid
et al. 2005). Moreover, re-expression of ERα in an ERα-negative cell
line MDA-MB-231 reversed the repressed state of the pS2 promoter
(Metivier et al. 2004; Reid et al. 2005). All of these data suggest that
there are variations in the methylation status of the actively transcribed
promoter under study in MCF7 cells, and that this may be linked in
some way with ER cycling and HDAC recruitment to the locus. It fol-
lows that interference with the methylation status of a promoter should
also block the activation of the gene.
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5 Inhibiting RNA Polymerase II

The obvious and inevitable consequence of inhibiting PolII would be
the blocking of transcription. But should that have an influence on the
ERα in the transactivation cycle? It could have been that there was no
effect, but if ERα and PolII are components of the same transcription
environment, we reasoned that there could be some feedback on the
activator (ERα). In support of this, ERα protein levels decrease to ap-
proximately 10% of that in cells grown in estrogen-free medium upon
the addition of estrogen. The engagement of ERα in activating tran-
scription therefore usually results in a general destabilization of ERα.
Interestingly, upon the addition of tamoxifen, ERα levels increase. It is
known that tamoxifen recruits co-repressors in breast cancer cells and
suggests that the stabilization may arise from a conformational change
of ERα in the presence of tamoxifen or because of some steric hindrance
to the degradative process by the presence of the co-repressors. When
we tested the stability of a naturally occurring truncated ERα isoform
(ER46) (Flouriot et al. 2000), we found that this version of ERα is stable
even in the presence of E2. All of these data suggest that the regulation
of ERα stability is at the center of complex interactions that appear to
be related to its engagement in gene activation. For these reasons, it was
not surprising that the use of inhibitors of PolII resulted in the stabiliza-
tion of ERα (Reid et al. 2003). The image is therefore reinforced that
ERα and PolII are the start and end points of the cycle of gene activation
and that, like cogs in a wheel, any blockage in this cycle inevitably leads
to effects on the other components of the system, even if their activities
are required at different time points in the cycle.

6 Nontargeted Inhibition

Since the ERα transcription activation cycle was described, approxi-
mately 50 proteins with a variety of functions were shown to cycle on
the pS2 target promoter in synchrony with the ERα. The total range of
participants in the process, however, could be much greater that that.
The inhibition studies outlined above had a specific target. We reasoned
that new components of the transcription activation cycle could be iden-
tified by a screen of diverse chemical compounds. Therefore we tested
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a library of 55,000 compounds with drug potential for their effects on
the MCF7 (ERα-positive) cell line transiently transfected with an es-
trogen response element reporter construct. Most compounds identified
in the screen had no effect. However, approximately 1% inhibited the
induction of ERα activity while 1% increased the activity. Focusing on
the inhibitors, we showed that five different chemical classes were in-
volved with multiple hits coming from closely related compounds. The
inhibition of ERα action was achieved with approximately the same
concentration of the compounds required to inhibit proliferation. The
analysis to date suggests that none of these compounds have targets that
have been analyzed for their role in ERα-mediated transcription. How-
ever, it should be noted that the effects on ERα could be indirect and
that further studies on the kinetics of the inhibitors will be required. If
the ERα-modulated process is not a target, but is coincidentally blocked
due to destruction or misregulation of some other key steps in the phys-
iology of the cell, it could be equally instructive, as the goal in cancer
treatment is generally to destroy the tumor cells.

7 Conclusions

The primary goal of most medically relevant research is to understand
the basic biology of a system so that this knowledge can then be used
in a practical manner to develop new therapies. For those working on
ERα, longer-term targets include breast cancer and osteoporosis. By fo-
cusing on the actions of ERα when it acts as a transcription factor, it has
become clear that ERα binds to the promoter, recruits, in a sequential
and programmed manner, a series of proteins that change the promoter
region profoundly and prepare the local context for the engagement of
PolII, thus leading to transcriptional activation. The binding of ERα and
the assembly of the activation complex has been shown to be cyclic and
all evidence obtained to date is concordant with a very tight interlinkage
between all steps of the cycle and between the subsequent cycles. The
productive process eventually stops when the level of estrogen in the
system diminishes, as happens under normal physiological conditions
such as during the estrous cycle and at the onset of menopause. The
new insights on how this transcription factor works are of general in-
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terest, but the focus of this report is the consequence of this knowledge
for treatment of cancer. We have shown that when steps in the cycle
have been blocked by well-known inhibitors, the whole process was in-
terrupted. As many of these inhibitors are used in clinical settings for
diseases other than breast cancer, it follows that new mechanisms of
modulating ERα activity have been identified. In addition to inhibitors
of the proteasome, specific E3 ligases and HDACs, the above-described
chemical screen demonstrates that ERα-mediated transcription is a po-
tentially fruitful source of new and improved therapeutic agents. Obvi-
ously, the steps between an inhibitor and a drug are fraught with diffi-
culties and many such approaches lead to disappointment. Nonetheless,
the fact that basic research repeatedly gives rise to such hopes validates
the general view that investment in the generation of knowledge is the
correct approach to identifying new therapeutic compounds.
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Abstract. Hormonal effects on classical endocrine target organs such as the
female reproductive tract, mammary gland, ovary, and neuroendocrine system
have been thoroughly studied, with significant advancements in our understand-
ing of estrogen actions and disease conditions from both cell culture as well as
new experimental animal models. Knowledge of the highly appreciated effects
of estrogen in nonclassical endocrine organ systems, arising from epidemio-
logical and clinical findings in the cardiovascular, immune, GI tract, and liver,
is only now becoming clarified from the development and use of knock-out
or transgenic animal models for the study of both estrogen and ER activities.
There are considerable epidemiological data showing that premenopausal fe-
males (Barrett-Connor 1997; Crabbe et al. 2003) have reduced risk for car-
diovascular disease. However, a recent large clinical trial failed to show car-
dioprotection for postmenopausal females on estrogen–progestin replacement
(Rossouw et al. 2002). In fact, the Women’s Health Initiative Study showed
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increased cardiovascular risk for females taking an estrogen–progestin combi-
nation. These studies suggest that we need a better understanding of the mech-
anisms responsible for cardioprotection in females.

1 Gender Differences in Ischemia–Reperfusion Injury

Gender differences in cardiovascular response have been observed in
some animal studies, suggesting that compared to males, intact females
(without exogenous estrogen treatment) have reduced ischemia–reper-
fusion injury (Bae and Zhang 2005; Wang et al. 2006). Other studies
show that in unstimulated, wild-type hearts, there is no male–female
difference in ischemia–reperfusion injury (Przyklenk et al. 1995; Li and
Kloner 1995; Cross et al. 1998). However, there are a number of stud-
ies showing that treatment of animals or perfused hearts with exoge-
nous estrogen (typically pharmacological doses) can reduce ischemia–
reperfusion injury (Li and Kloner 1995; Booth et al. 2005; Das and
Sarkar 2006). Das and Sarkar (2006) reported that pretreatment of rab-
bits with estradiol (10 mg/kg i.v.) prior to coronary artery ligation sig-
nificantly reduced infarct size (19% vs 40%). They further showed that
pretreatment with 5 hydroxydecanoate (5HD; an inhibitor of the mito
KATP channel) blocked the infarct size reduction afforded by estradiol.
Furthermore, in a number of transgenic mouse models with increased
contractility, females have reduced ischemia–reperfusion injury (Cross
et al. 1998, 1999, 2003). Also under conditions of increased contractil-
ity/increased cell calcium such as occurs with addition of isoproterenol
or elevated perfusate calcium, females exhibit reduced ischemia–reper-
fusion injury (Cross et al. 2002b; Gabel et al. 2005; Kam et al. 2004).
Kam et al. (2004) showed in Langendorff perfused hearts treated with
isoproterenol that hearts from intact females had smaller infarcts than
hearts from ovariectomized females, which they suggested was related
to a higher expression of beta1-adrenergic receptors (AR) in hearts from
ovariectomized females. The lower expression of beta-1 AR in intact
females would provide a mechanism for the reduced calcium overload
(Chen et al. 2003) and reduced ischemia–reperfusion injury observed
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with isoproterenol; however, the decrease in beta1-AR in females would
not easily account for the reduced injury observed in the transgenic
models or wild-type hearts with increased extracellular calcium.

The reduced ischemic injury in hypercontractile females could be
due to a reduction in calcium overload in females or alternatively fe-
males could have a similar calcium loading but have less injury due pro-
tection perhaps mediated by increased PI-3 kinase activity (Simoncini
et al. 2000), for example. It appears, however, that hypercontractile
females have less calcium loading. For example, in transgenic hearts
with overexpression of plasma membrane sodium–calcium exchanger
(NCX) (Sugishita et al. 2001) and wild-type hearts with addition of iso-
proterenol (Chen et al. 2003), females have been shown to have less
calcium loading. These data suggest that estrogen reduces calcium load-
ing in these genetic models and with isoproterenol such that there is
less calcium overload at the start of ischemia, which results in less
ischemic injury, since elevated calcium has clearly been shown to in-
crease ischemia-reperfusion injury (Steenbergen et al. 1987; Murphy
et al. 1991; Baines et al. 2005). The mechanism by which estrogen
modulates intracellular calcium is likely to be complex, but it appears
to be mediated, at least in part, by nitric oxide synthase (NOS). Estro-
gen is well know to up-regulate NOS (Nuedling et al. 2001; Sun et al.
2006), and inhibitors of nitric oxide synthase (NOS) block the protec-
tion in females (Cross et al. 2002a, 2003; Sun et al. 2006), suggesting
a role for NO. Neudling et al. (2001) reported that COS7 cells trans-
fected with ER-β, but not ER-α, resulted in activation of eNOS and
iNOS.

2 Gender Differences in Hypertrophy

Females have also been shown to have reduced cardiac hypertrophy
compared to males (Skavdahl et al. 2005) and compared to ovariec-
tomized females (van Eickels et al. 2001). Treatment of ovariectomized
females with estrogen has also been reported to reduce hypertrophy (van
Eickels et al. 2001). Many animal models of heart failure have reported
that females have improved survival and/or improved contractile func-
tion (Olsson et al. 2001; Kadokami et al. 2000; Dash et al. 2003). Beer



16 E. Murphy, K.S. Korach

et al. (2006) also found that treatment of female rats with 17β-estradiol
(7.5 mg/90 days) for 2 weeks prior to and 8 weeks following myocar-
dial infarction prevented the development of heart failure that occurred
in untreated hearts. Similarly, Kadokami et al. (2005) reported that 17β-
estradiol improved survival in male mice with a cardiomyopathy in-
duced by overexpression of tumor necrosis factor-α.

3 Role of ER-α and ER-β in Cardiovascular Disease

Two estrogen receptors, ER-α and ER-β, are known to be expressed
in the cardiovascular system. To identify the specific estrogen receptor
involved in cardioprotection in females, studies were done using mice
lacking ER-α and mice lacking ER-β (Wang et al. 2006; Gabel et al.
2005; Skavdahl et al. 2005; Pelzer et al. 2005; Babiker et al. 2006).
Studies have also been conducted using ER-α- and ER-β-selective ago-
nists (Booth et al. 2005; Yu et al. 2006; Hsieh et al. 2006).

3.1 Ischemia–Reperfusion Injury

Following brief treatment with isoproterenol, hearts were subjected to
ischemia and reperfusion, and postischemic contractile function and in-
farct size were measured in wild-type male and female mouse hearts,
and female αERKO and βERKO hearts. Wild-type males exhibited sig-
nificantly poorer functional recovery and more necrosis than wild-type
females. αERKO females exhibited ischemia–reperfusion injury simi-
lar to that observed in wild-type females, whereas βERKO females ex-
hibited significantly poorer functional recovery and more necrosis than
wild-type females and were more similar to wild-type males. Using
a model of trauma hemorrhage shock injury, Chaudry and co-workers
(Yu et al. 2006; Hsieh et al. 2006) found that following trauma–hemor-
rhage shock males have depressed cardiovascular function that can be
reversed by administration of 17β-estradiol just following the trauma
hemorrhage. Hsieh et al. (2006) found that 24 h following trauma hem-
orrhage there is a decrease in PGC-1α and ATP levels. They report that
this decline in PCG-1α and ATP was reversed if estradiol or an ER-β
selective agonist (DNP) was administered just following trauma hem-
orrhage. These data suggest that the beneficial effects of estrogen in
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trauma hemorrhage may be mediated by ER-β up-regulation of PGC-
1a. In another study by this group, Yu et al. (2006) reported that trauma
hemorrhage resulted in a decrease in Hsp 32, 60, 70 and 90 mRNA and
HSF-1 DNA binding and that these effects were blocked by administra-
tion of an ER-β agonist (DPN). In addition, Hsieh et al. (2006) reports
that mitochondrial ER-β is important for up-regulation of mitochondrial
respiratory complex proteins, and that DPN administration protects in
a trauma hemorrhage model by activation of mitochondrial ER-β. These
data suggest that estrogen, through the β-estrogen receptor, plays a role
in the protection observed in the female heart.

In contrast to these studies, Zhai et al. (2000) found that hearts from
αERKO mice showed increased injury in a model in which hearts were
subjected to 45 min of global ischemia at 4 °C followed by 180 min of
oxygenated reperfusion at 37 °C. Male αERKO hearts started beating
later and had more fibrillation than wild-type hearts. Wang et al. (Wang
et al. 2006) subjected Langendorff perfused mouse hearts to 20 min
of ischemia and 60 min of reperfusion and found that male hearts had
poorer recovery of the rate of change in developed pressure (dP/dt).
They further showed that female mice lacking ER-α had a similar re-
covery of dP/dt to males that was worse than that observed in wild-type
females. Also consistent with a role for ER-α in different model of car-
dioprotection, Booth et al. (2005) reported that i.v. administration of
an ER-α selective agonists, PPT (3 mg/kg) 30 min prior to coronary
occlusion significantly reduced infarct size (18% PPT vs 45% vehi-
cle) in rabbit hearts. The protection afforded by PPT was blocked by
co-administration of ICI-182,780. Administration of the ER-β selective
agonists DPN (3 mg/kg) did not reduce infarct size (45%). In ovariec-
tomized rabbits, PPT at a 3-mg/kg dose also reduced infarct size, al-
though it was not as protective as estradiol. However, 10 mg/kg of PPT
was as protective as estradiol. It is not clear how the doses of PPT and
DPN were chosen and how these doses related to the dose response of
other target tissues (e.g., uterine weight or gonadotropin inhibition).

Thus there is no clear consensus regarding the role of ER-α vs ER-β
in cardioprotection. This discrepancy may be due to the different mod-
els of injury. ER-β appears to be important in a model of global is-
chemia and reperfusion and a model of trauma hemorrhage, whereas
ER-α appears to be important in a model of cardioplegia or when given
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as a bolus at high doses prior to ischemia. In addition, it is not clear
whether the protective effects of estrogen are mediated by direct ef-
fects on cardiomyocytes, the vasculature, or some other target tissue
cell types. Clearly, additional studies will be necessary to delineate the
relative role of ERs in cardioprotection.

3.2 Hypertrophy

In contrast to the discrepancies regarding the role of ER-α and ER-β in
protection from ischemia–reperfusion injury, there is good agreement
that ER-β is important for the reduced hypertrophy observed in many
models. Skavdahl et al. performed transverse aortic constriction (TAC)
and sham operations in male and female wild type, α-ERKO, and β-
ERKO mice (Skavdahl et al. 2005). Body, heart, and lung weights were
measured 2 weeks after surgery. Wild-type male mice subjected to TAC
showed a 64% increase in the heart to body weight (HW/BW) ratio
compared to sham. Wild-type female mice subjected to TAC showed
a 31% increase in HW/BW compared to sham, which was significantly
less than their male counterparts. α-ERKO females developed
a HW/BW ratio nearly identical to that seen in wild-type littermate
females in response to TAC, indicating that ER-α is not essential for
the attenuation of hypertrophy observed in wild-type females. In con-
trast, β-ERKO females responded to TAC with a significant increase
in the HW/BW ratio compared to wild-type littermate females, indi-
cating an important role for the ER-β in attenuating the hypertrophic
response to pressure overload. Similarly, Pelzer et al. (2005) have re-
ported that mice lacking ER-β have increased mortality and increased
pro-ANP in heart failure due to myocardial infarction. Also consistent
with a role for ER-β in hypertrophy, Babiker et al. (Babiker et al. 2006)
used ER-α- and ER-β-deficient mice and showed that ER-β mediates
the estradiol-dependent reduction in left ventricular (LV) hypertrophy
following transaortic constriction. Thus, ER-β appears to be involved in
the reduced hypertrophy observed in females. Interestingly, Peter et al.
(2005) showed that in women, but not men, two polymorphisms in ER-
β (ERS2 rs1256031 and ERS2 rs1256059) were associated with LV
mass and LV wall thickness. The protective effects of estrogen with
regard to cardiac hypertrophy also appear to be age-dependent. Jazbu-
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tyte et al. (2006) show that estrogen administration to young and senes-
cent ovariectomized SHR rats inhibited uterus atrophy and gain of body
weight, but cardiac hypertrophy was attenuated only in the young rats.

4 Direct Versus Indirect Effects of Estrogen in Heart

The protection observed in females and with addition of estrogen may
be mediated by indirect systemic effects or by direct effects on car-
diomyocytes. Jovanovic et al. (2000) showed that cardiomyocytes pre-
treated with estradiol (10 nM) had reduced cytosolic calcium overload
following metabolic inhibition (3 min exposure to dinitrophenol fol-
lowed by washout of dinitrophenol). These data suggest that estrogen
has direct cardioprotective effects on cardiac myocytes. However, some
investigators have questioned whether either ER is present in heart (For-
ster et al. 2004). Clearly, additional studies are needed to define the
mechanism for the protection observed in females. Studies with cardiac-
specific loss of ER-α and ER-β would help in defining the direct effects
of estrogen in heart.

There is also a controversy regarding whether mitochondria con-
tain functional estrogen receptors. Yang et al. (2004) used immuno-
cytochemistry, immunoblotting, and mass spectrometry to show that
ER-β localizes to the mitochondria. However, Schwend and Gustaffson
(2006) have questioned the MALDI-TOF identification of ER-β. Oth-
ers have also reported mitochondrial localization of ER. Pedram et al.
(2006) find ER-α and ER-β in MCF-7 and endothelial cells. They also
find that estrogen inhibits UV-induced cytochrome c release, decreased
in mitochondrial membrane potential, ROS production, and apoptosis.
To determine whether these estradiol effects on mitochondria are direct
vs indirect via nuclear transcriptional regulation or membrane-bound
ER activating PI-3 kinase (Simoncini et al. 2000), the ligand-binding
domain of ER-α was targeted to the plasma membrane or the nucleus
or the mitochondria in HCC-1569 or CHO cells. With nuclear local-
ization of ER-α, addition of estrogen did not protect from UV irradia-
tion. However, both mitochondrial and membrane localized ER-α pro-
vided protection. In another model, Pedram et al. (2006) showed that
UV irradiation of mitochondrial induces cytochrome c release, which
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was blocked by addition of estrogen to the mitochondria. They further
showed that the ER-β-selective agonist (DPN) was more potent than
the ER-α-selective agonist (PPT) in inhibiting cytochrome c release,
suggesting ER-β as the mediator of the action. Parkash et al. (2006) re-
port that estrogen addition to MCF7 cells can modulate mitochondrial
calcium uptake. Similarly, Lobaton et al. (2005) reported that several
agonist and antagonist of estrogen receptors modulate calcium uptake
into the mitochondria.

5 Summary

More definitive evidence is emerging that estrogen is producing effects
on a variety of organ systems not previously thought to be directly re-
sponsive. As for the cardiovascular system, it would appear that the two
ER proteins provide differential and unique functions, for ER-β in the
heart, and ER-α in the peripheral vasculature. Additionally, besides the
well known and studied areas of gene regulation, estrogen appears to
influence cellular functions involving other actions besides gene regula-
tion, such as Ca+2 signaling or mitochondrial response, which are now
being more appreciated as part of its physiological action. Continued
research in these directions will undoubtedly uncover even more novel
actions for estrogen and the ER. Determining the specific mechanisms
and ER forms mediating the effects will then provide new therapeutic
approaches for expanding the development of ER-selective agonists and
antagonists to produce more effective treatments.
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Abstract. The multiple actions of estrogen in mammalian physiology are
brought about, on a molecular level, by several signaling pathways, and me-
diated by at least two receptors-estrogen receptor (ER) α and β. Analysis of
knock-out mice devoid of either or both receptor isoforms revealed the essential
function of estrogen receptor α in female reproduction, as ERα deficiency leads
to a complex endocrine phenotype, severe disturbances in several reproduc-
tive organs, and infertility. This reflects the many actions of estrogen in female
reproductive endocrinology. To carry the understanding of estrogen action to
a cellular resolution, modern genetic technologies can be employed, including
artificial chromosome-based transgenesis and conditional gene targeting. The
combination of these techniques yields mouse models that lack ERα in specific
cell types of the body. Using cell-type-specific ERα mutants, it could be shown
that ERα in neurons is essential for the luteinizing hormone (LH) surge that trig-
gers ovulation. Studies using ERα and ERβ-selective agonists reveal that ERα

activation is sufficient to induce an ovulatory hormonal stimulus. Thus, genetic
analysis and selective pharmacological tools can complement each other in the
molecular and cellular dissection of hormone receptor function in vivo.

1 Introduction

1.1 Estrogen Receptor α:
What Have We Learned from Knock-Out Mice

Apart from the hallmark functions of estradiol in maintaining female
reproductive capacity-stimulation of uterine growth, mammary gland
development and growth, and feedback regulation of the gonadotropin
axis to establish the estrous cycle-it influences a number of processes in
the body that are not connected to female reproduction. Its trophic ac-
tions on bone mass are well described, and its ability to prevent bone
loss in postmenopausal women has been exploited clinically. While
estradiol has vasculoprotective effects in preclinical models, recent clin-
ical data have added controversy over whether this translates to clini-
cal reality (Mendelsohn and Karas 2001; Turgeon et al. 2004). In car-
diovascular disorders such as atherosclerosis, matters are complicated
by a multimodal regulation of immune functions by estradiol (Carlsten
2005), and its influence on the blood lipid and protein profile (Blum and
Cannon 1998).
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In the central nervous system, the actions of estradiol exceed the
endocrine feedback regulation, as estradiol has been shown to protect
against brain injury, neurodegeneration, and cognitive decline. Clini-
cal data suggest that estradiol reduces the risk of the onset and delays
the progression of neurodegenerative diseases (van Amelsvoort et al.
2001).

The understanding of estrogen action both in the female reproductive
tract and in other tissues has greatly profited from the analysis of mice
with targeted mutations in the genes for the estradiol-producing enzyme
aromatase (Jones et al. 2000; Simpson et al. 2005 and accompanying
article by McPherson et al. and Simpson et al.), or in the two estrogen
receptor isoforms estrogen receptor α (ERα) and estrogen receptor β

(ERβ) (Couse and Korach 1999; Hewitt et al. 2004). In fact, a crucial
role of the estrogen-ERα pathway in the male reproductive tract could
be defined studying mice devoid of ERα (Eddy et al. 1996).

Nevertheless, challenges in estrogen research remain wherever the
biological integration of estrogen actions involves hormone and recep-
tor action in several organs (as in endocrine feedback regulation) or in
different cell types and systems over a long time (e.g., in the cardiovas-
cular system). In this article, we describe how novel genetic tools, such
as cell-type-specific receptor ablation can be used to further the under-
standing of estrogen action in complex systems, and how genetic anal-
ysis can be complemented pharmacologically using receptor isoform-
specific ligands.

1.2 Which Receptor for Which Estrogen Actions?
ERα and ERβ , Novel ERs

The two known nuclear estrogen receptors in vertebrates, ERα and ERβ,
are encoded by separate genes (Esr1 and Esr2). Apart from the clas-
sical pathway (ligand diffusion, binding, transcriptional regulation) of
nuclear hormone receptor action on hormone response elements (Beato
et al. 1995), these receptors can also affect gene expression by influ-
encing other transcription factors (Göttlicher et al. 1998), or regulate
cytoplasmic signaling pathways upon binding to their ligand (so-called
nongenomic or membrane-initiated steroid signaling (Hall et al. 2001)).
A number of rapid estrogen actions could be demonstrated to rely on
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classical ERs, (see below). Prior to assigning a specific estrogen recep-
tor signaling pathway to a biological action of estrogen, it is of course
instrumental to identify the estrogen receptor isoform responsible for
the biological effect under study. The aspect of assigning a biological
action to a receptor isoform may sound trivial where one isoform is pre-
dominant (e.g., ERα in uterus, or ERβ in ovarian granulosa cells), but
gains importance in tissues were both receptor isoforms are expressed
(e.g., in brain) or where several cell types with varying expression of
ERs interact (e.g., in the vessel wall). Furthermore, several alternative
molecules have been suggested to mediate rapid actions of estrogens
(Revankar et al. 2005; Valverde et al. 1999). The analysis of knock-out
mice devoid of a specific isoform – and, once available, knock-out mice
devoid of these alternative target structures – remains the gold stan-
dard in this crucial step during research. For instance, Abraham et al.
(2004) used ER knock-out mice to show that estrogen-stimulated CREB
phosphorylation in CNS neurons – a rapid, nongenomic effect – is me-
diated by classical ERs. This genetic analysis can be complemented,
where possible, with receptor isoform-specific ligands (Bologa et al.
2006; Harris et al. 2003; Hillisch et al. 2004; Katzenellenbogen et al.
2001).

1.3 Knock-Out Mice Revealed a Central Role
of ERα in the Reproductive System

The first available ERα knock-out mouse model (called ERαKOneo)
was generated by Korach and co-workers in 1993 (Lubahn et al. 1993).
Lately, analysis of this “Chapel Hill” ERαKO line revealed an incom-
plete deletion of the ERα gene, as some tissues express a truncated form
of the ERα protein (including the ligand-binding domain, yet devoid
of the N-terminal activation function-1 (AF-1) (Pendaries et al. 2002)
at low levels. The first ERβ knock-out mouse was established in 1998
(Krege et al. 1998). In 2000, newly targeted ERαKO and ERβKO lines
were generated that showed a complete loss of the respective recep-
tor (Dupont et al. 2000). The gene structure of steroid hormones can
explain these differences in residual allele function: the first targeted
mutations of steroid receptor alleles focussed on exon 2 (harboring the
ATG start codon and AF1), but in some cases, transcripts can be gen-
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erated including all exons from 3 onward. These transcripts retain both
the DNA-binding domain (DBD) and the ligand-binding domain (LBD)
(Cole et al. 1995; Mittelstadt and Ashwell 2003). Targeting exon 3,
however, deletes the coding sequence for the very DNA-binding amino
acids and thus abrogates DBD function. This strategy has been shown
to result in nonfunctional alleles, as potential splice variants omitting
the DBD should not have an open reading frame (Tronche et al. 1999;
Wintermantel et al. 2006; T.M. Wintermantel, unpublished data).

This difference between the two ERαKO lines has shown to be of
relevance in experiments addressing cardiovascular function (Pendaries
et al. 2002), but their phenotypes are very similar in the female and
male reproductive system, and very distinct from the ERβKO. Thus, in
the remainder of this article, the term “ERαKO” will be used for either
of the two lines.

Both sexes of the ERαKO are infertile, whereas only females of
the ERβKO show a subfertile phenotype. The female ERαKO has im-
mature ductal rudiments in the mammary tissue, whereas ERβKO fe-
males show a normal postnatal development of the mammary epithe-
lial ducts (Forster et al. 2002; Mueller et al. 2002). ERαKO show ele-
vated levels of LH, estrogen, and testosterone and low prolactin levels,
while ERβKO mice have normal hormone levels (Couse et al. 2003).
In the ERαKO ovary, hemorrhagic cystic follicles begin to develop at
the beginning of puberty as a result of chronically elevated LH. In the
ERβKO ovary, no signs of ovarian hyperstimulation are seen, but rather
an impaired granulosa cell development (Couse et al. 2005; Krege et al.
1998). The uteri of ERαKO are severely hypoplastic and insensitive to
estrogens, whereas ERβKO uteri show normal responses to estradiol
treatment (Hewitt and Korach 2003). In summary, analysis of knock-out
animals has revealed several essential functions for ERα in female fer-
tility (HPG axis, uterus, mammary gland), whereas ERβ was shown to
contribute to follicular granulosa cell function and may modulate HPG
axis feedback (Dorling et al. 2003; for review, see Couse and Korach
1999; Hewitt et al. 2004). Studies in the cardiovascular system suggest
specific, distinct roles for both receptors: ERα mediates estrogen effects
on neointima formation in models of vessel injury (Pare et al. 2002),
whereas ERβ seems to play a role in smooth muscle cells and blood
pressure regulation (Zhu et al. 2002).
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1.4 Challenges to Understanding Knock-Out Animal Models:
Endocrine Regulation, Cell-Type-Specific Effects

The ERαKO model is a powerful tool for the understanding of ERα

actions in mice, yet its contributions to the understanding of particu-
lar endocrine circuits and cell-type-specific events regulated by ERα is
limited. In this model, the receptor is ablated in all tissues throughout
development, so phenotypes can occur that represent the integration of
several dysregulated circuits over time instead of.

Even though the ERαKO mouse phenotype shows that ERα is funda-
mental for the regulation of the hypothalamic-pituitary-gonadal (HPG)
axis, it remains to be understood how and on which cell type of the
HPG axis ERα acts. In the hypothalamus, GnRH neurons themselves
are ERα-negative (Herbison and Pape 2001). In the pituitary, LH but
not follicle-stimulating hormone (FSH) secretion is influenced by ERα

(Couse et al. 2003). It is the combined ablation of estrogen signaling in
the hypothalamus and the pituitary that leads to the anovulatory ERαKO
phenotype, with the ovulation process itself not being dependent on
ERα action locally (Couse et al. 1999).

It has been demonstrated that estrogen has neuroprotective effects in
models of brain ischemia, and that these effects are lost in the ERαKO
(Dubal et al. 2001). But it remains to be determined whether this neuro-
protective effect is mediated by ERα action in neurons, microglial cells,
or endothelial cells.

In a different context, it is unclear whether ERα prevents atheroscle-
rosis by regulating cells of the immune system or if it acts primarily on
endothelial or smooth muscle cells of the vascular system (Mendelsohn
and Karas 1999).

These examples show the necessity of tissue- and cell-type-selective
techniques to investigate ERα action on a cellular level in vivo.

2 The Cre-loxP System and Tissue-Specific Mutagenesis

To address the issues mentioned above, the Cre-loxP recombination sys-
tem can be used. It allows the ablation of the gene of interest in any
desired cell population without affecting the gene’s function in other
organs.



Genetic Dissection of Estrogen Receptor Signaling In Vivo 31

The Cre-loxP-system was first described in bacteriophages and
consists of two components: a sequence-specific recombinase (Cre,
a 36-kDa protein) and a DNA sequence flanked by loxP sites (34-bp
DNA elements, which are recognized the Cre-recombinase) (Nagy
2000). The Cre-recombinase catalyzes recombination of two loxP sites.
There are no other compounds or cofactors necessary to catalyze this re-
action, which has been demonstrated to work in Escherichia coli, yeast,
plants, and animal organisms. Flanking an essential exon of a gene

Fig. 1. The Cre-loxP technology for conditional mutagenesis in the mouse.
The gene of interest is floxed by gene-targeting techniques. This mouse line is
bred to a transgenic mouse expressing Cre under the control of a tissue-specific
promotor. This leads to gene deletion only in those cells or tissues that express
Cre recombinase. (Reproduced with permission from Wintermantel et al. (2004)
by Georg Thieme)
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by loxP sites and recombination of these sites by the Cre-recombinase
leads to loss of the exon sequence and thereby to the loss of the cell’s ca-
pability to translate a functional protein. In vivo, gene targeting enables
the loxP tagging of a gene of interest. Cell-type-specific expression of
the Cre-recombinase is achieved by a transgenic construct to drive tran-
scription of a Cre-cDNA under control of a tissue-specific promotor.
Breeding of a Cre-transgenic mouse line to a second mouse line harbor-
ing the loxP-tagged gene of interest results in a mouse model that lacks
the gene of interest in a distinct cell population only (Fig. 1).

This technology allows the investigation of the role of a gene in a cer-
tain organ or cell type without distortion caused by systemic influences,
as well as the role of a hormone receptor in a specific organ in a complex
endocrine circuit.

3 Establishing a Conditional Allele
for the Estrogen Receptor

To investigate tissue-specific actions of the ERα using cell-type-specific
gene ablation, a conditional allele of the Esr1 allele in the mouse was
generated by gene targeting (Wintermantel et al. 2006): the Esr1 gene
in mouse embryonic stem cells was modified to carry loxP sites sur-
rounding exon 3 (Fig. 2a; see above). From these embryonic stem cells,
the ERαfl mouse line was established. The functionality of this allele
was shown first by normal ERα expression and fertility in mice ho-
mozygous for the ERαfl allele, then by loss of ERα protein after Cre-
mediated recombination (Fig. 2; see below). Finally, mice homozygous
for a germline deletion of the ERαfl gene (achieved by breeding the
ERαfl line to a Cre deleter) show a phenotype very similar to the phe-
notype described for ERαKO knock-out animals, including polycystic
ovaries and uterine hypoplasia (T.M. Wintermantel and G. Schütz, un-
published data).

Using the ERαfl mouse line (or the similar line described by Dupont
et al. 2000) in conjunction with a Cre-expressing transgenic mouse line,
the function of ERα in different cell types can be studied in the context
of an intact organism with normal reproductive physiology, including
normal estrogen levels and estrous cycle.
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Fig. 2a–c. Generation and analysis of a conditional allele for mouse ERα: a The
floxed allele (second line) gives rise to the wild-type mRNA (top line). After
Cre-mediated recombination and excision of exon 3, the deleted allele (third
line) is unable to generate more than a knock-out mRNA (fourth line) lacking
an open reading frame. b,c Hepatocyte-specific ablation of ERα. RT-PCR (b)
with primers depicted in a shows normal signal from wt mRNA in fl/fl controls,
and a faint band that stems from the deleted allele. c Liver of ERαfl/fl; AlfpCre+

mice (second lane) is devoid of ERα protein, as judged by Western blot

3.1 Hepatocyte-Specific ERα Ablation

By breeding the ERαfl mouse line to the AlfpCre mutant mouse line
(Kellendonk et al. 2000), ablation of the ERα could be achieved in
hepatocytes (Fig. 2b,c; T.M. Wintermantel and G. Schütz, unpublished
data). These mice are fertile and show no overt phenotype. In contrast
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to the ERα knock-out mice, which are obese (Ohlsson et al. 2000),
liver-specific ERα knock-out mice do not develop obesity, nor do they
show any histopathological alteration in livers of either male or female
mutants. Whereas the reaction of liver-specific ERα knock-out mice to
metabolic stimuli or stress remains to be investigated, this mouse line
demonstrates that, under basal conditions, hepatic estrogen receptor α

does not play a critical role in body weight regulation, or, in other words,
that the lack of ERα action in liver does not specifically contribute to the
obese phenotype of the ERαKO mouse.

4 Ablation of the Estrogen Receptor
in the Nervous System and Endocrine Regulation

Mice carrying a deletion of ERα in neuronal cells were generated by
breeding the ERαfl line to the CaMKIIαCre-transgenic mouse line
(Casanova et al. 2001). These mice lack ERα specifically in neurons of
the central nervous system, whereas the receptor protein is still present
in other cells, including the anterior pituitary (see Fig. 3a–d; Winter-
mantel et al. 2006).

4.1 Phenotype

Adult female brain-specific ERα-mutant mice were found to be infertile
and exhibit striking abnormalities in their reproductive organs
(Fig. 3e,f): in the mutants, the uterus was grossly enlarged and filled
with liquid, with the endometrium proper being severely atrophic and

�
Fig. 3a–h. Generation and phenotype of neuron-specific ERα mutants. a,c
ERα immunoreactivity in hypothalamus and pituitary of control ERαfl/fl mice.
b Lack of detectable ERα protein in the hypothalamus of neuron-specific
ERαfl/fl; CaMKCre+ mutant mice, yet normal ERα expression in the pi-
tuitary (d). f,h Characteristic uterine and ovarian phenotype (see text) in
neuron-specific ERαfl/fl; CaMKCre+ mutant mice, as compared to ERαfl/fl
controls (e,g). e,f Mouse uterus upon dissection. Inset H&E staining of en-
dometrium shows lack of glandular structures in mutants (f). g,h H&E stainings
of ovaries. (Adapted from Wintermantel et al. 2006)
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devoid of glandular structures, with signs of granulocyte infiltration.
This phenotype is first observed at the age of 5 weeks, suggesting a con-
nection with the onset of ovarian steroid synthesis. In fact, after ovariec-
tomy, the uterine inflammation regresses (data not shown). In line with
this hypothesis, ovaries of brain-specific mutant mice showed histologi-
cal signs of gonadotropin hyperactivation: in mutant mice, ovaries con-
tained a large number of antral follicles compared with wild-type ani-
mals (Fig. 3g,h). Interestingly, we did not observe corpora lutea in the
mutants, suggesting an inability of the mutants to ovulate.

4.2 Disrupted Estrogen-Positive Feedback
in Mice Lacking ERα in Neurons

In order to establish whether estrogen feedback leading to ovulation was
still intact in these mice, estrogen-positive gonadotropin regulation was
investigated.

Whereas wild-type, homozygous ERαfl controls or CaMKIIαCre
transgenic mice harboring wild-type ERα alleles were able to mount an
LH surge following estrogen stimulation several days after ovariectomy
and estrogen replacement, the neuron-specific ERα knock-out animals
failed to exhibit the LH surge. This correlated with an inability to acti-
vate GnRH neurons in the preoptic hypothalamus, as assessed by c-fos
staining. Control mice, in contrast, show robust activation of GnRH neu-
rons after estrogen stimulation, concomitant with the LH surge. Simi-
larly, ERβ knock-out mice are fully capable of activating GnRH neurons
and eliciting an LH surge when examined in the same experimental set-
ting (Wintermantel et al. 2006).

These results demonstrate that ERα in neurons is essential for estro-
gen-positive feedback and, thus, for physiological ovulation to occur.
The infertile reproductive phenotype of neuron-specific ERα mutant
mice can entirely be explained by the absence of estrogen-positive feed-
back. Ovarian histology shows an absence of corpora lutea and abun-
dance of antral follicles supporting the failure of the ovulatory mecha-
nism. Unlike in the global ERαKO (Dupont et al. 2000; Lubahn et al.
1993), the uteri of neuron-specific ERα mutant mice remain sensitive to
estrogen and can be ectopically stimulated by tonically (noncycling) el-
evated estrogen levels. Thus, the reproductive phenotype of the neuron-
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specific ERα mutant mouse model is compatible with that of an animal
lacking positive feedback. This would enable relatively normal basal
gonadotrophin secretion from the pituitary, sufficient to promote follic-
ular growth and estrogen production. In contrast to the global ERαKO,
estrogen-negative feedback on the pituitary is still possible in thismodel,
restraining circulating LH and preventing a hemorrhagic follicular phe-
notype (Wintermantel et al. 2006). Yet in the absence of ERα signaling
in the brain, no positive feedback, no gonadotropin surge, and no ovu-
lation is possible.

5 Knock-Out Mice and Isoform-Selective Agonists

Genetic loss-of-function models have been powerful tools for the identi-
fication of biological processes regulated by a certain gene, or, as shown
in the case of the ERα/ERβ mutant, to identify the gene or receptor
(out of more than one isoform) responsible for the biological process
under study. One caveat, however, remains for the interpretation even
of highly cell-type-specific gene ablations: the phenotype of a mutant
model is subject to developmental processes that could, in turn, depend
on the very gene that is ablated. The role of ERα, for example, could be
to contribute to the establishment of the neuronal network responsible
for positive feedback – and ERβ action, in turn, could be important for
feedback in a wild-type context where it has not been lacking through-
out development. To answer these questions, selective receptor ligands
(chemical genetics) have been an important tool. It should be kept in
mind that, on the one hand, specificity and in vivo selectivity of chem-
ical compounds is always a source of uncertainty – for many specific
kinase inhibitors, off-target effects were identified (Daub et al. 2004).
This fact and the identification of novel receptors or target structures for
classical hormones (with different pharmacological properties) might
cause reinterpretation of data obtained in experiments where a synthetic
compound was used to study a specific gene’s or receptor’s biological
action. However, when combining pharmacological and genetic data,
the specific strengths of both approaches can be seized: the unambigu-
ousness of a genetic loss-of-function experiment, and the greater ver-
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satility (concerning time control and species usage) of pharmacological
experiments.

5.1 In Vivo Observations Using ER-Isoform-Selective Steroids

The steroidal estrogen receptor-subtype-selective agonists 16α-LE2

(ERα-selective) and 8β-VE2 (ERβ-selective) have been designed using
molecular modeling structures (Fig. 4). When their in vivo pharmaco-
logical properties were studied, interesting insights into the function of
the two estrogen receptor isoforms were obtained in several experimen-
tal models in the rat (Hegele-Hartung et al. 2004; Hillisch et al. 2004):

In line with the high expression of ERβ in granulosa cells of the ovary
(Kuiper et al. 1996) and the functional impairment of the ERβ knock-
out ovarian follicle (Couse et al. 2005; Emmen et al. 2005), the ERβ-
selective agonist 8β-VE2 has been found to stimulate ovarian follicle
development in hypophysectomized rats (Hegele-Hartung et al. 2004).
The ERα-selective agonist, 16α-LE2-stimulated uterine weight, where
8β-VE2 was ineffective at isoform-selective doses (Hillisch et al. 2004).

Fig. 4. Structures of 3,17-Dihydroxy-19-nor-17 alpha-pregna-1,3,5(10)-triene-
21,16 alpha-lactone (16αL-E2, ERα-selective, left) and 8-Vinylestra-1,3,5(10)-
triene-3,17 beta-diol (8βV-E2, ERβ-selective, right), along with a summary of
the specific actions discussed in the text (Hillisch et al. 2004)
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These data are in good agreement with the studies in ERα and ERβ

knock-out mice, where it was shown that the uterotrophic responses to
estradiol are primarily mediated via ERα, and occur normally in the ab-
sence of ERβ (Hewitt and Korach 2003). Similarly, 16α-LE2 reduced
serum cholesterol (Hillisch et al. 2004), in line with studies using ERα

knock-out mice that showed an essential function of this receptor in
cholesterol homeostasis (Ohlsson et al. 2000).

5.2 ERα- and ERβ-Selective Ligands in Feedback

The studies in global ERα, ERβ, and neuron-specific ERα knock-out
mice (see Sect. 4 above) indicated that the presence of ERα in neurons
is necessary for positive feedback. To investigate whether the signaling
of ERα is sufficient, the steroidal subtype-selective agonists 16α-LE2

and 8β-VE2 were studied in wildtype mice under the same experimen-
tal paradigm for positive feedback used for the knock-out mice. These
experiments showed that 16α-LE2 was capable of eliciting both an LH
surge and the activation of GnRH neurons, whereas 8β-VE2 was not
(Wintermantel et al. 2006; T.M. Wintermantel, R. Porteous and A.E.
Herbison, unpublished data), which not only is consistent with the data
obtained from knock-out mice, but also establishes that ERα signaling
in neurons is both necessary and sufficient for estrogen-positive feed-
back to occur.

In the global ERα knock-out mice, basal LH levels are highly ele-
vated, leading to hemorrhages and cysts in the ovary. This effect is not
seen in the neuron-specific ERα knock-out mice, indicating that ERα

signaling in the pituitary, which is still intact in these mice yet absent
in the global ERα knock-out mice, is capable of controlling basal LH
levels (whereas no LH peak can occur in either of the two models).
A role for ERα in pituitary estrogen-negative gonadotropin feedback is
also suggested by experiments using ovariectomized rats: in this model,
16α-LE2 suppresses the increase in LH and FSH evoked by ovariec-
tomy, whereas 8β-VE2 is not effective at selective doses (Hillisch et al.
2004). In summary, the concurrent genetic and pharmacological data
highlight the specific role of ERα in endocrine regulation.
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6 Summary

The molecular understanding of estrogen action has greatly profited
from the analysis of ERαKO and ERβKO mice. To investigate complex
aspects of endocrine physiology in closer detail and cellular resolution,
tissue-specific mutagenesis is an important tool. The analysis of more-
and more detailed-cell-type specific estrogen receptor mutant models
will undoubtedly add valuable information about estrogen signaling in
complex physiological and pathological processes, e.g., atherosclerosis
or estrogen-mediated vasculo- and neuroprotection. The availability of
subtype-selective ER ligands can add important insight to these stud-
ies. After the definition of a receptor isoform responsible for estrogen
action in a given process, the next crucial step in estrogen receptor re-
search will be to dissect the different signaling pathways of the receptor.
This will involve both mechanism-selective mutations, and, ultimately,
mechanism-selective ligands.
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Abstract. Models of estrogen insufficiency have revealed new and unexpected
roles for estrogens in males as well as females. These models include natural
mutations in the aromatase gene in humans, as well as mouse knock-outs of
aromatase and the estrogen receptors, and one man with a mutation in the ERα

gene. These mutations, both natural and experimental, have revealed that estro-
gen deficiency results in a spectrum of symptoms. These include loss of fertility
and libido in both males and females; loss of bone in both males and females;
a cardiovascular and cerebrovascular phenotype; development of a metabolic
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syndrome in both males and females, with truncal adiposity and male-specific
hepatic steatosis. Most of these symptoms can be reversed or attenuated by
estradiol therapy. Thus estrogen is involved in the maintenance of general phys-
iological homeostasis in both sexes.

1 The Concept of Local Estrogen Biosynthesis

Models of estrogen insufficiency have revealed new and unexpected
roles for estrogens in both males and females. These models include
natural mutations in the aromatase gene in humans, as well as mouse
knock-outs of aromatase and the estrogen receptors (Lubahn et al. 1993;
Krege et al. 1998; Couse et al. 1999; Dupont et al. 2000; Fisher et al.
1998; Jones et al. 2000). In addition, there is one man described with
a natural mutation in ERα (Smith et al. 1994). Some of the roles of estro-
gens apply to both males and females and do not relate to reproduction,
for example the bone, vascular, and metabolic syndrome phenotypes.

In postmenopausal women, in whom the ovaries cease to produce
estrogens, and in men, estradiol does not appear to function to any great
extent as a circulating hormone; instead, it is synthesized in a number
of extragonadal sites such as breast, brain, and bone, where its actions
are mainly at the local level as a paracrine or intracrine factor. Thus,
in postmenopausal women and in men, circulating estrogens are not
the drivers of estrogen action; instead, they reflect the metabolism of
estrogens formed in these extragonadal sites; they are reactive rather
than proactive (Labrie et al. 2003). Importantly, estrogen biosynthesis
in these sites depends on a circulating source of androgenic precursors
such as testosterone.

Table 1 shows the plasma steroid levels in postmenopausal women
and in men. As can be seen, the levels of estrone and estradiol in the
plasma of postmenopausal women are extremely low, lower in fact than
those in the circulation of men; and moreover, the levels of circulating
testosterone are an order of magnitude greater than those of estrogens
in postmenopausal women. This in itself would suggest that circulating
testosterone is better placed to serve as a precursor of functional estra-
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Table 1 Plasma steroid levels in postmenopausal women and in men

Women (nmol/L) Men

T 0.6 12
∆4 2.5 4
E1 0.10 0.13
E2 0.04 0.10
DHEA 15 10
DHEAS 2500 2000

diol in target tissues than is circulating estradiol. On the other hand, the
levels of testosterone in the blood of men are an order of magnitude
higher than those of women. Significantly, levels of dehydroepiandros-
terone (DHEA) and DHEA sulfate (DHEAS) in the blood of both men
and women are orders of magnitude higher than those of the circulating
active steroids. In postmenopausal women, the ovaries secrete 25%–
35% of the circulating testosterone. The remainder is formed peripher-
ally from androstenedione and DHEA produced in the ovaries and from
androstenedione, DHEA, and DHEAS secreted by the adrenals. How-
ever, the secretion of these steroids and their plasma concentrations de-
crease markedly with advancing age (Labrie et al. 1997).

Figure 1 shows the metabolism of testosterone and estradiol in a typ-
ical target cell (Labrie et al. 2003). Testosterone in this cell can be de-
rived from the uptake of testosterone or of androstenedione, DHEA, or
DHEAS, all of which may be converted in the target cell to testosterone.
Testosterone in turn can act directly on the androgen receptor or be con-
verted to dihydrotestosterone, which then acts on the androgen receptor.
Alternatively, testosterone can be converted to estradiol, which in turn
acts on the estrogen receptor. Testosterone and estradiol can then leave
the cell as such or be converted to reduced and conjugated metabolites
that circulate in the blood at concentrations higher than those of the ac-
tive steroids (Labrie et al. 2003). Based on these considerations, it is
difficult to see how one can readily equate plasma levels of testosterone
and estradiol to the concentrations that are present in target cells. These
considerations lead to the following conclusions regarding the signifi-
cance of peripheral steroid metabolism:
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Fig. 1. Pathways of metabolism of testosterone and estradiol in target tis-
sues. HSD, Hydroxysteroid dehydrogenase; 5-diol, 5/-androstanediol; 4-dione,
androstenedione; testo, testosterone; E1, estrone; E2, estradiol; DHT , dihy-
drotestosterone; UGT , UDP-glucuronyl transferase; G, glucuronate. (Repro-
duced with permission from Labrie et al. 2003)

1. Women and men make closer to equal amounts of testosterone
and estradiol than previously thought (on the order of 30%–40%
rather than 10% in the case of women relative to men), and both
hormones have major physiological roles in both sexes.

2. However, in premenopausal women, most of the testosterone is
formed, acts, and is metabolized in specific target tissues. Testos-
terone is a paracrine and intracrine factor, whereas in men it cir-
culates as a hormone and acts globally.
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3. On the other hand, in men most of the estradiol is formed, acts,
and is metabolized in specific target tissues, whereas in women it
circulates as a hormone and acts globally.

4. Finally in postmenopausal women, neither testosterone nor estra-
diol functions to any extent as a circulating hormone. Both are
mainly formed locally in target tissues and act and are metabo-
lized therein.

The power of local estrogen biosynthesis is illustrated in the case of
postmenopausal breast cancer (Pasqualini et al. 1996). It has been de-
termined that the concentration of estradiol present in breast tumors of
postmenopausal women is at least 20-fold greater than that present in
the plasma. With aromatase inhibitor therapy, there is a precipitous drop
in the intratumoral concentrations of estradiol and estrone together with
a corresponding loss of intratumoral aromatase activity, consistent with
this activity within the tumor and the surrounding breast adipose tissue
being responsible for these high tissue concentrations (DeJong et al.
1997).

In bone, aromatase is expressed primarily in osteoblasts and chon-
drocytes (Oz et al. 2001), and aromatase activity in cultured osteoblasts
is comparable to that present in adipose stromal cells (Shozu and Simp-
son 1998). Thus, it appears that in bone also, local aromatase expres-
sion is a major source of estrogen responsible for the maintenance of
mineralization, although this is extremely difficult to prove because of
sampling problems. Hence, for both breast tumors and for bone, it is
likely that circulating estrogen levels are minimally responsible for the
relatively high endogenous tissue estrogen levels; rather, the circulat-
ing levels reflect the sum of local formation in its various sites. This is
a fundamental concept for the interpretation of relationships between
circulating estrogen levels in postmenopausal women and estrogen in-
sufficiency or excess in specific tissues.

The second important point is that estrogen production in these ex-
tragonadal sites is dependent on an external source of C19 androgenic
precursors, because these extragonadal tissues are incapable of convert-
ing cholesterol to the C19 steroids (Labrie et al. 1997, 1998). As a con-
sequence, circulating levels of testosterone and androstenedione as well
as DHEA and DHEAS become extremely important in terms of pro-
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viding adequate substrate for estrogen biosynthesis in these sites, and
therefore differences in the levels of circulating androgens are likely to
be important determinants for the maintenance of local estrogen levels
in extragonadal sites. In this context, it is appropriate to consider why
osteoporosis is more common in women than in men and why it affects
women at a younger age in terms of fracture incidence. We have sug-
gested that uninterrupted sufficiency of circulating testosterone in men
throughout life supports the local production of estradiol by aromati-
zation of testosterone in estrogen-dependent tissues, and thus affords
ongoing protection against the so-called estrogen deficiency diseases.
This appears to be important in terms of protecting the bones of men
against mineral loss and may also contribute to the maintenance of cog-
nitive function and prevention of Alzheimer’s disease (Simpson et al.
2000).

2 Aromatase and Its Gene

Estrogen biosynthesis is catalyzed by a microsomal member of the cy-
tochrome P450 superfamily, namely aromatase cytochrome P450
(P450arom, the product of the CYP19 gene (Means et al. 1989; Harada
et al. 1990; Toda et al.1990; Simpson et al. 2002). The P450 gene super-
family is a very large one, containing over 3000 members in some 350
families, of which cytochrome P450arom is the sole member of family
19 (website of D. Nelson, http://drnelson.utmem.edu/cytochromeP450.
html). This heme protein is responsible for binding of the C19 andro-
genic steroid substrate and catalyzing the series of reactions leading to
formation of the phenolic A ring characteristic of estrogens.

3 Aromatase Deficiency

Remarkably few clinical cases have been reported of humans in whom,
as a result of a natural mutation, aromatase is nonfunctional. To date,
only seven males (Maffei et al. 2004; Morishima et al. 1995; Carani
et al. 1997; Hermann et al. 2002; Bouillon et al. 2004; Deladoey et al.
1999; Pura et al. 2003) and six females (Simpson 2004) have been re-
ported with aromatase deficiency. Affected females present at birth with
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ambiguous genitalia, and again at puberty with primary amenorrhea,
failure of breast development, hypergonadotropic hypogonadism, and
cystic ovaries. Symptoms regress with estrogen treatment but, as a result
of this therapy, the long-term sequelae of aromatase deficiency have not
been studied in women. Consequently this review focuses on the male
phenotype.

All mutations accounting for the aromatase deficiency in affected
males have been located within exons V or IX in the CYP19 gene
(Fig. 2). These regions are unlikely to represent mutational hotspots
in the aromatase gene but rather regions encoding essential functions
in the aromatization process. Indeed, exon V encodes residues essential
for the catalytic activity of the enzyme, whereas the highly conserved
exon IX contains the substrate-binding domain (Chen and Zhou 1992).

Each of these different mutations generates an inactive aromatase
enzyme, and therefore, not surprisingly, all adult male patients demon-
strate common phenotypic features that include undetectable estrogens;
normal to high levels of testosterone and gonadotropins; tall stature
with delayed skeletal maturation and epiphyseal closure, and eunuchoid
body proportions; and osteoporosis with bone pain and progressive genu

Fig. 2. Diagram of the human aromatase (CYP19) gene showing tissue-specific
promoter usage. The coding region comprises exons II–X. Upstream of the
translational start site (ATG) are a number of untranslated exons I that are
spliced into the coding region at a common three-splice junction in a tissue-
specific fashion due to use of the promoters I.1–I.4. The promoters are regulated
by the factors indicated. Because this splice junction is upstream of the start of
translation, the coding region is always the same, regardless of the tissue of
expression. HBR, heme-binding region
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valgum (knock knees). In addition, there are reports of hyperinsuline-
mia, impaired lipid metabolism, and impaired reproductive function
(Grumbach and Auchus 1999; Faustini-Fustini et al. 1999; Rochira et al.
2002) (Tables 2, 3). However, in order to identify and understand the
biochemical and molecular pathways orchestrating the actions of es-

Table 2 Metabolic and Liver Function Parameters of the Argentinian Patient

Before E treatment After E treatment

Total cholesterol (mg/dl) 177 110
LDL cholesterol 107 66
HDL cholesterol 31 41
Triglycerides 199 106
Glucose (70–110 mg/dl) 180 144
Insulin (5–30 µU/ml) 94 53
Fructosamine (µmol/l) 406 315

Liver function parameters:
GPT (< 37 U/l) 195 70
GOT (< 40 U/l) 108 45
γ-GT (< 11–50 U/l) 153 42

E, Estrogen; HDL, high-density lipoprotein; LDL, low-density lipoprotein;
GPT, glutamate Pyruvate transaminase; GOT, glutamate oxaloacetate transami-
nase; γ -GT, γ -glutamyltransferase

Table 3 ArKO mice develop insulin resistance

Insulin (m/Ul) Glucose (mmol/l)

ArKO
4 months old 5.98 ± 1.00 (3) N.D.
1 year old 38.67 ± 11.18 (5)∗ 8.52 ± 1.56 (3)

WT
4 months old 5.26 ± 0.75 (4) N.D.
1 year old 13.82 ± 3.82 (4) 8.61 ± 2.02 (3)

Data represent mean ± SEM (n) N.D., Not determined
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trogen in males, it is necessary to look to animal models such as the
aromatase-(ArKO) and estrogen receptor (ER–)-knock-out mice.

4 Consequences of Estrogen Deficiency in Males

Estrogen deficiency has an impact on many body systems. Comparing
estrogen-deficient men and mice will enable a deeper understanding of
the roles of estrogen in males. The common phenotypic features of
human males have been discussed above. Mice homozygous for the
disrupted aromatase gene (i.e., ArKO mice) are born phenotypically
normal. In males, testosterone levels were variable but generally el-
evated, as were serum levels of 5α-dihydrotestosterone (Fisher et al.
1998; McPherson et al. 2001; Robertson et al. 1999). Luteinizing hor-
mone (LH) levels were significantly elevated (Fisher et al. 1998), but
follicle stimulating hormone (FSH) levels were unchanged (Robertson
et al. 1999).

5 Estrogen in Skeletal Growth, Maturation,
and Maintenance

The importance of estrogen in maintaining bone mass in females is
firmly established, but estrogens also have an essential role in male
bone homeostasis, as indicated by studies in aromatase-deficient men
and mice. As indicated above, aromatase-deficient men are extremely
tall (>3 standard deviations; Oettel 2002), with continued linear growth
into adulthood, unfused epiphyses, increased bone remodeling, and re-
duced bone mineral density (BMD) (Oettel 2002; Gennari et al. 2004;
Khosla et al. 2002). Estradiol (E2) treatment caused cessation of linear
growth concomitantly with epiphyseal fusion, reduced bone turnover
and increased bone density (Carani et al. 1997; Bouillon et al. 2004;
Rochira et al. 2002; Khosla et al. 2002; Herrmann et al. 2005). Up until
the 1990s, it was believed that testosterone regulated bone metabolism
and pubertal bone growth in men, and estrogen was not considered
a player in the process (Khosla et al. 2002). However, this data gen-
erated from the aromatase-deficient men contributed significantly to the
growing body of evidence demonstrating the integral role of estrogen
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in bone growth and homeostasis in men (Gennari et al. 2004). Indeed,
the local conversion of circulating testosterone to active estrogen by
bone-specific aromatase is positively correlated with bone maintenance
(Simpson et al. 2002). The most recently diagnosed aromatase-deficient
male provided valuable information on the relative contribution of es-
trogen to bone growth around the time of puberty (Bouillon et al. 2004).
Daily administration of E2 between the ages of 17 years, 1 month, and
20 years, 5 months, increased lumbar spine and femoral neck BMD by
23% and 14, respectively, and the bone age increased from 12 years,
5 months to 16 years, 8 months. Body height increased by 8.5% and
bone size increased substantially. Continued linear growth with delayed
epiphyseal closure probably reflected the younger bone age at which E2

treatment was initiated, and the authors suggest that this provides evi-
dence that estrogens accelerate skeletal growth during puberty, and then
produce a growth-limiting effect through epiphyseal closure at cessation
of the pubertal transition.

A single case of estrogen insensitivity has been reported in a man
with a mutated ERα (Smith et al. 1994). Despite elevated levels of cir-
culating estrogen in the presence of normal testosterone, the estrogen
was ineffective. As with the aromatase-deficient men, this man was tall
and suffered from skeletal dysfunction – unfused epiphyses, osteoporo-
sis, delayed bone age, increased bone turnover, and progressive genu
valgum – further evidence that a healthy male skeleton requires active
estrogen and that the actions of E2 are likely to be mediated through
ERα.

Male ArKO mice at 5–7 months of age showed reduced femur length
compared with age-matched wild-type littermates (Oz et al. 2000), with
an absence of the expected femur growth acceleration during puberty
(Oz et al. 2001). This is the opposite effect to that occurring in men with
aromatase deficiency, who are tall as a result of the failure of their epi-
physeal plates to close. Reduced bone mass was evident in ArKO male
lumbar vertebrae, with significant decreases in trabecular bone volume
and thickness, concomitant with a low bone turnover characterized by
decreases in osteoblastic, osteoclastic, and mineralizing surfaces com-
pared with wild-type males, and supported by significant decreases in
serum osteocalcin levels (Oz et al. 2000). By contrast, a second group
reported increased bone turnover in male ArKO mice from their colony
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(Miyaura et al. 2001), which is in accordance with that observed in
aromatase-deficient men. E2 restored bone mass in these mice (Miyaura
et al. 2001). An explanation of the disparity in bone turnover indices re-
ported for these two colonies of ArKO mice is currently unclear, but it is
still possible to conclude that estrogen “profoundly influences processes
associated with bone turnover” (Oz et al. 2000; Miyaura et al. 2001).
Similarly to ArKO males, ERα-knock-out- (αERKO) and double ER-
knock-out (DERKO) mice have shortened femur length, and αERKO
males exhibit increased bone turnover (Khosla et al. 2002). Skeletons
of βERKO males appear normal, further confirming that ERα is the pri-
mary receptor mediating the actions of E2 on bone (Khosla et al. 2002).
This is consistent with the presence of skeletal and bone turnover de-
fects in the male human with a selective mutation in ERα who had high
endogenous estrogen levels and a normally functioning ERβ.

6 Energy Homeostasis and the Metabolic Syndrome

6.1 Adiposity

Aromatase deficiency in men is associated with a perturbed lipid pro-
file (Faustini-Fustini et al. 1999) (Table 2), and patients present with
body mass indexes (BMI) primarily in the overweight range (BMI 25–
30 kg/m2) (Maffei et al. 2004; Morishima et al. 1995; Carani et al. 1997;
Hermann et al. 2002; Pura et al. 2003) with an accumulation of abdom-
inal adipose tissue. Circulating levels of triglycerides generally are ele-
vated, with low circulating high-density lipoprotein (HDL) cholesterol.
Overall, lipid-associated parameters improved following E2 treatment;
however, results were variable, probably as a consequence of varying
treatment regimens or variations in genetic background. Indeed, the pa-
tient from Argentina (Maffei et al. 2004) received alendronate and sup-
raphysiological doses of testosterone sequentially for 37 months before
diagnosis of aromatase deficiency. Hence, baseline variables before E2

treatment might not be a true reflection of an aromatase-deficient pro-
file. With this in mind, after a no-treatment phase of 9 months before
beginning E2 therapy, total cholesterol and triglyceride levels were nor-
mal, and HDL cholesterol was decreased (Table 2).
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Severe hepatic steatosis has been observed in male, but not female,
ArKO mice (Jones et al. 2000; Takeda et al. 2003; Hewitt et al. 2003) as
a consequence of elevated hepatic triglyceride (sevenfold) and choles-
terol (~40%) levels (Hewitt et al. 2003). The retention of lipids in the
liver was accompanied by an increase in the expression of enzymes in-
volved in de novo lipogenesis, including fatty acid synthase and acetyl
coenzyme A carboxylase α, and the fatty acid transporter, adipocyte
differentiation-related protein (Hewitt et al. 2003). E2 administration
tended to reduce the expression of these genes and the hepatic steatosis
was ameliorated (Hewitt et al. 2004). Other researchers reported im-
paired fatty acid β-oxidation enzyme activity in lipid-laden male ArKO
livers; this was similarly improved following administration of E2 (Toda
et al. 2001b). Hepatic steatosis has been reported in two aromatase-
deficient men (Maffei et al. 2004; Pura et al. 2003), associated with an
enlarged liver (Pura et al. 2003) and with significantly elevated liver en-
zymes (Maffei et al. 2004; Pura et al. 2003) [glutamic pyruvic transam-
inase, 195 U/l; glutamic oxaloacetic transaminase, 108 U/l; and γ-glut-
amyl transferase, 153 U/l (Maffei et al. 2004)]. Following 12 months
of E2 treatment in one of these patients, each of these parameters had
either improved or recovered to within normal parameters (Maffei et al.
2004). Together, these data present compelling evidence that estrogen
has a pivotal role in maintaining lipid homeostasis in males at the level
of gene expression as well as cellular sequelae.

6.2 Insulin Resistance

The relationship between estrogen and glucose metabolism and insulin
action was first indicated in the estrogen-resistant ERα-mutated male
who presented with insulin resistance (Smith et al. 1994). This rela-
tionship has been confirmed in the subsequent analyses of aromatase-
deficient men (Fisher et al. 1998; Freedman et al. 2005; Gennari et al.
2004) (Table 1), with only one exception (Gennari et al. 2004). An ele-
vated homeostasis model assessment of insulin resistance (HOMA IR),
a well-accepted parameter for insulin resistance determination, calcu-
lated as [fasting insulin (µU/ml) × fasting plasma glucose (mmol/l) ×
22.5] value of 3.6 (normal < 2.4), indicated modest insulin resistance
in one of these men (Grumbach and Auchus 1999), and another was
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diagnosed with type 2 diabetes mellitus with elevated fasting glucose
and insulin levels (180 mg/dl and 94 µU/ml, respectively) (Maffei et al.
2004). E2 treatment improved the insulin sensitivity in both of these
men (Maffei et al. 2004; Hermann et al. 2002).

ArKO mice are insulin-resistant, with elevated circulating levels of
insulin concomitant with normoglycemia in 1-year-old ArKO males
compared with wild-type animals (Jones et al. 2000) (Table 3). This has
been confirmed by Takeda et al. (2003), who demonstrated that ArKO
male mice developed glucose intolerance and insulin resistance in an
age-dependent manner, beginning at 18 weeks of age, which was ame-
liorated by E2 administration. Treatment with the cholesterol-lowering
fibrate bezafibrate or the insulin-sensitizing thiazolidinedione pioglita-
zone also improved insulin resistance, although neither compound re-
stored sensitivity to wild-type levels (Takeda et al. 2003).

Insulin resistance is characteristic of obesity, and there exists a com-
plex relationship between estrogen, adiposity, and glucose metabolism.
Clearly, estrogen has a significant role in maintaining energy homeosta-
sis in males, including glucose tolerance and insulin action.

7 Estrogens and Male Fertility

Although there is general uniformity between most characteristics of
aromatase-deficient men, there are no consistent findings with respect
to the individual parameters of the testes of these same individuals (Ta-
ble 2). Semen analyses have been performed on three patients (Carani
et al. 1997; Hermann et al. 2002; Pura et al. 2003), two patients hav-
ing been excluded from analyses owing to prepubertal age (Deladoey
et al. 1999) and for religious reasons (Maffei et al. 2004). One patient
refused testing (Morishima et al. 1995). Hence, primarily as a result of
so few cases of aromatase deficiency in men, no firm conclusions can
be drawn regarding the exact nature of the role of estrogen in the hu-
man testis. However, impairment of fertility was common to four of
the adult male patients with congenital estrogen deficiency, suggest-
ing a strong relationship between estrogen deficiency and compromised
fertility in males. With respect to the ER-mutated individual, sperm
density was normal but with decreased viability (Smith et al. 1994).
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Without exception, all of the aromatase-deficient men investigated were
heterosexual, and libido and sexual functioning, assessed by interview
and self-reported diary, were reported as being normal (Maffei et al.
2004; Morishima et al. 1995; Carani et al. 1997; Hermann et al. 2002),
suggesting that endogenous estrogens are not essential for male sex-
ual behavior. However, only one was married and none had children.
Moreover, reassessment of two of these men following estrogen therapy
demonstrated a significant improvement in libido and frequency of sex-
ual activity (Carani et al. 1999, 2005), suggesting that estrogen might
act synergistically with androgen to enhance sexual behavior in men.

Characterization of the male reproductive system of the ArKO mice
has been comprehensively reviewed by O’Donnell et al. (2001). Briefly,
the male mice exhibit an age-progressive infertility, and by 1 year of age
the epididymides of some animals were devoid of sperm (Fisher et al.
1998; Toda et al. 2001a). When spermatozoa were present in the epi-
didymides of 1-year-old ArKO mice, there was a significant decrease
in sperm concentration and motility, and sperm were unable to fertilize
oocytes in vitro (Robertson et al. 2001), although Toda et al. (2001a) re-
ported that at 10 months of age, the sperm from ArKO mice generated
in their laboratory were able to fertilize oocytes in vitro. All three lobes
of the ArKO prostate – ventral, anterior and dorsolateral – weighed sig-
nificantly more than those of age-matched wild-type littermates from 8
to 56 weeks of age. This is a consequence of hyperplasia of the epithe-
lial, interstitial, and luminal compartments, rather than aberrant growth
or malignancy (McPherson et al. 2001; Toda et al. 2001a).

8 Brain and Behavior Phenotypes

Aromatase (Lephart et al. 2001; Wagner and Morrell 1997) and ERs
(Mitra et al. 2003) are known to be expressed in numerous regions of
the brain, such as the hypothalamus, amygdala, and hippocampus, sug-
gesting an important role for estrogen in the brain. By 1 year of age, in
the male ArKO mouse, tyrosine hydroxylase-immunopositive neurons
(tyrosine hydroxylase being a marker for dopaminergic neurons) in the
medial preoptic area (MPO) and arcuate nucleus (Arc) were undergoing
apoptosis, whereas no such observations were made in wild-type lit-
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termates. Concomitantly, the number of tyrosine hydroxylase-positive
neurons in the MPO and Arc were observed to be significantly lowered
in these ArKO animals (Hill et al. 2004). Thus, these data showed that
estrogen is essential to the integrity and survival of dopaminergic neu-
rons in the MPO and Arc of male mice. This could be mediated via up-
regulation of the expression of bcl-2-related anti-apoptotic genes (Pile
1999; Dong et al. 1999) by estrogens. Indeed, RNase protection assays
indicated that the ratio of bcl-2-related anti-apoptotic gene transcripts to
pro-apoptotic gene transcripts was significantly downregulated in ArKO
mice.

Because the dopamine released in the MPO was reported to be an im-
portant neurotransmitter for male copulatory behavior (Hull et al. 1995),
the decrease in dopaminergic neurons in the ArKO mouse is likely to
have an impact on its sexual behavior. Indeed, male ArKO mice display
disruption in their sexual behavior (Robertson et al. 2001), which can be
partially restored by E2 treatment in adulthood (Bakker et al. 2004). The
MPO and Arc have also been implicated in the regulation of aggressive
behavior (Olivier et al. 1983), and therefore the lack of aggression in the
ArKO mice (Robertson et al. 2001) might be a result of the destruction
in these regions in the estrogen-deficient state.

9 Cardiovascular System

It has long been believed that estrogen provides cardioprotective bene-
fits for women, and evidence is growing that estrogen is also required
for normal cardiovascular functioning in males (Komesaroff and Sud-
hir 2001). Vascular system anomalies have been examined in only one
aromatase-deficient patient (Maffei et al. 2004). The carotid arteries
showed two lipid plaques 4 mm and 3 mm thick, which completely
disappeared following 12 months of E2 treatment (Maffei et al. 2004).

Preliminary examination has been made of the ArKO cardiovascu-
lar system. Utilizing isolated male ArKO aortic ring segments in iso-
metric myographs, our collaborators have demonstrated that loss of es-
trogen results in a diminished response to the endothelium-dependent
agonist acetylcholine, a response shown to be dependent on nitric ox-
ide production (Kimura et al. 2003). These findings suggest that estro-
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gen facilitates vasorelaxation in males. We have also examined the role
of endogenous estrogens on the proliferation and apoptosis of vascular
smooth muscle cells from ArKO males. These cells display diminution
to growth stimuli and are more susceptible to apoptosis in vitro; both pa-
rameters being corrected by exogenous estrogen supplementation (Ling
et al. 2004).

Given that cardiovascular disease is the primary cause of death in
both men and women (American Heart Association 2006), and that men
are at higher risk of developing cardiovascular disease than are pre-
menopausal women (Reckelhoff 2001), the importance of this model
in understanding the link between estrogen and cardiovascular health is
apparent. These two studies are the beginning of such research.

10 Implications for Use of Aromatase Inhibitors

Clinical use of aromatase inhibitors (AIs) is increasing rapidly as third-
generation AIs prove efficacious in treating and preventing breast cancer
in postmenopausal women (Freedman et al. 2005; Osborne and Tripa-
thy 2005). In men, AIs have been, or are being, examined as poten-
tial therapies for breast cancer (Zabolotny et al. 2005), gynecomastia
(Plourde et al. 2004; Riepe et al. 2004; Boccardo et al. 2005; Rhoden
and Morgentaler 2004), hypogonadism (Dougherty et al. 2005; Leder
et al. 2004; Holbrook and Cohen 2003), short stature and bone meta-
bolism in pubertal boys (Mauras et al. 2004; Zhou et al. 2005; Dunkel
and Wickman 2003; Wickman et al. 2003), epilepsy (Harden and
MacLusky 2004), infertility (Raman and Schlegel 2003), and androgen-
independent prostate carcinoma (Smith et al. 2003; Santen et al. 2001).
Yet little is known about the long-term side effects of AI treatment in
either sex. It has been established in women that AI therapy results in
loss of BMD and increased fracture risk, and that this can be allevi-
ated with bisphosphonate therapy, which inhibits osteoclast-mediated
bone resorption (Chlebowski 2005). MetS risk factors have not been
reported as a consequence of AI treatment, but it is generally agreed
that long-term data on side effects and safety are required before con-
clusions can be drawn (Osborne and Tripathy 2005; Howell and Cuzick
2005). Indeed, breast cancer therapy with tamoxifen, a nonsteroidal es-
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trogen antagonist, induced hepatic steatosis as a complication (Gunel
et al. 2003; Nishino et al. 2003; Nemoto et al. 2003) and was strongly
associated with one or more of the MetS risk factors: insulin resis-
tance, central obesity, and hypertriglyceridemia (Nemoto et al. 2003;
Bruno et al. 2005). Interestingly, tamoxifen-induced hepatic steatosis
has been demonstrated to be closely correlated with polymorphisms in
the CYP17 gene (Ohnishi et al. 2005). CYP17, similarly to CYP19, en-
codes an enzyme pivotal to estrogen synthesis, 17α-hydroxylase. Hence,
before long-term data is available, it is reasonable to look to our current
models of aromatase deficiency as indicators of potential side effects of
extended AI use.

11 Conclusions

Significant aspects of the phenotypic features of the male ArKO mouse
model closely align with the clinical profile of aromatase-deficient men.
We have summarized the available data on the consequences of estro-
gen deficiency in men and mice, reporting that such diverse (but inte-
grated) systems as the brain, bones, cardiovascular, immune, and repro-
ductive systems and energy homeostasis all have impaired functions in
the absence of estrogen. The information provided by the aromatase-
deficient men and ArKO mice will advance our fundamental under-
standing of the role of estrogen in maintaining male health. Continued
research will undoubtedly yield further novel (and perhaps unexpected)
functions for estrogen in the male. A major goal for ongoing and fu-
ture research is to resolve which of the two ER isoforms is involved in
regulation of the various physiological systems whose function is al-
tered as a consequence of estrogen deficiency. This issue is currently
under intense study in several laboratories. The outcome is likely to
be the therapeutic use of ER isoform-specific agonists (and possibly,
antagonists) to provide specific interventions in estrogen-deficient con-
ditions.
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Abstract. Whereas hormonal replacement/menopause therapy (HRT) in post-
menopausal women increases coronary artery disease risk, epidemiological stud-
ies (protection in premenopaused women) suggest and experimental studies
(prevention of the development of fatty streaks in animals) demonstrate a major
atheroprotective action of estradiol (E2). The understanding of the deleterious
and beneficial effects of estrogens is thus required. The atheroprotective effect
of E2 is absent in mice deficient in mature T and B lymphocytes, demonstrating
the crucial role of the endothelium/immune system pair. The immunoinflam-
matory system appears to play a key role in the development of fatty streak
deposit as well as in the rupture of the atherosclerotic plaque. Whereas E2 fa-
vors an anti-inflammatory effect in vitro (cultured cells), it elicits in vivo a pro-
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inflammation at the level of several subpopulations of the immunoinflammatory
system, which could contribute to plaque destabilization. Endothelium appears
to be an important target for E2, since it potentiates endothelial NO and prosta-
cyclin production, thus promoting beneficial effects such as vasorelaxation and
inhibition of platelet aggregation. Prostacyclin, but not NO, appear to be in-
volved in the atheroprotective effect of E2, which also accelerates endothelial
regrowth, thus favoring vascular healing. Finally, most of these E2 effects are
mediated by estrogen receptor α and are independent of estrogen receptor β. In
summary, a better understanding of the mechanisms of estrogens on the normal
and atheromatous arteries is required and should help to optimize the prevention
of cardiovascular disease after menopause. These mouse models should help to
screen existing and future selective estrogen receptor modulators (SERMs).

Estrogens play a pivotal role in sexual development and reproduction
and are also implicated in a number of physiological processes in var-
ious tissues, including the cardiovascular system. Numerous epidemio-
logical studies suggest that estrogens protect women against cardiovas-
cular diseases before the age of menopause. After menopause, women’s
cardiovascular risk becomes progressively closer to that of men, rein-
forcing the hypothesis of an atheroprotective effect of estrogens. How-
ever, the two controlled prospective and randomized studies published
so far did not demonstrate a beneficial effect of hormone replacement
therapy (HRT), neither in secondary prevention (Heart and Estrogen/
Progestin Replacement Study, HERS) (Hulley et al. 1998) nor in pri-
mary prevention (Women’s Health Initiative study, WHI) (Rossouw
et al. 2002). This is in contrast to the large amount of data from ex-
perimental models of atherosclerosis, where estradiol (E2) treatment
prevents the development of fatty streaks in comparison with castrated
animals given a placebo (Hodgin and Maeda 2002).

Waters et al. (2004) recently defined five main priorities in the area
of menopause treatment and cardiovascular (CV) risk including: 1. The
determination of the mechanisms of the CV events during the first year
of the HRT, 2. The understanding of the beneficial effects of endogenous
estrogens.
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1 The Atheromatous Process:
Numerous Cellular Players for Several Scenarios

The first step of the atheromatous process is the penetration of athero-
genic lipoproteins, in particular low-density lipoproteins (LDL) through
the endothelial monolayer (Steinberg 2002). LDL oxidation occurs in
the subendothelial space and probably represents a necessary modifica-
tion to the subsequent steps, because oxidized LDL induces in turn an
activation of the endothelium, consisting in particular of the increased
expression of adhesion molecules, such as intercellular adhesion
molecule (ICAM-1) and vascular cell adhesion molecule (VCAM-1).
These molecules are required to slow down circulating monocytes, stop
them, and allow their subsequent migration into the intima. In the suben-
dothelial space, the activation of the monocytes induces their differen-
tiation into macrophages, and this probably contributes to increasing
the level of LDL oxidation. These modified LDLs can be recognized
by scavenger receptors expressed by macrophages. Thus, macrophages
attempt to clean the intima, thereby preventing the accumulation of oxi-
dized LDL. As oxidized LDL accumulates intracellularly, macrophages
progressively turn into foam cells, which make up the major component
of fatty streaks.

Blood flow shear stress represents a crucial protective factor, where
abnormal shear stress promotes endothelial activation and dysfunction,
to date the best-recognized explanation for a focal location of atheroma
functions (Gimbrone 1999; Shyy and Chien 2002; Tedgui and Mallat
2001). Classic risk factors (high blood pressure, hypercholesterolemia,
smoking, diabetes) appear to favor and/or aggravate endothelial dys-
function. They can also favor the production of chemokines and cy-
tokines by the different cellular actors (endothelium, monocytes-macro-
phages, smooth muscle cells, but also lymphocytes). Protective factors
are less recognized, although high-density lipoproteins (HDL) appear
to be of major importance.

Expansion of the fatty streak tends to be limited and circumvented by
a scarring reaction of the smooth muscle cells migrating to the intima
and secreting collagen. The balance between the inflammation level and
the strength of fibromuscular cap determines the stability of the athero-
matous plaque (Ross 1999). Plaque rupture exposes thrombogenic ma-
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terials, leading to the formation of a thrombus, which threatens the via-
bility of the tissue downstream from the occluded artery. Unfortunately,
plaque rupture is not satisfactorily modeled in mouse models, and this
is probably the greatest limitation of the current experimental approach.

Many groups have been working to describe the cellular and molec-
ular mechanisms leading to the aggravation of or protection from ather-
oma (Ross 1999; Tedgui and Mallat 2001; Hansson et al. 2002; Libby
2002), leading to the generation of the two major models of hyper-
cholesterolemic mice: mice deficient in apolipoprotein E (apoE-KO)
and mice deficient in LDL-receptor. ApoE-KO mice are hypercholes-
terolemic (3–4 g cholesterol/l) under a chow diet and have very low lev-
els of HDL cholesterol (Zhang et al. 1992). Accordingly, they sponta-
neously and rapidly (within a few weeks) develop fatty streak at the root
of the aorta. Mice deficient in LDL-receptor must be given a Western
diet (fat plus cholesterol) to develop fatty streaks, because their lipopro-
tein profile under chow diet is less severe than the apoE-KO mice.

So far, the cellular and molecular dissection of the pathophysiol-
ogy of atheroma was explored by breeding hypercholesterolemic mice
and mice deficient in another specific gene. For instance, hypercholes-
terolemic mice also deficient in either monocyte-macrophage (through
a deficit of macrophage colony stimulating factor) (Smith et al. 1995)
or mature B and T lymphocytes (RAG-2 gene deficient) (Dansky et al.
1997) respectively develop one-tenth and one-half the amount of fatty
streaks than control hypercholesterolemic mice. Mice deficient in var-
ious cytokines in general demonstrated the aggravating role of pro-
inflammatory cytokine (such as interferon γ (IFNγ), interleukins (IL)-
1α and β, IL-12, IL-18) and the protective role of anti-inflammatory cy-
tokines (mainly IL-10) in the development of the atherosclerotic process
(see Libby 2002 and Tedgui and Mallat 2001 and references therein).

Platelets were recently found to participate to the constitution of
fatty streak lesions at a very early stage, in particular at the level of
the carotid bifurcation, a lesion-prone site, by interacting with the acti-
vated endothelium before any macrophage infiltration (Massberg et al.
2002). This process involves the platelet GPIbα (glycoprotein 1b, alpha
polypeptide), and the adhesive proteins P-selectin and/or von Wille-
brand factor, which mediate the attachment of platelets to activated
endothelial cells. Blocking these interactions completely (–100%) pre-
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vented fatty streak formation at the level of the carotid bifurcation in
apoE-KO mice, but only partially (–30%) at the level of the aortic sinus
(Massberg et al. 2002). While this points out that platelets can be a tar-
get for antiatherosclerotic therapies, this also suggests that modulation
of the adhesive properties of the endothelium may be of pathophysio-
logical relevance, especially at the level of the carotid bifurcation.

2 E2 Prevents Fatty Streak in Models of Atheroma

Studies in primates, mainly conducted by Clarkson et al., have pro-
vided convincing evidence for the primary prevention of coronary artery
atherosclerosis when estrogens are administered soon after the develop-
ment of estrogen deficiency (Clarkson and Appt 2005). Equally con-
vincing are the data from monkey studies indicating the total loss of the
beneficial effects of estrogens if the treatment is delayed for a period
equal to 6 postmenopausal years for women. Moreover, in the mon-
key model, an attempt has been made to identify the most effective
hormone treatment regimen in preventing the progression of coronary
artery atherosclerosis. By far the most successful approach uses estro-
gen containing oral contraceptive during the perimenopausal transition,
followed directly by hormone replacement therapy postmenopausally.
However, the monkey model does not provide an understanding of the
cellular or molecular mechanisms of E2 action.

Several groups, including ours, have been working to describe the
vascular effects of E2 and elucidate the cellular and molecular mech-
anisms. Castration of ApoE-KO or LDL receptor (LDL-R) KO mice
is followed by an increase in the fatty streak lesion area and, in cas-
trated mice, E2 prevents this fatty streak deposit. However, serum E2
concentrations on the order of those encountered during gestation are
necessary for maximal protection (Bourassa et al. 1996; Elhage et al.
1997a). Although E2 treatment induces a decrease in serum cholesterol
concentrations, the decrease involving both LDL and HDL fractions is
too minor to explain the hormone’s atheroprotective effect (Elhage et al.
1997a; Hodgin and Maeda 2002), which seems to result mainly from
a direct effect of E2 on the cells of the arterial wall (Arnal et al. 2004).
A similar conclusion was previously obtained by other groups (Haarbo
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et al. 1991; Holm et al. 1999) using hypercholesterolemic rabbits. In ad-
dition, they elegantly showed the crucial role of intact endothelium, as
the antiatherogenic effect of E2 was abolished, or even reversed, after
balloon catheter injury (Holm et al. 1999).

3 Involvement of the Inflammatory–Immune System

A mentioned above, cell populations of the inflammatory–immune sys-
tem (monocytes-macrophages, lymphocytes, etc.) play crucial roles in
the pathophysiology of atherosclerosis (Binder et al. 2002; Hansson
et al. 2002; Libby 2002; Tedgui and Mallat 2001). Indeed, we demon-
strated that E2 prevents the deposit of fatty streaks in immunocompetent
ApoE-KO mice, whereas it has no effect in mice deficient in both apoE
and RAG-2 gene expression, since mature B and T lymphocytes are
lacking (Elhage et al. 2000). One hypothesis resulting from these obser-
vations was that lymphocytes, or at least a subpopulation of them, were
the mediators of the atheroprotective effect. After crossing ApoE-KO
mice with mice deficient in either TCRαβ, CD4, CD8, or TCRδγT lym-
phocytes, we reported that TCRαβ T lymphocytes play a major role in
fatty streak development (Elhage et al. 2004). However, the protective
effect of E2 persisted in all these strains, showing that none of these
lymphocyte subpopulations specifically mediated the atheroprotective
effect of E2 (Elhage et al. 2005).

4 Does E2 Have a Pro- or Anti-inflammatory Effect?

At variance with macrophages in fatty streaks, peritoneal macrophages
are a cell population that can be obtained in considerable amounts,
and thus the chronic effect of E2 on the inflammatory–immune system
can easily be studied in these cells. We first must mention again that
a chronic in vivo treatment of mice by E2 led to a pro-inflammatory re-
sponse in peritoneal macrophages, whereas an acute (only a few hours
of E2) in vitro treatment of the macrophage cell line RAW 264.7 by
E2 led to an anti-inflammatory effect (Ghisletti et al. 2005). This strik-
ing discrepancy demonstrates the importance of the in vivo approach to
understand the pathophysiological effects of E2.
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We also evaluated the possibility that E2 promotes the production of
anti-inflammatory cytokines. In collaboration with two groups of im-
munologists, we demonstrated that the profile of cytokine secretion in
CD4+ (Maret et al. 2003) as well as in NK T lymphocytes (Gourdy et al.
2005) is altered by E2. In these studies, an increase in IFNγ production
and a decrease in anti-inflammatory cytokine production were observed,
i.e., toward a Th1 profile. Similarly, we observed an increased produc-
tion of IL-1 (α and β), IL-12, and IL-18 by macrophages obtained from
E2-treated mice compared with those from castrated mice (B. Calippe
et al., unpublished data).

According to current knowledge, the pro-inflammatory effect of E2
cannot account for its preventive effect of fatty streak accumulation
(Binder et al. 2002; Hansson et al. 2002; Libby 2002; Tedgui and Mallat
2001). In contrast, it could contribute to the destabilization of athero-
matous plaques, and thus represent a good candidate to explain the in-
crease in cardiovascular events during the year following the onset of
HRT (Hulley et al. 1998; Rossouw et al. 2002). Nonetheless, the non-
natural progestin (medroxyprogesterone acetate) used in these clinical
trials could indeed have undesirable, deleterious effects (Anderson et al.
2004).

5 Estrogen Receptor α

Mediates Most of the Vascular Effects of E2

Endothelium is involved in the regulation of coagulation, leukocyte ad-
hesion in inflammation, transvascular flux of cells, vascular smooth
muscle growth, etc. and also is a major target for E2. Endothelial mes-
sengers, such as nitric oxide (NO) (Mendelsohn 2000 and references
therein) and prostacyclin are increased by E2. Indeed, E2 can increase
NO bioactivity acutely by stimulating endothelial NO synthase activ-
ity (Mendelsohn 2000) and chronically by decreasing the breakdown
of NO, as a consequence of a decreased production of reactive oxygen
species (Arnal et al. 1996; Wagner et al. 2001). Although the atheropro-
tective effect of E2 appears independent of NO production (Elhage et al.
1997b), induction of COX-2 and prostacyclin production was recently
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proposed to play an important role in the prevention of fatty streak at
the level of the thoracoabdominal aorta (Egan et al. 2004).

E2 effects can be mediated by estrogen receptor alpha (ERα) and
beta (ERβ), two members of the nuclear receptor superfamily that are
encoded by two distinct genes (Couse and Korach 1999). A collabora-
tive effort with the Krust and Chambon group led to the clearcut demon-
stration of a prominent role of ERα in vascular physiology in vivo. Full
length ERα (66 kDa) is composed of six domains (named from A to F)
and two independent transactivation functions AF1 and AF2 (Tora et al.
1989). The ERα and ERβ genes were previously disrupted by targeted
mutagenesis (Couse and Korach 1999). Mice targeted for ERα through
the insertion of the Neo gene in exon 1 (therefore named ER-αNeoKO)
was first generated by Korach’s group in 1993 (Lubahn et al. 1993).
These mice were subsequently shown to present a leakage due to a non-
natural alternative splicing of the ERα mRNA, resulting in the expres-
sion of a truncated 55-kD isoform (Couse et al. 1995; Kos et al. 2002;
Pendaries et al. 2002). Such an ERα isoform, lacking most of the A/B
domain and therefore the AF-1 transactivating function, was sufficient
to mediate the E2 effect on the endothelial NO production (Pendaries
et al. 2002) and postinjury medial hyperplasia (Iafrati et al. 1997; Pare
et al. 2002).

In contrast, the generation and studies of mice that fully and unam-
biguously lack ERα (Dupont et al. 2000) showed that ERα is necessary
in the response of E2 on NO production (Pendaries et al. 2002). Erβ-
deficient mice had, however, a normal NO production (Darblade et al.
2002). Altogether, these data allow us to conclude that an ERα lacking
the A/B domain (and therefore AF-1) is sufficient to mediate some of
the vascular effects of estrogen. Interestingly, an ERα 46-kD isoform,
lacking the N-terminal portion (domains A/B), can be physiologically
expressed through an alternative splicing (Flouriot et al. 2000) in the
uterus (Faye et al. 1986; Pendaries et al. 2002), in cultured endothelial
cells (Li et al. 2003) and in macrophages (H. Laurell, unpublished data).

However, the prevention of fatty streaks appears to require the full
length ERα (66 kD) (Hodgin et al. 2001). Indeed, in contrast to the E2
protection elicited in apoE-KO mice, E2 treatment of ovariectomized
ERα-Neo/apoE double KO female mice caused a nonsignificant
(p = 0.12) reduction in lesion size and no reduction in total plasma
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cholesterol (Hodgin et al. 2001). However, it should be mentioned that
E2 treatment significantly reduced the complexity of plaques in ERα-
Neo/apoE double KO female mice, although not to the same degree as
in apoE-KO female mice. Although this could have been due to the ex-
istence of ERα-dependent atheroprotective effects of E2, the expression
of the truncated 55kD ER-α isoform could also have been responsible
for this E2 effect.

6 Effect on Artery Healing:
Reendothelialization Mechanisms

As mentioned in the introduction, the loss of the integrity of the en-
dothelial monolayer is another important aspect at early steps of athero-
sclerosis, but also after the destruction provoked by endoluminal angio-
plasty (often followed by stent implantation) (Bennett and O’Sullivan
2001). In this context, the acceleration of vascular healing, where reen-
dothelialization plays a key role, is considered a major protective event
against short- as well as long-term complications of endovascular ther-
apy.

Endovascular de-endothelialization in mice is a complex and deli-
cate manipulation as a consequence of the very small size of the carotid
artery. Carmeliet et al. (1997) proposed destroying the endothelium us-
ing a perivascular electric injury approach, and an adaptation of this
model was proposed by our group (Brouchet et al. 2001). Endovas-
cular and electric perivascular injury are identical in their efficiency
in destroying the endothelium, which will be temporarily replaced by
a monolayer of platelets, but they differ in at least two major points.
Firstly, whereas endovascular injury preserves most of the medial
smooth muscle cells as well as adventitia cells (Lindner et al. 1993),
electric injury destroys the cells of the three layers of the injured area,
and in particular the smooth muscle cells, which do not recolonize the
media even after several weeks. Secondly, immunoinflammatory cells
(mainly macrophages) make up the main cell population in the perivas-
cular electric injury model that may interact with regenerating endothe-
lium. The accelerative effect of E2 on reendothelialization is mediated
by ERα (Brouchet et al. 2001) and endothelial NO synthase appears
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absolutely required for this effect (Iwakura et al. 2003). We have re-
cently explored the role of two molecules that also appear to be clearly
involved in this process: fibroblast growth factor 2 (FGF2) and osteo-
pontin (OPN).

FGF2 is one of the first growth factors to be characterized and re-
mains one of the most potent. The expression of the five FGF2 iso-
forms of 18, 22, 22.5, 24, and 34 kDa in humans and the three iso-
forms of 18, 21, and 22 kDa in mice is particularly original, since they
are synthesized not through alternative splicing of mRNA, but through
an alternative use of translation initiation codons from a single mRNA
(Prats et al. 1989). These isoforms differ only in their NH2 extremi-
ties, which confer a nuclear localization to the high molecular weight
(HMW) CUG-initiated forms, whose function is for the most part un-
known. In contrast, the low-molecular-weight (LMW) AUG-initiated
FGF2 (18 kDa) is predominantly cytoplasmic and excreted, and known
to activate the FGF receptors (FGFR), leading to stimulation of prolifer-
ation and migration. We recently reported that E2 stimulated migration
in endothelial cells from Fgf2+/+, but not from Fgf2–/– mice (deficient
both in FGF2lmw and in FGF2hmw) (Garmy-Susini et al. 2004). More
recently, we confirmed that E2 increased both the velocity of reendothe-
lialization and the number of circulating EPCs (as previously described
in Strehlow et al. 2003) in ovariectomized Fgf2+/+ mice. However, both
these effects of E2 were abolished in Fgf2–/– mice. We then investigated
the role of medullary FGF2 in these processes. In chimeric (i.e., bone-
marrow [BM] transplanted) (Fgf2–/– BM ⇒ Fgf2+/+) mice, both effects
of E2 on reendothelialization and on circulating EPC levels were abol-
ished, whereas both were preserved in chimeric (Fgf2+/+BM ⇒ Fgf2–/–)
mice, demonstrating that medullary, and not extramedullary, FGF2 is re-
quired for both effects of E2 (Fontaine et al. 2006). Similarly, ERα+/+

or ERα–/– BM graft experiments revealed that the effect of E2 on reen-
dothelialization relies on medullary, but not on extramedullary ERα,
emphasizing for the first time, to the best of our knowledge, a prominent
role played by bone marrow in the E2 effect on reendothelialization.

OPN is an RGD-containing extracellular matrix phosphoprotein in-
volved in cell adhesion and migration via a number of receptors, in-
cluding several integrins and CD44 (Chaulet et al. 2001). OPN–/– mice
are resistant to ovariectomy-induced bone resorption (Yoshitake et al.
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1999). OPN is detected in vascular SMCs and macrophages of athero-
sclerotic plaques (Giachelli et al. 1993) and its expression is upregulated
in neointimal hyperplasia and in regenerating endothelium (Liaw et al.
1995). However, the cellular source and target of OPN in accelerating
endothelial regeneration remains to be demonstrated. In collaboration
with Gadeau et al., we recently found that the effect de E2 on reen-
dothelialization was abolished in OPN–/– mice in the two models of
carotid injury (unpublished data).

7 Pathophysiological and Therapeutical Implications

In conclusion, E2 exerts an atheroprotective effect in all experimental
models and most likely in women before menopause. Although serum
cholesterol decreases, this influence on lipid metabolism is negligible.
Similarly, although E2 induces an increase in endothelial NO produc-
tion and/or bioavailability, this effect does not account for its protec-
tion of the constitution of fatty streak. The precise mechanisms of the
atheroprotective effect of E2 at the level of the endothelium remains
to be characterized. At the same time, E2 also induces an immunoin-
flammatory response toward a Th1 profile with increasing interferon
γ production. This proinflammatory effect could have been prominent
in advanced atheromatous plaques in postmenopausal women, favor-
ing destabilization of the most unstable plaques. At present, this is the
most likely explanation accounting for the increase in the frequency of
cardiovascular events in postmenopausal women during the 1st year of
HRT, as observed in the HERS and WHI studies. It should be noted that
the women enrolled in these studies had been postmenopausal for sev-
eral years (on average more than 10 years after the onset of menopause).

Although ERs are classically defined as ligand-activated transcrip-
tion factors, it has become clear that extragenomic membrane short-
term responses play an important role in cultured endothelial cells
(Mendelsohn 2000), but also in osteoblasts (such as the activation of
PI3kinases-AKT pathways as well as MAP kinase pathways) (Kousteni
et al. 2001). An important challenge for the next years will be to de-
scribe the respective roles of these membrane effects and the classic
effects.
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These new acquisitions are a basis for new pharmacological devel-
opments that can prevent harmful effects and preserve the beneficial
effects. The effects of selective estrogen receptor modulators (SERMs)
on the different constituents in the atheroma plaque formation must now
be analyzed on the basis of their specific regulation of the ERα but also
of the ERβ. Various classes of estrogens and SERMs have been de-
scribed according their molecular actions through ERα (Jordan 2001a,b;
Katzenellenbogen and Katzenellenbogen 2002).

Due to the complexity of the mechanisms of action of estrogens
and SERMs, their effect on each type of cell and tissue cannot be pre-
dicted from their structure. Indeed, only integrated models can screen
the present and future SERMs in terms of the beneficial and deleterious
effects. Theoretically, it is conceivable to design a SERM (or a combi-
nation of molecules) that retains most (if not all) of the desired effects
of E2 (on the central nervous system to prevent hot flushes, on bone,
endothelium, etc.), but which is devoid of the undesirable effects of
E2 (mainly breast cancer and thromboembolism). Finally, though not
within the scope of this review, it should be mentioned that the interac-
tion with progestins is of major importance and should also be studied
in parallel investigations.
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Abstract. Gender differences in the development of cardiovascular disease
suggested for a protective function of estrogens in heart disease. The negative
or neutral outcome of clinical trials on hormone replacement therapy provides
clear evidence that the role of female sex hormones in the cardiovascular system
is more complex than previously thought. In particular, the function of estrogens
can not be understood without detailed knowledge on the specific function of
both estrogen receptor subtypes in the heart and in the vasculature. In here, we
review recent studies on subtype selective ERα and ERβ agonists in different
animal models of hypertension, cardiac hypertrophy and vascular inflammation.
The results indicate that the activation of specific ER subtypes confers specific
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as well as redundant protective effects in hypertensive heart disease that might
ultimately translate into novel treatment options for hypertensive heart disease.

1 Introduction

Gender differences in the development of cardiovascular disease, which
were first reported in population-based clinical trials, served as a start-
ing point to explore the possibility that female sex hormones might
serve as an important co-variable in cardiovascular health (Stampfer
et al. 1991). From these studies, it became clear that the overall risk for
heart disease is significantly lower for premenopausal women compared
to age-matched men with an otherwise identical array of cardiovascu-
lar risk factors. The protective function of female gender is, however,
rapidly lost following menopause and postmenopausal women face at
least an identical risk for cardiovascular events as men at identical age
(Barrett-Connor and Bush 1991; Grodstein and Stampfer 1995). The
association of decreasing estrogen serum levels and increased cardio-
vascular disease suggested for a protective function of estrogens against
heart disease (Stampfer et al. 1991). Accordingly, hopes have been
raised that hormone replacement therapy might provide an additional
route for the primary or secondary prevention of coronary artery dis-
ease in postmenopausal women.

The neutral or negative outcome of several prospective clinical trials
such as HERS and the WHI studies have challenged these hypotheses,
with the result that HRT should no longer be initiated for the sole pur-
pose to treat or to prevent cardiovascular disease in postmenopausal
women (Grady et al. 2002; Herrington and Howard 2003; Hulley et al.
1998; Rossouw et al. 2002). Beyond that, the HERS and WHI results
also indicate that our current knowledge and understanding of sex hor-
mone function in the heart is currently not sufficient to develop safer
and more efficient treatment strategies for patients who might otherwise
profit from HRT.

Several nuclear sex hormone receptors, including estrogen, andro-
gen, and progesterone receptors, are functionally expressed in most car-
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diovascular cell types, including cardiac myocytes, vascular smooth
muscle cells, endothelial cells, and fibroblasts (Grohe et al. 1997; Karas
et al. 2001b). Initially, it was thought that the effects of estrogens are
transmitted only by a single estrogen receptor that was cloned in the lab
of P. Chambon (Green et al. 1986). The “classical” estrogen receptor
was consequently termed ERα upon cloning of a second and distinct
estrogen receptor, which was termed ERβ (Kuiper et al. 1996). Both
ER subtypes function as ligand-dependent transcription factors and bind
with high affinity to conserved cis-acting elements in the promoter re-
gion of estrogen responsive genes (Kuiper et al. 1997). Both ER sub-
types share considerable domain structure homology, but the structure
of the ligand-binding domain as well as the tissue-specific expression
pattern of ERα and ERβ are very distinct and suggest that both recep-
tors may have specific as well as redundant functions (Lindberg et al.
2003). This hypothesis has been confirmed in numerous studies con-
ducted in transgenic mice that were independently generated by several
groups and which lack either ERα, ERβ, or ERα and ERβ (Lubahn et al.
1993; Krege et al. 1998). The cardiovascular phenotype of ERKO and
BERKO mice indicates that ERβ plays a relevant role in blood pressure
regulation in mice because BERKO mice are hypertensive and develop
a moderate degree of cardiac hypertrophy compared to wild type ani-
mals. In contrast, both ERα and ERβ have been invoked to play a rele-
vant role in regulating vascular tone by increasing local NO release via
genomic and nongenomic mechanisms (Rubanyi et al. 1997; Chambliss
et al. 2000, 2002; Chen et al. 1999). Vascular remodeling has been stud-
ied extensively in ERα and ERβ knockout mice, until it finally became
clear that ERα is the relevant estrogen receptor isoform to attenuate es-
trogen dependent neointima proliferation following carotid balloon in-
jury in mice (Iafrati et al. 1997; Daras et al. 1999a,b; Pare et al. 2002).
Importantly, ERα and ERβ effects are not limited to the vasculature
but extend to cardiac muscle as well, since deletion of ERβ aggravates
cardiac hypertrophy in mice following aortic banding (Skavkahl et al.
2004). Conversely, deletion of ERβ resulted in increased mortality and
aggravation of heart failure in mice with experimental myocardial in-
farction (Pelzer et al. 2005b). Taken together, these observations sug-
gest that ERα and ERβ play redundant, specific, and eventually also an-
tagonistic roles in the cardiovascular system. Equally important, these
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studies suggest that the role of estrogens in heart disease cannot be un-
derstood without addressing the specific role and function of ERα and
ERβ in different cardiovascular tissues and model systems of human
heart disease.

Phenotypical differences in mice lacking either ERα or ERβ have
stimulated research into isotype selective ERα and ERβ agonists, since
such compounds might exert more specific and eventually improved
pharmacological profiles compared to nonselective ER agonists such
as 17β-estradiol, which binds and activates both ER isoforms with very
similar affinity and potency (Harris et al. 2002). In addition, potent ERα

and ERβ selective ER agonists would provide an independent and com-
plementary strategy to differentiate the role of ERα and ERβ in animal
models of human heart disease without altering the endogenous expres-
sion of their cognate receptors. Isotype selective activation of ERα and
ERβ, which was first achieved using nonsteroidal ligands, is meanwhile
possible also with newly synthesized steroidal ERα and ERβ agonists
such as 16α-lactone-estradiol and 8β-vinyl-estradiol (Sun et al. 2003;
Hillisch et al. 2004; Hegele-Hartung et al. 2004). Crystallographic anal-
yses of the three-dimensional structure of the ERα and the ERβ ligand-
binding pocket, revealed slightly more space below the steroidal D-ring
of ERα, whereas the ERβ LBD left more space above the B- and C-ring.
These structural differences allowed for a protein structure-based de-
sign of isotype selective ER agonists that resulted in potent and highly
selective ERα and ERβ agonists that transactivate their specific target
receptor with 190-fold (8β-VE2) or 265-fold (16α-LE2) higher potency
(Elger and Fritzemeier 2004). The pharmacological properties of 16α-
lactone-estradiol and 8β-vinyl-estradiol suggest that these compounds
might serve as a novel tool to dissect the role of ERα and ERβ in the
cardiovascular system without genetic manipulation of endogenous ER
expression levels.

2 Studies of Isotype Selective ER Agonists
in Spontaneously Hypertensive Rats

Spontaneously hypertensive rats (SHR) have been employed in numer-
ous experimental studies of hypertension because this animal model
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mimics several characteristic features of human hypertensive heart dis-
ease, including vascular dysfunction and cardiac hypertrophy (Pelzer
et al. 2002; Reckelhoff and Fortepiani 2004). Cardiac hypertrophy in
young SHRs also responds well to sex hormone treatment, including
nonselective ER agonists such as 17β-estradiol (Wassmann et al. 2001).
Previous studies, which could not address the specific role of ERα and
ERβ in cardiovascular pathology of SHR at the time, indicated that si-
multaneous activation of ERα and ERβ attenuates cardiac hypertrophy
and improved impaired endothelium-dependent vascular relaxation in
estrogen-depleted female SHRs. To clarify the relative importance of
ERα and ERβ for cardiovascular morphology, function, and gene ex-
pression, ovariectomized SHRs were subjected to long-term treatment
with 17β-estradiol or 16α-LE2. In line with the pharmacological pro-
file of 16α-LE2 and as expected from uterus atrophy in ERKO but not
in BERKO mice, 16α-LE2 attenuated uterus atrophy, (Fig. 1) (Emmen
and Korach 2003). Similar results that were obtained for body weight
measurements indicate that ligand-dependent activation of ERα is re-
quired to attenuate the adipose phenotype of estrogen-depleted SHRs
(Fig. 1). Invasive hemodynamic analysis did not reveal a significant
blood pressure lowering effect of 17β-estradiol and 16α-LE2 (Fig. 2).
Hypertension increases cardiac afterload and triggers the activation of
several cardiac signal transduction cascades that play an important role
in the development of cardiac hypertrophy (Sussman et al. 2002). Car-
diac hypertrophy by itself is an independent risk factor and predictor of
cardiovascular mortality in human heart disease (Levy et al. 1990). In-
terestingly, selective activation of ERα by 16α-LE2 attenuated cardiac
hypertrophy, although 16α-LE2 conferred no blood pressure lowering
effect (Fig. 1). Accordingly, activation of ERα contents protective ef-
fects on cardiac mass. However, the mechanisms might at least in part be
specific for individual isotype-selective ligands. In particular, inhibition
of cardiac hypertrophy by 16α-LE2 is blood pressure-independent and
was been linked to increased cardiac ANP expression. This hypothesis
is supported by independent experiments that not only showed a causal
role of ANP to attenuate cardiac mass, but also upregulation of ANP
expression via activation of ERα in vitro (Pelzer et al. 2005a; Babiker
et al. 2004).
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Fig. 1. Effects of 17β-estradiol and of 16α-LE2 on uterus weight, body weight,
and heart weight in female spontaneously hypertensive rats (SHRs). Uterus at-
rophy in ovariectomized SHRs is prevented by 17β-estradiol and the ERα ag-
onist 16α-LE2. Gain of body weight in ovariectomized SHRs is prevented by
treatment with 17β-estradiol and 16α-LE2. Cardiac hypertrophy in estrogen-
depleted SHRs is attenuated by estradiol and by 16α-LE2. (n = 8–10 ani-
mals/group, *p = 0.05)
�

Longstanding cardiac hypertrophy frequently leads to impaired left
ventricular function and thus acts as an important co-factor for the de-
velopment of heart failure in humans and in animal models of human
heart disease (Conrad et al. 1995). Although SHRs at a young age do
not display clinical, hemodynamic, or biochemical signs of heart fail-
ure, it is nevertheless interesting to note that the ERα agonist 16α-LE2
improved cardiac output as well as left ventricular stroke volume in
estrogen-depleted SHRs (Fig. 3). Although not functionally required
in the current experimental setting, it appears conceivable that similar
effects would augment cardiac function in animal models of chronic
heart failure. Cardiac output as the product of heart rate and stroke
volume depends on the contractile properties of individual cardiac my-
ocytes, which are regulated by intracellular calcium homeostasis and
by the structural composition of individual sarcomeres (Tardiff et al.
2000; Perez et al. 1999). In rodents, cardiac contractility is also reg-
ulated by differential expression of two distinct myosin heavy chain
isoforms. The αMHC isoform, which is expressed under physiological
conditions in the rodent heart, possesses a high ATPase activity and has
also been termed the fast motor. In contrast, the slower and energetically
economic βMHC isoform becomes the predominant MHC isoform in
hypertrophied and failing rat hearts (Miyata et al. 2000). Selective acti-
vation of ERα by 16α-LE2 or nonselective activation of ERα and ERβ

by 17β-estradiol prevented the loss of cardiac αMHC expression that
occurred in ovariectomized SHRs also attenuated cardiac hypertrophy
to an extent similar to E2 and 16α-LE2 (Fig. 4). These results support
the hypothesis that cardiac αMHC expression in SHRs is a specific func-
tion of ERα, although both ER isoforms are robustly expressed in the
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Fig. 2. Systolic blood pressure and systemic vascular resistance in female
SHRs are not attected by treatment with estradiol or 16α-LE2. (n = 8–10 an-
imals/group, *p = 0.05)

heart and the aorta of SHRs. These findings also indicate that 16α-LE2
increase cardiac output by an upregulation of cardiac αMHC expression
(16α-LE2) and not by lowering blood pressure and vascular resistance.
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Fig. 3. Left ventricular stroke volume was higher in estrogen-depleted female
SHRs treated with 16α-LE2 and 8β-VE2 compared to placebo (ovx). (n = 8–10
animals/group, *p < 0.05)

3 Studies of Isotype Selective ER Agonists
in Animal Models of Aldosterone-Salt-Induced
Cardiovascular Injury

Mineralocorticoids such as aldosterone act via ligand-dependent acti-
vation of the mineralocorticoid receptor (MR) and play an important
physiological role in fluid and electrolyte homeostasis. In contrast to
their physiological function, disproportionate elevation of serum aldos-
terone levels can result in a complex pattern of cardiovascular damage
such as hypertension, cardiac hypertrophy, vascular inflammation, as
well as vascular and cardiac fibrosis. These observations were initially
reported in rodents receiving chronic aldosterone infusion and a high
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Fig. 4. The shift of cardiac isomyosins toward a predominant βMHC expression
in ovariectomized SHRs is prevented by 17β-estradiol and the ERα agonist 16α-
LE2 (n = 8–10 animals/group, *p < 0.05)

salt diet (Rocha et al. 2002). These findings were recently extended to
the human situation because a relevant proportion of hypertensive indi-
viduals also exhibit a disproportionate elevation of aldosterone serum
levels, which might play a causative role in salt-sensitive hyperten-
sion (Mulatero et al. 2004; Vasan et al. 2004). Excess mineralocorti-
coid activity also plays an important and unfavorable role in the de-
velopment of chronic heart failure because disproportionate activation
of the renin–angiotensin–aldosterone system promotes cardiac remod-
eling and fluid retention and hence aggravates the clinical symptoms
of chronic heart failure (Swedberg et al. 1990). Accordingly, MR an-
tagonists such as spironolactone, which was initially developed as a di-
uretic with potassium-sparing properties, have been successfully eval-
uated in the treatment of chronic heart failure (Pitt et al. 1999, 2003).
Although mineralocorticoid and estrogen receptors are able to play im-
portant roles in cardiovascular function, very little is known on the func-
tional interaction of these structurally related receptor systems. There-
fore, and because estrogens and mineralocorticoids can confer very dif-
ferent and in part antagonistic effects in cardiovascular disease, one
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might speculate that activation of ERα and/or ERβ by isotype selective
ER agonists might attenuate aldosterone-induced cardiovascular injury.

To test this hypothesis, we analyzed cardiovascular function, mor-
phology, and gene expression in female rats displaying disproportionate
elevation of aldosterone serum levels due to chronic aldosterone infu-
sion combined with a high-salt diet. The AST-rat model (aldosterone
salt treatment) was developed by Brilla and co-workers in 1992 and
exhibits systemic hypertension, cardiac hypertrophy, as well as vascu-
lar and cardiac fibrosis (Brilla and Weber 1992). AST rats were treated
with placebo, estradiol, 16α-LE2, or 8β-VE2 for 2 months before a com-
plete set of hemodynamic, morphometric, and molecular studies were
performed. Cardiac hypertrophy in AST rats was significantly attenu-
ated by estradiol subtype selective ER agonists (Fig. 5). The protec-
tive function of estrogens was not limited to the myocardium but also
extended to the vascular bed because selective or nonselective acti-
vation of ERα and/or ERβ significantly attenuated excessive perivas-
cular collagen accumulation in aldosterone–salt-treated rats (Fig. 6).
Perivascular fibrosis, which is a very typical feature of excess MR ac-
tivity or disproportionate MR activation by elevated aldosterone serum
levels, is mediated by local infiltration of inflammatory cells and de-
pends critically on increased expression of the integrin osteopontin
(Young and Funder 2002). The latter hypothesis is supported by ob-
servations in osteopontin-null mice, which in contrast to WT mice do
not develop perivascular fibrosis in response to aldosterone–salt treat-
ment (Sam et al. 2004). Within this context, it is interesting to note that
the osteopontin promoter has previously been shown to respond to es-
trogens in noncardiovascular cell types (Vanacker et al. 1999). Thus,
the protective function of estrogens on perivascular fibrosis of AST rats
could result from E2-dependent repression of osteopontin expression
via activation of ERα and/or ERβ. As shown in Fig. 6, perivascular os-
teopontin levels were remarkably low in AST rats treated with 16α-
LE2, 8β-VE2, or 17β-estradiol. These findings suggest that both ER
subtypes attenuate vascular remodeling by lowering the local expres-
sion of the pro-inflammatory cytokine osteopontin. The mechanisms
by which ERα and ERβ exert their protective effects under condition
of excess MR activity are at least in part different from MR antago-
nists such as spironolactone and most likely do not interfere directly
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Fig. 5. Aldosterone–salt treatment (AST) for 8 weeks resulted in cardiac hy-
pertrophy in ovariectomized, normotensive Wistar rats. 17β-estradiol, the ERα

agonist 16α-LE2, the ERβ agonist 8β-VE2 attenuated cardiac mass in AST rats.
MPA aggravated cardiac hypertrophy in E2 substituted rats. Representative pho-
tomicrographs of cardiac cross sections (picro-Sirius red stain)
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Fig. 6. Vascular remodeling, perivascular fibrosis, and vascular osteopontin
expression in control rats (sham, ovx/npx) and AST rats, treated with placebo
(AST), 17β-estradiol (AST + E2), 16α-LE2 (AST + 16α-LE2), 8β-VE2 (AST +
8β-VE2), or spironolactone (AST + spiro). Vascular remodeling and osteopon-
tin accumulation are significantly attenuated by 17β-estradiol, 16α-LE2, and
8β-VE2; spironolactone conferred similar effects

with MR activation because the aldosterone-dependent suppression of
angiotensin-II serum levels was not alleviated by 16α-LE2, 8β-VE2, or
17β-estradiol, whereas spironolactone treatment of AST rats resulted in
higher AII serum levels (Fig. 7). Thus, it appears more likely that iso-
type selective or nonselective ER agonists interfere with downstream
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signal transduction pathways that become activated upon disproportion-
ate MR activation. Initial insight into these mechanisms might come
from studies that attempt to identify genes that are regulated by MR
and/or ER activation in AST rats. A proteome-wide screen for car-
diac proteins that are differentially regulated via MR and ER activa-
tion revealed a considerable number of proteins that were regulated
in opposite directions by aldosterone and estrogens in AST rats. In-
terestingly, the expression of most of these peptides was downregu-
lated with cardiac hypertrophy upon aldosterone–salt treatment, and es-
trogen treatment prevented the repression of a relevant proportion of
these proteins, as shown in Fig. 8. Identification and functional char-
acterization of these differentially expressed proteins is forthcoming
and may provide further insight into the mechanisms by which isotype-
selective and nonselective agonists protect the heart against excess MR
activation.

Fig. 7. Serum angiotensin-II (AII) levels in control animals (sham, ovx/npx) and
AST rats upon long-term administration of placebo (AST), 17β-estradiol (AST
+ E2), 16α-LE2 (AST + 16α-LE2), 8β-VE2 (AST + 8β-VE2), or spironolactone
(AST + spiro). Suppression of serum AII levels in AST rats was not affected by
estrogen but alleviated by spironolactone. (n = 8–10 animals/group, * = p <

0.05)
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Fig. 8. Cardiac proteome analysis in aldosterone–salt-treated rats. Fluorescent
2DPAGE analysis revealed a total of 53 protein spots that showed differential
expression between control (sham) and AST rats. Co-treatment of AST rats with
8β-VE2 blocked the differential expression of eight specific peptides, whereas
the ERα agonist 16α-LE2 affected the expression of six specific peptides
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4 Summary and Perspectives

Isotype selective agonists for ERα and ERβ such as 16α-LE2 and 8β-
VE2 confer redundant as well as specific effects on cardiovascular func-
tion and gene expression in animal models of human cardiovascular dis-
ease. The observation that ligand-dependent activation of ERα and ERβ

results in similar as well as distinct phenotypical changes in SHRs and
aldosterone–salt-treated rats indicates that pharmacological activation
of specific ER subtypes provides an alternative approach to transgenic
mouse models to gain further insight into the specific function of ERα

and ERβ in the cardiovascular system. Ultimately, isotype-selective ER
ligands might also offer more specific and improved pharmacological
profiles to optimize existing strategies and to develop novel treatment
strategies.
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Abstract. Rheumatoid arthritis is a chronic disabling disease affecting at least
1% of the population on a worldwide basis. Research aimed at understanding
the pathogenesis of this disease led to the identification of TNFα as a major
pro-inflammatory cytokine expressed in the inflamed joints of patients with
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rheumatoid arthritis. Subsequently, in vitro studies provided evidence to sug-
gest that TNFα played an important role in driving the expression of additional
pro-inflammatory cytokines, such as IL-1, GM-CSF, IL-6, and IL-8, in synovial
cell cultures. Another important finding that confirmed the pathological sig-
nificance of TNFα was that mice genetically engineered to overexpress TNFα

spontaneously developed arthritis. Subsequently, the therapeutic effect TNFα

blockade was tested in animal models prior to clinical trials in human patients,
which provided unequivocal verification of the validity of TNFα as a therapeu-
tic target. Anti-TNFα therapy is now accepted as a fully-validated treatment
modality for rheumatoid arthritis.

1 Introduction

Rheumatoid arthritis (RA) is a chronic inflammatory disease of un-
known etiology that is often progressive in nature, resulting in pain,
stiffness, and swelling of joints. In late stages, deformity and ankylosis
develop. The worldwide prevalence of RA is around 1%, with a female-
to-male ratio of approximately 3 to 1. Although RA can strike at any
age, the age of onset of RA is typically between 25 and 50. RA is
one of the most common causes of disability in the Western world and
pathological features of the disease include inflammatory erosive syn-
ovitis that causes destruction of cartilage, bone, and soft tissues and this
can result in deformity and loss of joint function. RA is usually clas-
sified as a non-organ-specific autoimmune disease because, in addition
to joint involvement, extraarticular features, such as subcutaneous nod-
ules, vasculitis, and pulmonary fibrosis, are not uncommon, especially
in the more severe cases.

2 Etiopathogenesis of RA

2.1 Genes Versus the Environment

It has been known for many years that genetic factors are important in
determining susceptibility to RA, and the role of HLA DRB1 alleles
as a major risk factor for the disease is well established. Thus, associa-
tions between different HLA DRB1 alleles have been demonstrated in
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a number of ethnic groups around the world (Silman and Pearson 2002).
It should also be borne in mind, however, that data from twin studies (in
which concordance is only about 15% (Silman et al. 1993)), have sug-
gested that the maximum potential genetic contribution to disease sus-
ceptibility is approximately 50%–60%. Furthermore, only around 50%
of the genetic contribution to RA can be explained by HLA genes, and
therefore non-MHC genes should not be overlooked in the search for
causes of the disease.

A large number of environmental, infectious and hormonal factors
have been proposed as contributors to susceptibility to RA. For exam-
ple, there is evidence that female sex hormones are protective, based on
the observations that the use of the oral contraceptive pill and pregnancy
are both associated with a reduced risk of developing RA. In contrast,
the postpartum period is associated with an increased risk of develop-
ing RA (Silman and Pearson 2002). Although infection has been pro-
posed as a potential trigger for RA, there is no firm epidemiological data
to support this hypothesis at present. There is, however, mounting evi-
dence to suggest a link between cigarette smoking and the development
of RA (Albano et al. 2001; Harrison et al. 2001; Hutchinson et al. 2001;
Karlson et al. 1999). A similar association has also been described for
Crohn disease.

2.2 Evidence of a Role for T Lymphocytes in RA

It has been suspected for more than a quarter of a century that CD4+ T
cells play an important role in the pathogenesis of RA (Janossy et al.
1981). This suspicion was based principally on the presence of T cells
in RA synovium and on the well-established HLA class II association
with RA (Todd et al. 1985) because the only known function of MHC
class II molecules is to present antigens to CD4+ T cells. Further evi-
dence to support the role of T cells was provided by experiments with
animal models in which a variety of different antibodies, including anti-
CD4 (Ranges et al. 1985), anti-TCR (Goldschmidt and Holmdahl 1991;
Yoshino et al. 1991), anti-IL-2R (Banerjee et al. 1988) and anti-MHC
class II (Cooper et al. 1988) were found to inhibit disease development.

These studies were influential in the establishment of clinical trials
of depleting anti-CD4 mAb therapy in RA, but paradoxically, these tri-
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als were not on the whole successful, despite achieving a high rate of
CD4+ blood T cell depletion (Choy et al. 1998; Moreland et al. 1997b).
Some nondepleting anti-CD4 mAbs have shown transient beneficial ef-
fects however (Choy et al. 1998), although the relatively low efficacy
as well as the presence of side effects (e.g., vasculitis) have led to the
discontinuation of this therapeutic strategy.

It has been shown in a number of human autoimmune diseases that
the expression of HLA class II molecules is increased in diseased tis-
sue compared to normal tissue, thereby providing the opportunity for
presentation of antigens to CD4+ T cells. Furthermore, in some disease
states (e.g., Graves’ autoimmune hyperthyroidism) it was shown that
the increased expression of MHC class II molecules extended even to
cells that do not normally express MHC class II molecules, including
thyroid epithelial cells (Bottazzo et al. 1983; Hanafusa et al. 1983).

In RA, endothelial cells and fibroblasts have been shown to exhibit
increased MHC class II molecule expression, and this may be inter-
preted as evidence of increased antigen-presenting cell (APC) func-
tion (Janossy et al. 1981; Klareskog et al. 1982). As cytokines (e.g.,
IFNγ) are the principal inducers of upregulated MHC class II expres-
sion, it was proposed that aberrant expression of cytokines led to in-
creased APC activity, resulting in the presentation of self-antigens and
the development of autoimmune disease (Bottazzo et al. 1983). Further
evidence that increased APC function was important in organ-specific
autoimmune disease was provided by the studies of Londei et al. in
Grave’s disease (Londei et al. 1984, 1985). These early studies provided
the rationale for the cataloguing of cytokines in the joints of patients
with RA in order to identify candidates with the potential to contribute
to the pathogenesis of the disease.

2.3 Cytokine Expression in RA

A number of different assays have been used to identify cytokines in
RA synovium, including Northern blotting, slot blotting, and in situ hy-
bridization for cytokine mRNA. For the detection of cytokine protein,
ELISA assays and immunohistochemistry have been employed using
monoclonal and polyclonal antibodies. These studies have shown that
the majority of known cytokines can be detected in active rheumatoid
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synovium (Table 1) (Buchan et al. 1988; Hopkins and Meager 1988;
Malyak et al. 1993; Symons et al. 1988; Xu et al. 1989). However, one
cytokine usually found to be absent from the joint is IL-4 (O’Garra and
Murphy 1993), and this may explain the Th1-skewing that occurs in RA
patients.

It is of interest that proinflammatory cytokines, including TNFα, IL-
1α/β, IL-6, and GM-CSF were present in virtually all samples, irre-
spective of the stage of disease (Feldmann and Maini 2001; Feldmann
et al. 1996). These proinflammatory cytokines are normally expressed
in a very transient manner and it was hypothesized that proinflamma-
tory cytokines were being continuously overproduced in the RA joint
(Feldmann and Maini 2001; Feldmann et al. 1996). In order to validate
this hypothesis, short-term cultures of synovial tissue were established
and culture supernatants assayed for spontaneous cytokine production.

The cells in the cultures of dissociated rheumatoid synovium were
found to produce relatively large quantities of multiple cytokines, cy-
tokine inhibitors, matrix metalloproteinases, etc., in a manner compara-
ble to that observed in situ. In a highly influential series of experiments,
it was subsequently shown that inhibition of TNFα in synovial cell cul-
tures led to marked downregulation of the expression of IL-1 and other
pro-inflammatory cytokines (Alvaro-Garcia et al. 1991; Brennan et al.
1989, 1990; Butler et al. 1995). These observations pointed to the pres-
ence of a cytokine cascade in which TNFα was responsible for driving
the production of a number of pro-inflammatory mediators.

It is clear that in RA joints there is abundant expression of pro-
inflammatory cytokines but another possibility that has to be considered
is that in RA there is a failure in the expression of anti-inflammatory
mediators. However, this is unlikely to be the case because multiple
anti-inflammatory mediators, including IL-10 (Cohen et al. 1995), IL-
11 (Hermann et al. 1998), soluble TNF receptor (Brennan et al. 1995;
Cope et al. 1992), IL-1 receptor antagonist (Deleuran et al. 1992), and
TGFβ (Chu et al. 1991) have been found to be upregulated in RA syn-
ovium. Furthermore, neutralization of these anti-inflammatory media-
tors in culture supernatants leads to an increase in the production of IL-1
and TNFα (Cohen et al. 1995; Hermann et al. 1998), indicating that that
they are fully functional. This led Feldmann and co-workers to propose
that in RA there is an imbalance between pro- and anti-inflammatory
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Table 1 Cytokines expressed in synovial tissue from patients with RA (adapted
from Feldmann et al. 1996)

Cytokine Expression
mRNA Protein

Pro-inflammatory
IL-1α, β + +
TNF + +
Lymphotoxin + ±
IL-6 + +
GM-CSF + +
M-CSF + +
LIF + +
Oncostatin M + +
IL-12 + +
IL-15 + +
IFNα,β + +
IFNγ + ±
IL-17 + +
IL-18 + +
Immunoregulatory
IL-2 + ±
IL-4 ±
IL-10 + ∓
IL-11 + +
IL-13 + +
TGFβ + +
Chemokins
IL-8 + +
Gro α + +
MIP-1 + +
MCP-1 + +
ENA-78 + +
RANTES + +
Growth Factors
FGF + +
PDGF + +
VEGF + +
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Fig. 1. Disequilibrium of pro- and anti-inflammatory cytokines and chemokines
in RA synovium. (Feldmann et al. 2003)

factors, with pro-inflammatory cytokines dominating over those that
play an anti-inflammatory role, and this leads to chronic inflammation
(Fig. 1).

3 The Role of TNFα: Lessons from Animal Models

3.1 hTNF Transgenic Mice

As discussed above, blockade of TNFα in synovial cell cultures leads
to inhibition of IL-1 and other pro-inflammatory cytokines. Further ev-
idence for an important role for TNFα was provided by the finding that
mice overexpressing a human TNFα transgene, dysregulated by the re-
placement of the 3′ AU rich region with the 3′ untranslated region of the
human β-globin gene spontaneously developed arthritis (Keffer et al.
1991). Treatment with anti-human anti-TNF mAb blocked the develop-
ment of disease. Histological examination of the joints of hTNFα trans-
genic mice revealed that the arthritis bore a number of important simi-
larities to human RA and was highly erosive in nature, with subchondral
bone being a particularly prominent feature (Fig. 2).
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Fig. 2. Joint damage in hTNFα-transgenic mice. Top: erosive changes in
the cartilage-bone-pannus region of a proximal interphalangeal joint from
a hTNFα-transgenic mouse with arthritis. Note the focal erosion of subchon-
dral bone. Bottom: normal joint from a nontransgenic littermate. H&E

3.2 TNFα Blockade in Collagen-Induced Arthritis

A number of studies have been conducted to assess the effect of TNFα

blockade in collagen-induced arthritis (CIA), which is the most widely
utilized animal model for human RA. These studies showed that treat-
ment of mice with monoclonal or polyclonal anti-TNFα antibodies, or
soluble TNF receptors, reduced the severity of arthritis when adminis-
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tered before the onset of clinical disease (Piguet et al. 1992; Thorbecke
et al. 1992; Williams et al. 1992). Subsequently, we evaluated the ef-
fect of anti-TNFα treatment in mice with established arthritis (Williams
et al. 1992). DBA/1 mice with CIA were given twice-weekly injections
of TN3-19.12 (anti-TNFα mAb), L2 (isotype control), or PBS over a pe-
riod of 14 days. The half-life of TN3-19.12 in mice had been previously
estimated to be approximately 7 days (Sheehan et al. 1989). A dose-
dependent reduction in the severity of arthritis following treatment with
anti-TNFα mAb was observed (Fig. 3).

At the end of the treatment period, individual joints were graded ac-
cording to the histopathological severity of arthritis. Anti-TNFα treat-
ment was found to reduce the histological severity of arthritis and to
protect joints from erosive changes (Fig. 4).

Soluble TNF receptors are understood to play an important physio-
logical role in regulating the activity of TNFα, and it was subsequently
shown that two soluble TNFR constructs were effective in established
CIA. In the first study, a p75 TNFR-Fc fusion protein was found to
reduce the severity of CIA whether given before or after the onset of
the disease (Wooley et al. 1993). In another study, we showed that
a p55 TNFR-Ig fusion protein was effective in reducing both the clin-
ical severity of established CIA (Williams et al. 1995). Furthermore,
when the joints were examined by histology, treatment with TNFR-Ig
was found to have exerted a dose-dependent protective effect on joint
erosion. These findings confirmed the importance of TNFα in CIA and
provided the rationale for the testing of anti-TNFα antibody therapy in
human RA.

3.3 TNFα Blockade in Human RA

The importance of TNFα in the pathogenesis of RA was finally con-
firmed in clinical trials in which intravenous administration of chimeric
anti-TNFα mAb (infliximab, Remicade) caused clear reductions in the
level of disease activity and radiographic progression of disease (El-
liott et al. 1993, 1994a,b). Similar findings were subsequently reported
for soluble TNF receptor-Fc fusion protein (etanercept, Enbrel) (Hasler
et al. 1996; Moreland et al. 1997a; Weinblatt et al. 1999). In addition to
confirming the importance of TNFα in RA, these clinical trials provided
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Fig. 3. Effect of anti-TNFα mAb (TN3-19.12) on clinical progression of es-
tablished CIA. L2 is an isotype-matched control mAb. Arrows indicate time of
injection. Top: clinical score, using a scoring system, was based on the follow-
ing criteria: 0 = normal, 1 = slight swelling and/or erythema, 2 = pronounced
edematous swelling, 3 = ankylosis. Each limb was graded, giving a maximum
score of 12 per mouse. Bottom: paw-swelling, expressed as the percentage in-
crement in paw-width relative to the paw-width before the onset of arthritis.
(Modified from Williams et al. 1992)
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Fig. 4. Histopathological assessment of joints of arthritic DBA/1 mice treated
with anti-TNFα. The scoring system was as follows. Mild, minimal synovitis,
erosions limited to discrete foci, cartilage surface intact. Moderate, synovitis
and erosions present but normal joint architecture intact. Severe, extensive ero-
sions, joint architecture disrupted. (Data from Williams et al. 1992)

a unique opportunity to study the mechanism of benefit of TNFα block-
ade, and this has provided important information about the pathogenesis
of the disease process, as discussed below.

4 What Has Anti-TNFα Therapy
Taught Us About the Pathogenesis of RA?

4.1 The Role of Angiogenesis

Angiogenesis plays a major role in numerous pathological conditions,
including joint inflammation, tumor growth and metastasis, diabetic
retinopathy, and atherosclerosis. Evidence of a role for angiogenesis in
the pathogenesis of RA is provided by a number of findings, including
the observation that exuberant angiogenesis is usually seen in joint tis-
sue from RA patients (Hirohata and Sakakibara 1999) and that blood
vessel number in the synovium correlates positively with the level of
hyperplasia, infiltration of mononuclear cells, and severity of joint ten-
derness (Rooney et al. 1988). Of course, such studies do not tell us
whether angiogenesis arises as a consequence of inflammation or is
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a cause of the inflammation. However, one recent study in RA sug-
gests a causative role for angiogenesis by demonstrating that there is
an increase in angiogenesis prior to the early pathological changes in
the synovium, including inflammatory cell infiltration and synoviocyte
hyperplasia (Sivakumar et al. 2004).

A number of pro-angiogenic cytokines and growth factors have been
identified in the joints of RA patients (Afuwape et al. 2002). Indeed,
circulating levels of vascular endothelial growth factor (VEGF), which
is often regarded as a master regulator of angiogenesis, are increased
in RA compared to healthy individuals or patients with osteoarthritis
(Ballara et al. 2001). Furthermore, levels of VEGF at presentation have
been reported to show a positive correlation with the degree of deterio-
ration of joints observed by radiography during the 1st year, indicating
that circulating VEGF levels are predictive of future disease progression
(Ballara et al. 2001).

Clinical trials of anti-TNFα mAb therapy in RA demonstrated a re-
duction in serum levels of VEGF after therapy. Furthermore, combined
treatment with anti-TNFα mAb plus methotrexate in multiple infusions
extended the period during which VEGF levels were reduced (Paleolog
et al. 1998). From these findings it is suggested that at least one of the
mechanisms by which TNFα blockade exerts its therapeutic effect is
to reduce levels of VEGF expression, resulting in a subsequent reduc-
tion in angiogenesis and suppression of inflammation. This is consistent
with the finding that inhibition of VEGF in established CIA reduces
joint inflammation (Afuwape et al. 2002; Miotla et al. 2000; Sumari-
walla et al. 2003).

4.2 TNFα Drives Inflammatory Cell Recruitment

One of the mechanisms underlying the potent anti-inflammatory effect
of anti-TNFα mAb therapy in RA is that it reduces the influx of in-
flammatory cells to the joint (Taylor et al. 2000). This conclusion is
based on a study in which a group of ten RA patients were given a sin-
gle 10-mg/kg intravenous infusion of anti-TNFα mAb (infliximab) and
the accumulation of autologous granulocytes (separated in vitro and la-
beled with 111In) in the joint was analyzed using gamma-camera images
before and after treatment. Synovial biopsies were also assessed at the
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same time points in order to identify infiltrating CD3+ T cells, CD22+

B cells, and CD68+ macrophages by immunohistochemistry, and syn-
ovial tissue was studied for the presence of chemokines. Circulating
levels of IL-8 and MCP-1 were also measured. TNFα blockade led to
a significant reduction in the infiltration of 111In-labeled granulocytes
into arthritic joints and a significant reduction in infiltrating T cells,
B cells, and macrophages. These reductions in numbers of infiltrating
leukocytes were paralleled by reductions in chemokine expression and
it was concluded that blockade of TNFα leads to reduced chemokine ex-
pression and reduced infiltration of inflammatory cells into the inflamed
joint (Taylor et al. 2000).

4.3 Evidence of Aberrant T Cell Signaling in RA

RA is generally thought of as a disease of lymphocyte hyperrespon-
siveness that results in excessive pro-inflammatory cytokine expression.
However, we now know that subpopulations of lymphocytes exist with
the capacity to suppress inflammatory responses and another way of
approaching the problem is to address the question of why, in suscep-
tible individuals, do endogenous regulatory mechanisms fail to down-
regulate the inflammatory process. One possible explanation being ex-
plored by Cope et al. is that prolonged exposure of lymphocytes to high
levels of TNFα within the joint leads to a state of T cell hyporespon-
siveness to stimulation via the TCR and the uncoupling of proximal
TCR signal transduction pathways. One possible consequence of this
is a failure of T cell-driven immunoregulatory responses, prolonged in-
flammatory cell survival times, and increased effector responses (Cope
2003).

To validate the hypothesis that chronic exposure to TNFα downreg-
ulates T cell activity in RA, tetanus toxoid-specific T cell clones were
pretreated with TNFα for up to 16 days prior to antigenic challenge.
It was confirmed that antigen-specific proliferation was downregulated
by TNFα in a dose- and time-dependent fashion, while responses to
IL-2 and PHA were not significantly affected (Cope et al. 1994). It was
also shown that pretreatment of T cells with TNFα resulted in signif-
icantly reduced production of IL-2, IL-10, IFNγ, TNFα, and lympho-
toxin following anti-CD3 mAb stimulation, and reduced IL-2R alpha
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chain expression. Consistent with these findings was the observation
that pretreatment of T cells with neutralizing anti-TNFα mAb enhanced
proliferative responses, increased lymphokine production, and IL-2R
alpha chain expression following mitogenic stimulation with anti-CD3
mAb.

Next, the immunomodulatory role played by TNFα on T cell activity
was confirmed in vivo. This was achieved by analyzing cell-mediated
immune responses in RA patients before and after treatment with TNF-
blocking antibodies. TNFα blockade was found to normalize the dimin-
ished T cell proliferative responses both to mitogens and recall antigens
in all patients tested. These in vivo findings confirm that chronic over-
production of TNFα does indeed blunt cell-mediated immune responses
in vivo but it remains to be established whether this is responsible for
suboptimal regulatory T cell activity (Cope et al. 1994).

4.4 Is There a Failure in Regulatory T Cell Activity in RA?

Studies with animal models clearly implicate a role for regulatory T
cells in the prevention and control of autoimmunity (Powrie et al. 1994;
Sakaguchi et al. 1995; Shevach 2000), although similar data in human
autoimmune diseases is still lacking. In an interesting study by Ehren-
stein et al., the question was addressed of whether regulatory T cell
activity was normal or abnormal in patients with RA (Ehrenstein et al.
2004). It was shown that regulatory CD4+CD25+ T cells derived from
RA patients exhibited the same anergic phenotype as regulatory T cells
from normal individuals and were able to suppress the proliferative re-
sponses of CD4+CD25– effector T cells in vitro. However, CD4+CD25+

T cells from RA patients were unable to suppress pro-inflammatory cy-
tokine production by T cells stimulated with anti-CD3 or monocytes
stimulated with LPS and, unlike CD4+CD25+ T cells from normal in-
dividuals, did not show evidence of infectious tolerance when cultured
in the presence of effector CD4+CD25– T cells. However, following
treatment with anti-TNFα mAb there was an increase in the capacity
of CD4+CD25+ regulatory T cells to downregulate cytokine production
and to confer suppressive properties to effector T cells. Another impor-
tant observation was that TNFα blockade resulted in increased numbers
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of circulating regulatory T cells in RA patients and this was paralleled
by a reduction in the acute phase protein, C reactive protein.

This study suggests, firstly, that the activity of regulatory T cells is
diminished in RA and, secondly, that blockade of TNFα causes both
an increase in numbers and activity of CD4+CD25+ T cells (Ehrenstein
et al. 2004). However, in another different study, it was shown that the
percentage of CD4+CD25+ T cells in the synovial fluid of RA patients
was significantly increased compared with RA peripheral blood (sug-
gesting local accumulation of regulatory T cells at the site of disease ac-
tivity), and that the percentage of circulating CD4+CD25+ T cells in RA
patients was higher than that found in healthy individuals (van Amels-
fort et al. 2004). Furthermore, the CD4+CD25+ regulatory T cells in RA
were comparable both phenotypically and functionally to CD4+CD25+

regulatory T cells from healthy controls (van Amelsfort et al. 2004).
Further research will clearly be required to establish the precise role
of regulatory T cell populations in RA and whether it will be possible
to expand or activate these populations through therapeutic interven-
tion.

5 Are Female Sex Hormones Protective in RA?

5.1 Evidence from Epidemiological Studies

Evidence from a number of studies has suggested that oral contracep-
tives (usually containing a combination of synthetic derivatives of estro-
gen and progesterone) are protective in RA (Anonymous 1978; Brennan
et al. 1997), although current contraceptive use appears to be more im-
portant than ex-contraceptive use. One recent study has also shown that
oral contraceptive use does not significantly affect disease outcome in
the long term, suggesting that contraceptives delay, rather than prevent,
disease development (Drossaers-Bakker et al. 2002). Pregnancy has also
been associated with a reduction in disease activity followed by disease
flare during the postpartum period as well as an increased risk of devel-
oping RA, particularly after the first pregnancy (Da Silva and Spector
1992; Nelson and Ostensen 1997; Silman et al. 1992).



122 R.O. Williams

5.2 Evidence from Animal Models

Studies in the CIA model have clearly demonstrated disease remission
during pregnancy, followed by exacerbation postpartum (Hirahara et al.
1986; Waites and Whyte 1987; Whyte and Waites 1987). Similar find-
ings have been reported in adjuvant arthritis in rats and proteoglycan-
induced arthritis in BALB/c mice (Buzas et al. 1993; Mathers and Rus-
sell 1990). Pregnancy-induced remission in CIA is associated with a re-
duction in circulating levels of all type II collagen-specific isotypes
of IgG (Williams and Whyte 1989). In order to investigate possible
reasons for the postpartum exacerbation of arthritis, we administered
bromocriptine mice with CIA immediately postpartum and found that
the drug suppressed the clinical exacerbation of disease. Thus, there was
approximately a 50% reduction in severity of disease in bromocriptine-
treated animals compared to untreated mice. The effect was thought to
be due to suppression of the prolactin release that normally occurs post-
partum. However, in a more comprehensive study by Mattsson et al.,
it was reported that the post-partum exacerbation in arthritis is more
likely to be due to a fall in estrogen levels, rather than a surge in pro-
lactin (Mattsson et al. 1991).

In another experiment, evidence was presented to suggest that es-
trogen, but not progesterone, may be the critical factor to explain the
pregnancy-associated remission of CIA (Jansson and Holmdahl 1989).
This finding led to the concept that estrogen (or synthetic derivatives
of estrogen) would be therapeutically effective in arthritis and this was
subsequently confirmed to be the case in both male and female mice
(Jansson and Holmdahl 1992; Jansson et al. 1990, 1994). Conversely,
blockade of the estrogen receptor (ER) using ICI 182,780 was found to
exacerbate CIA (Jansson and Holmdahl 2001).

Analysis of the anti-collagen immune response in 17β-estradiol-trea-
ted mice revealed that T cell production of IFNγ in lymph node cells
was decreased, and significant decreases were also observed in levels
of IL-10 and GM-CSF produced by lymph node cells from estradiol-
treated mice. Although the total IgG anti-CII response was only mini-
mally affected by estrogen treatment, a significant reduction in the lev-
els of IgG2a anti-CII Abs and an increase in the levels of IgG1 anti-CII
Abs were observed in estradiol-treated mice.
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5.3 Future Perspectives: Selective ER Agonists

The ER exists in two main forms, ERα and ERβ, which have distinct tis-
sue expression profiles. Furthermore, gene-targeted mice lacking these
receptors exhibit distinct phenotypes, indicating that the two receptors
play different roles in health and disease (Deroo and Korach 2006). This
has generated a great deal of interest in the therapeutic opportunities af-
forded by ER-selective ligands. Researchers at Wyeth (Collegeville, PA)
have developed selective agonists for ERβ and tested these compounds
in several rodent models of human disease (Harris et al. 2003). One
such compound, ERB-041, exhibited a beneficial effect in the HLA-
B27 transgenic rat model of inflammatory bowel disease as well as the
rat adjuvant arthritis model, without affecting ovulation or ovariectomy-
induced weight gain, indicating the absence of a classic estrogen-like
effect (Harris et al. 2003). These findings pave the way for further stud-
ies into the therapeutic potential of selective ER ligands in rheumatoid
arthritis and other conditions in which estrogen is thought to play a role.
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Abstract. Androgens are known regulators of the growth and differentiation
of the prostate gland and are effective during development and maturity as well
as in disease. The role of estrogens is less well characterized, but dual direct
and indirect actions on prostate growth and differentiation have been demon-
strated, facilitated via both ERα and ERβ. Previous studies using animal models
to determine the role of ERβ in the prostate have been problematic due to the
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centrally mediated responses to estrogen administration via ERα that can lower
androgen levels and lead to epithelial regression, thereby masking any direct
effects on the prostate mediated by ERβ. Our alternate approach was to use the
estrogen-deficient aromatase knockout (ArKO) mouse and the method of tissue
recombination to provide new insight into estrogen action on prostate growth
and pathology. Firstly, utilizing homo- and heterotypic tissue recombinants, we
demonstrate that stromal aromatase deficiency results in the induction of hyper-
plasia in previously normal prostatic epithelium and that this response is the re-
sult of local changes to the paracrine interaction between stroma and epithelium.
Secondly, using tissue recombination and an ERβ-specific agonist, we demon-
strate that the activation of ERβ results in an anti-proliferative response that is
not influenced by alterations to systemic androgen levels or activation of ERα.
Finally, using intact ArKO mice this study demonstrates that the administration
of an ERβ-specific agonist abrogates existing hyperplastic epithelial pathology
specifically in the prostate but an ERβ-specific agonist does not. Therefore, in
the absence of stromal aromatase gene expression, epithelial proliferation, lead-
ing to prostatic hypertrophy and hyperplasia, may result from a combination of
androgenic stimulation of proliferation and failed activation of ERβ by locally
synthesized estrogens. These data demonstrate essential and beneficial effects of
estrogens that are necessary for normal growth of the prostate and distinguish
them from those that adversely alter prostate growth and differentiation. This
indicates the potential of antiandrogens and SERMS, as opposed to aromatase
inhibitors, for the management of prostate hyperplasia and hypertrophy.

1 Introduction

The prostate gland is located at the neck of the bladder and functions
in men to provide secretions that contribute to seminal fluid. The se-
cretions arise from the epithelial secretory cells lining the ducts of this
glandular tissue and the ducts themselves are surrounded by stroma.
The epithelial–stromal cell interactions, as well as endocrine hormones,
are integral to normal development, growth and function of the prostate
gland (Cunha et al. 2004).

The human prostate gland undergoes several phases of growth and
differentiation, including during fetal and pubertal life as well as in
older men. With a doubling time of 2.75 years, the gland grows from
2 g in prepubertal boys to 20 g in mature young men, under the influ-
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ence of rising androgens. When maturity is reached, the prostate gland
becomes growth-quiescent, despite retaining levels of androgens in the
circulation comparable to those that initiated prostate maturation. How-
ever, after a period of stability, androgen levels decline in older men,
yet growth of the prostate gland is resumed and it can more than dou-
ble in size. Therefore, although androgens are essential and required
for prostate growth, they are not the sole regulators or determinants of
prostate growth, and regulation of prostate growth and differentiation is
far more complex than being controlled by androgens alone. It is in this
context that the importance of stromal–epithelial cell interactions will
be considered.

Prostate disease in men can be benign or malignant and typically
both pathologies will emerge together upon aging. Benign prostatic hy-
perplasia (BPH) or nodular hyperplasia is due to various combinations
of stromal and glandular hyperplasia. On the other hand, prostate cancer
(PCa) is predominantly identifiable as adenocarcinoma of the prostate
gland. It is generally believed the etiologies of the two diseases are
separate and independent, although both BPH and PCa are hormone-
dependent diseases.

2 Androgens, Estrogens and Aromatase

The changing ratio of androgens to estrogens is believed to contribute to
the emergence of prostate pathologies in older men. Whereas androgens
decline upon aging (Huggins and Hodges 1941; Vermeulen et al. 1972;
Wu and Gu 1987), the levels of estradiol remain unchanged or increase
with age (Vermeulen et al. 1972; Gray et al. 1991a,b; Culig et al. 1993;
Baulieu 2002; Vermeulen et al. 2002). Consequently, there is a signif-
icant change to the ratio of estradiol to testosterone that is temporally
related to the onset of prostate disease, suggesting an adverse role for
estrogens in the etiology of PCa and BPH.

Peripheral tissue steroid synthesis may be extremely important in
determining the hormonal milieu. Indeed, adipose tissue is one of the
major sites wherein androgens are metabolized to estrogens, and as
men tend to exhibit a greater degree of adiposity as they age, this is
an obvious way through which estrogens may rise with aging (Zumoff
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et al. 1982; Griffiths 2000; Vermeulen et al. 2002). In addition, there is
considerable evidence to show that the prostate itself is a site of estro-
gen production. It is well known that androgens reaching the prostate
gland are reduced by the 5α reductase enzyme to the more potent 5α-
dihydrotestosterone (DHT) that activates the prostatic androgen recep-
tor. However, testosterone can also be converted to estrogen by the aro-
matase enzyme. Located in the stromal tissue of the normal prostate
gland, aromatase converts androgens to estrogens which subsequently
play a critical role in regulating prostate growth and differentiation in
normal and diseased tissue (Ellem et al. 2004). Both estrogen recep-
tor subtypes are identifiable within the stroma and epithelia, confirming
that the prostate is a target tissue for estrogens, as well as androgens.

In the normal human prostate, the aromatase enzyme is localized
solely to the stroma and gene expression is regulated by the aromatase
pII promoter (Ellem et al. 2004). In PCa, the epithelial derived tumor
cells now express aromatase, but under the control of additional pro-
moters (1.3 and 1.4) (Ellem et al. 2004). It is of particular note that
promoters PII and I.3 may be regulated by inflammatory cytokines, and
as estrogens can induce an inflammatory response in the prostate gland,
a link between inflammation, estrogens and prostate cancer begins to
emerge.

3 Estrogen and Inflammation of the Prostate

There are several sets of data describing estrogen-induced inflammation
in this organ. Previously, we have reported that transient up-regulation
of estrogen is sufficient to induce an inflammatory response in gonado-
trophin and estrogen-deficient (hpg and ArKO, respectively) mice
(Bianco et al. 2002, 2006). Most recently it was observed that ele-
vated estrogens in aromatase over-expressing (AROM+) mice resulted
in chronic prostatic inflammation (Ellem et al., unpublished observa-
tions). Hence, estrogens directly cause inflammation in the prostate,
and this response is known to be mediated by the ERα receptor sub-
type (Prins et al. 2001).

These data suggest that induction of inflammation may alter the reg-
ulation of aromatase activity, resulting in aberrant local estrogen syn-
thesis that may induce further inflammation, and with unbalanced an-
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drogen and estrogen levels, lead to malignancy. Given this implication,
we proposed the hypothesis that estrogen deficiency would have a ben-
eficial effect on the development of prostate disease. In order to test this
hypothesis, we examined estrogen-deficient ArKO mice.

4 ArKO Mouse and Hormonal Carcinogenesis

It has been previously reported that aromatase knockout (ArKO) mice
show prostate hypertrophy and hyperplasia upon aging, which was be-
lieved to be due to the lifelong exposure to androgens unopposed by
estrogen (McPherson et al. 2001). However, there have been no reports
of these animals developing prostate malignancies. Therefore, to test
the susceptibility of ArKO mice to the induction of malignancy, a com-
bination of androgens and estrogens were administered to adult ArKO
and wild-type (wt) mice. This method of inducing prostatic carcinoma
has been successfully used in dogs, mice and most commonly the Noble
rat (Ho et al. 1995). Following treatment, the prostate tissues were ex-
amined for evidence of malignant or premalignant pathology based on
five criteria: altered morphology, up-regulated expression of AR, ERα

and PCNA, and loss of E-cadherin expression. Based on these param-
eters, focal premalignant lesions identifiable as prostatic intraepithelial
neoplasia (PIN) could be detected in the prostates of all treated mice.
Comparison of ArKO and wt mice showed the incidence of lesions
in prostates from estrogen deficiency was approximately 50% of that
seen in wt animals (Ricke et al., unpublished observations). This find-
ing adversely implicates estrogen, and aromatase activity, in the devel-
opment of premalignant lesions of the prostate, ultimately leading to
malignancy.

5 Estrogens as a Beneficial Influence
on Prostate Growth and Development

In contrast to the adverse responses to estrogen described above, epi-
demiological studies implicate estrogens or estrogenic substances (e.g.
phytoestrogens) as being beneficial in the prevention of prostate disease.
Laboratory studies have demonstrated that phytoestrogens suppress tu-
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mor cell growth and may have potential therapeutic potential in the
prevention of prostate disease (Adlercreutz et al. 1995, 2000; Stephens
1997; Mentor-Marcel et al. 2001). These classes of estrogens preferen-
tially bind the ERβ, rather than the ERα, subtype and are purported to
be anti-proliferative, although this biological action remains unproven
(Kuiper et al. 1998). Within the male reproductive tract, the prostate
epithelial cells expresses very high levels of ERβ yet, to date, it has
been difficult to demonstrate a direct anti-proliferative response to es-
trogen in this (or any other) tissue, because administration of exogenous
estrogen to a male will cause a reduction in androgens induce apopto-
sis, reduce proliferation and cause prostatic epithelial atrophy. Thus the
putative anti-proliferative effects of ERβ activation by exogenous es-
trogen cannot be distinguished from the effects of reducing systemic
androgens.

In this context, we re-evaluated the role of cell–cell signaling in the
prostate gland, since the prostatic micro-environment is a critical regu-
lator of growth and estrogens are key contributors to the prostatic mi-
croenvironment.

Based on the expression of aromatase in prostatic stroma (Ellem
et al. 2004), we used tissue recombination to determine if estrogen defi-
ciency within the stroma would alter prostatic epithelial cell differenti-
ation and/or proliferation. A similar approach was used to elucidate the
role of prostatic stromal AR signaling using Tfm mouse tissues (Cunha
and Donjacour 1987; Thompson et al. 2000) and more recently, estro-
gen action via ERα using ERαKO tissues (Risbridger et al. 2001a). The
power of this technique to elucidate stromal–epithelial interactions in-
volving estrogen arises from two factors. Firstly, tissue recombinants
are grown in intact hosts in which systemic androgen and estrogen
levels are normal, and secondly, recombinants composed of different
stroma–epithelial tissue types are grown in the same host animals and
are therefore exposed to an identical systemic hormonal milieu. Conse-
quently, any differences between the grafts must be due to the perturba-
tion of stromal–epithelial signaling in the grafted tissues and indepen-
dent of systemic hormones.

Using this method, we examined whether newborn stroma from
aromatase-deficient ArKO mice (ArKO-S) was capable of directing and
inducing ductal tip epithelia from wt adult mice (wt-E) to become hy-
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perplastic, a phenotype similar to that observed in the ArKO mouse
upon maturation of the prostatic epithelium. In addition to a visual ex-
amination of the histology of the grafts, we directly compared the de-
gree of epithelial infolding, or branching, in the tissue recombinants as
a measure of hyperplasia.

The importance of local stromal–epithelial cell interaction is unequi-
vocal and clearly demonstrated by the comparison of the homotypic tis-
sue recombinants (wt-S+wt-E and ArKO-S+ArKO-E) (Fig. 1a,b). The
wt recombinants formed normal prostate tissue as expected, while those
derived from ArKO tissues generated prostate tissue with extensive ep-
ithelial infolding, characteristic of epithelial hyperplasia previously re-
ported in the prostates of adult ArKO mice (McPherson et al. 2001).
Analysis showed that epithelial branching and infolding in the homo-
typic recombinants was significantly increased, being approximately
three times greater in ArKO-S+ArKO-E recombinants compared to wt-
S+wt-E recombinants (Fig. 1e). As both types of homotypic recombi-
nant were grafted into the same host animal and exposed to an identical
systemic hormonal environment, the difference in epithelial hyperpla-
sia must be attributable to the effects of local estrogen deficiency and
perturbation of stromal–epithelial cell interactions.

The pivotal role of the stroma in the induction of epithelial hyperpla-
sia was evident from the comparison of the heterotypic tissue recom-
binants (ArKO-S+wt-E and wt-S+ArKO-E; Fig. 1c and d, respectively)
with the homotypic recombinants. Epithelial hyperplasia in the ArKO-
S+wt-E recombinant was significantly different to that of the wt-S+wt-E
control recombinant (Fig. 1a) and was comparable to that of the ArKO-
S+ArKO-E grafts (Fig. 1b). This demonstrates that the stroma derived
from the ArKO mouse is able to initiate epithelial hyperplasia in the
normal (wt) epithelia. Interestingly, wt-S+ArKO-E recombinants also
display epithelial hyperplasia significantly higher than wt-S+wt-E, and
similar to ArKO-S+ArKO-E recombinants (Fig. 1e). The AP from an
adult ArKO exhibits significant hyperplasia, and therefore the AP tip
used to prepare the wt-S+ArKO-E graft consisted of a piece of tissue
that was hyperplastic when it was recombined with the wt stroma. His-
tological examination of these grafts showed that the hyperplasia per-
sisted and was not altered or reversed when grown in a normal hormonal
milieu. The retention of the hyperplastic pathology may be attributed
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Fig. 1a–e. Formation of homotypic and heterotypic prostate tissue recombi-
nants using ArKO and wt mice. Local stromal–epithelial cell interactions di-
rect prostatic hyperplasia independent of systemic hormones. Tissue recombi-
nants derived from wt-S/wt-E (a), ArKO-S/ArKO-E (b), ArKO-S/wt-E (c) or
wt-S/ArKO-E (d) from prostate with differing degrees of epithelial hyperpla-
sia as demonstrated by epithelial infolding. e The extent of epithelial infolding
(estimated as the number of branches per square millimeter), was significantly
increased in all homoheterotypic ArKO tissue recombinants compared to wt-
S/wt-E controls despite exposure to the same hormonal milieu. Values represent
mean ± SEM, n ≥ 4; (p < 0.05); significant difference indicated by different su-
perscripts. Scale bars = 100 µm (a–d); 400 µm (insets)
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Table 1 Incidence of AR immunolocalization

Incidence of AR immunolocalization in
Recombinant Epithelium Stroma Total

wt-s/wt-e 15.53% ± 0.10 31.57% ± 2.30 18.53% ± 0.24
wt-s/ArKO-e 10.32% ± 4.03 28.62% ± 6.08 13.50% ± 2.68
ArKO-s/wt-e 13.17% ± 3.81 27.02% ± 12.34 14.61% ± 4.37
ArKO-s/ArKO-e 11.47% ± 1.85 24.30% ± 3.28 14.04% ± 1.72

to a failure of the correct signals from wt stroma to reverse adult ep-
ithelial hyperplasia or the need to increase the duration of the epithe-
lial exposure to signals from the wt stroma, requiring further time to
be effective. Nevertheless, the effect of estrogen deficiency in neonatal
stroma alone is sufficient to induce epithelial hyperplasia in tissue re-
combinants grafted into host mice where normal androgen and estrogen
levels are maintained. This provides a new insight to the pivotal role of
aberrant stromal–epithelial cell signaling in the onset of epithelial cell
hyperplasia.

In order to elucidate the underlying mechanism of aberrant stromal–
epithelial signaling, we examined the expression of AR in the recom-
binant tissues. As demonstrated above, AR is elevated in stroma from
neonatal estrogen-deficient ArKO mice. Further examination of the re-
combinant tissues failed to identify any difference in AR expression
(Table 1) or any correlation between AR expression and the induction
of hyperplasia in any group of tissue recombinants using either neonatal
ArKO or wt stroma (data not shown).

6 Failure to Activate ERβ Results in Induction
of Prostatic Epithelial Hyperplasia

Since estrogen signaling via ERβ is postulated to be anti-proliferative,
we next investigated the activation of this receptor subtype in the tissue
recombinants. As the recombinants are exposed to the same systemic
hormones in the host mice, it was possible to study estrogen action with-
out the complication of any differences in serum androgen levels.
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The preceding result using homotypic recombinants demonstrate that
correct stromal–epithelial signaling of estrogens is a key determinant of
prostatic hyperplasia in the ArKO mouse. We did not consider estro-
gen action via ERα because it has been previously shown to result in
epithelial cell proliferation leading to squamous metaplasia (Risbridger
et al. 2001b). Squamous metaplasia is a proliferative response that dif-
fers from the epithelial hyperplasia observed in the ArKO mice (Ris-
bridger et al. 2001b). Instead, we re-considered the role of ERβ as a pos-
sible anti-proliferative influence on prostate growth, despite the lack of
biological endpoints for it in this role (Weihua et al. 2001; Imamov
et al. 2004). However, there are conflicting data on the developmen-
tal expression of ERβ; one group has reported the absence of significant
ERβ expression in mice until after the 1st week of life (Omoto et al.
2005), whereas ERβ protein was identified in human and rat fetal tis-
sues (Shapiro et al. 2005; Chrisman and Thomson 2006).

In order to determine if a failure to activate ERβ is due to the ab-
sence of conversion of androgens to estrogens in the aromatase-deficient
stroma, we again used the tissue recombination model. Based on the
above results showing induction of epithelial hyperplasia when neona-
tal stroma from ArKO mice (ArKO-S) is recombined with normal ep-
ithelial cells of ductal tips (wt-E), we subsequently treated adult host
mice bearing homotypic ArKO-S/ArKO-E and wt-S/wt-E with an Erβ-
specific agonist. Compared to ArKO-S/ArKO-E recombinants treated
with vehicle (Fig. 2b), treatment with ERβ agonist abrogated epithelial
hyperplasia in ArKO-S/ArKO-E recombinants (Fig. 2c), so that tissues
were indistinguishable from wt-S/wt-E tissue recombinants (Fig. 2a).
Prostatic epithelial cell proliferation was significantly reduced within
each of these recombinants, as determined by localization of PCNA ex-
pression (Fig. 2d). There was no evidence of an increase in apoptosis,
which was almost undetectable (data not shown).

These data unequivocally demonstrate the essential role of locally
metabolized estrogen in the stroma regulating epithelial cell differenti-
ation and proliferation during development. Additionally, the anti-pro-
liferative response mediated via ERβ occurs in contrast to the prolifer-
ative response to estrogen mediated by ERα, which causes squamous
metaplasia (Risbridger et al. 2001b). Hence these data provide new in-
sight into the role of ERβ in prostate development and differentiation
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Fig. 2a–d. Estrogen receptor β agonist reduces epithelial hyperplasia in
ArKO prostate tissue recombinants. a wt-S/wt-E recombinant from vehicle-
treated host showing normal epithelium. b ArKO-S/ArKO-E recombinant from
vehicle-treated host showing epithelial hyperplasia. c ArKO-S/ArKO-E recom-
binant from an ERβ agonist-treated host shows loss of epithelial hyperplasia
and is comparable to wt-S/wt-E control. Scale bars: 100 µm (a–d); 400 µm
(insets). d Proliferation as determined by PCNA expression in ArKO-S/ArKO-
E recombinants (open bars) was significantly elevated compared to wt-S/wt-E
recombinants (hatched bars); treatment of ArKO-S/ArKO-E recombinants with
ERβ agonist (solid bars) significantly reduced the percentage of cells prolifer-
ating in epithelium and in total, although stromal proliferation was not altered.
Values indicate mean ± SEM, n ≥ 5, superscripts indicate groups that are not
significantly different (p < 0.05)

and conclusively prove the anti-proliferative action without any con-
founding difference in systemic androgen levels. These data show a crit-
ical role of stromal aromatase enzyme activity required for the synthesis
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of local estrogen which prevents epithelial hyperplasia via ERβ signal-
ing.

Prostatic hypertrophy and glandular and/or stromal tissue hyperpla-
sia occur concomitantly in men with BPH and are believed to arise in
an environment of unbalanced androgen and estrogen in late life. This
study uses a murine model of prostate hypertrophy and hyperplasia to
provide new insight into the interactions of these hormones during de-
velopment. Firstly, it demonstrates that the correct balance between an-
drogens and estrogens is critical for normal development of the prostate
gland at the start of life. Secondly, this study identifies an important
beneficial role for estrogen during neonatal development; whereas an-
drogens drive cell proliferation and prostate growth in a coordinated
manner, locally synthesized estrogen activates ERβ and prevents ep-
ithelial hyperplasia via stromal–epithelial interactions.

The previous findings suggest the potential of ERβ agonists for thera-
peutic treatment of benign prostatic hyperplasia. Therefore we have ex-
amined whether administration of ERβ-specific agonists could abrogate
existing prostatic hyperplasia in adult ArKO mice. Following 6 weeks
of systemic administration of a specific ERβ agonist to intact ArKO
male mice, serum T levels were not significantly different from control
animals (Fig. 3a), nor was seminal vesicle (SV) weight altered (Fig. 3b).
however, ventral prostate weight was significantly reduced (Fig. 3c) and
histological examination showed a reduction in epithelial hyperplasia,

�
Fig. 3a–g. Estrogen receptor β agonist reduces prostate prostatic epithelial hy-
perplasia in intact ArKO mice. a Serum T levels were not altered in ArKO mice
treated with vehicle control (P, solid bar), (ERα 0.3 or 3.0 µg/kg/day; open
bars) or ERβ agonist (30 or 100 µg/kg/day; shaded bars). b SV weights were
significantly reduced by ERα but not ERβ agonist. c VP weights were signifi-
cantly reduced by ERα (3.0 µg) and ERβ agonist (30 and 100 µg). Compared to
normal wt prostates (d), ArKO prostates (e) demonstrate a hyperplastic epithe-
lial morphology throughout the tissue. f ArKO tissue treated with ERβ agonist
(100 µg) show epithelial morphology comparable to wt prostate, while ArKO
tissue treated with an ERα agonist (g; 3.0 µg) shows no reduction in epithe-
lial hyperplasia. Values represent mean ± SEM; * significance p < 0.05, n ≥ 6
compared to ArKO control. Scale bar = 100 µm (DG)
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resulting in areas of ArKO tissue (Fig. 3f) that were morphologically
indistinguishable from wt controls (Fig. 3d). In contrast, the adminis-
tration of an ERα agonist reduced SV weight and had variable, dose-
dependent effects on prostate weight (Fig. 3c) but failed to reverse the
hyperplastic phenotype (Fig. 3g). Of more concern and, consistent with
previous demonstrations that ERα mediates adverse inflammatory re-
sponses in the prostate gland (Prins et al. 2001), some regions of tissue
showed evidence of inflammation and infiltration of inflammatory cells
(data not shown). The reduction in SV weight following ERα agonist
treatment suggests lower serum androgen levels in ERβ-agonist-treated
mice might induce prostatic epithelial atrophy and, together with the ob-
served inflammation, this treatment could lead to prostatic inflammatory
atrophy, a pathology linked to premalignancy (De Marzo et al. 1999;
Nelson et al. 2004). The data presented confirm the adverse prostatic
response to activation of ERα, but demonstrate the beneficial actions of
estrogen action via ERβ in reducing prostatic epithelial hyperplasia.

7 Summary

These studies show that estrogens as well as androgens are powerful
regulators of prostatic growth and differentiation. The actions of the
two classes of steroids are similar but different. Activation of androgen
receptor stimulates proliferation and differentiation of the prostatic ep-
ithelium; activation of ERα also induces a proliferative response, but of
an aberrant nature, leading to inflammation and increased predisposi-
tion to malignancy. The failure to activate androgen receptor following
castration reduces prostatic growth, whereas the failure to activate ERβ

leads to hypertrophy and hyperplasia. Thus these studies underscore the
importance of considering the combined effects of androgens and estro-
gens in the endocrine hormone regulation of the prostate gland. Based
on these observations, it would be predicted that the therapeutic utility
of hormone-based treatment of prostatic hypertrophy and hyperplasia
would require the administration of androgen and ERα antagonists plus
ERβ agonist.
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Abstract. It has now been over 10 years since Jan-Ake Gustafsson revealed the
existence of a second form of the estrogen receptor (ERβ) at a 1996 Keystone
Symposium. Since then, substantial success has been made in distinguishing
its potential biological functions from the previously known form (now called
ERα) and how it might be exploited as a drug target. Subtype selective agonists
have been particularly useful in this regard and suggest that ERβ agonists may
be useful for a variety of clinical applications without triggering classic estro-
genic side effects such as uterine stimulation. These applications include in-
flammatory bowel disease, rheumatoid arthritis, endometriosis, and sepsis. This
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manuscript will summarize illustrative data for three ERβ selective agonists,
ERB-041, WAY-202196, and WAY-200070.

1 Introduction and Review of Compounds Discussed

Estrogens are classically described as ligand-activated transcription fac-
tors that modulate gene transcription via two intracellular receptors,
ERα and ERβ. Although other mechanisms of signaling have been de-
scribed, this path is the best described. ERα was the first ER cloned and
a knockout mouse was made approximately 13 years ago. Although not
all aspects of estrogen biology were neatly solved by these discoveries,
the field generally accepted that there was but a single ER. When ERβ

was unexpectedly discovered in a rat prostate cDNA library 10 years
ago, it rejuvenated the field of estrogen research with the new goal of
attributing estrogen’s panoply of effects to the appropriate ER. A num-
ber of approaches were taken to investigate this question, including ex-
amining receptor distribution, in vitro activity/interaction studies, con-
struction of knockout mice, and design of selective agonists/antagonists.
Given the similarity of ERα and ERβ ligand-binding pockets, it was
a particular challenge to develop highly selective ligands. In fact, al-
though a variety of selective agonists have been developed (Veeneman
2005), highly selective antagonists have not been designed.

Data from three selective agonists synthesized by Wyeth Research
(Malamas et al. 2004; Mewshaw et al. 2005) will be presented in an ef-
fort to outline our current understanding of ERβ biology. The majority
of material discussed here was presented at the Ernst Schering Sympo-
sium on Tissue-Specific Estrogen Action in March 2006. The biology
of other ER selective agonists (both ERα and ERβ) has been recently
reviewed elsewhere (Harris 2007).

The structure of compounds discussed in this article and their bind-
ing affinities (as measured by IC50) are shown in Fig. 1. All three com-
pounds are nonsteroidal agonists and bind to human ERβ ligand binding
domain with roughly the same affinity as 17β-estradiol. Their selectiv-
ity in this assay varies from approximately 70- to more than 200-fold. In
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Fig. 1. The structure of ERβ agonists discussed in this article, their binding
affinity (as measured by IC50) and selectivity as assessed using the human
ligand-binding domain in a competitive radioligand-binding assay

our experience, these and other structurally diverse ERβ agonists have
similar in vivo profiles, although we cannot be certain that these com-
pounds are capable of eliciting all ERβ-mediated effects. As more in
vivo data is published on other ERβ selective agonists, the full spectrum
of ERβ biology will be elaborated. It should be noted that the activity of
other ERβ selective agonists is discussed elsewhere in this volume (see
Chaps. 4, 6, 7 and 8).

2 ERβ Agonists Lack Classic Estrogenic Effects

Key to ERβ’s attractiveness as a drug target was the expectation that
selective agonists would have reduced impact on the uterus and mam-
mary gland. This assumption was supported by tissue distribution stud-
ies and the phenotype of the ERα knockout mouse. Indeed, in our hands,
these three compounds (as well as many others) are nonuterotrophic
in the sexually immature rat. However, given subcutaneously at high
doses (~90 mg/kg), to ovariectomized adult rats, WAY-200070 does
have some mild uterine stimulatory activity (unpublished observations).
As part of our safety assessment of ERB-041 and WAY-202196 in prepa-



152 H.A. Harris

ration for clinical trials, higher doses have been tested orally in two
species and no uterine stimulatory activity has been seen.

The mouse mammary gland responds to the combination of an es-
trogen and a progestin by elaboration/development of ducts and for-
mation of lobuloalveolar endbuds. Typically these steroids are admin-
istered for approximately 3 weeks in order to see full development of
mammary gland morphology. However, to facilitate compound evalua-
tion, a 7-day model was developed (Crabtree et al. 2006). Under this ab-
breviated regimen, morphological changes still occur, although they are
less pronounced than those seen with longer exposure. In addition, we
measured defensin β1 mRNA expression. This gene is uniquely upreg-
ulated by the combination of estrogen and progestin; neither compound

Fig. 2a–c. Activity of ERB-041 in the 7-day mouse mammotrophic assay.
a Whole mount images of mammary glands from animals treated with 17β-
estradiol (1 µg/kg) + progesterone (30 mg/kg). b Whole mount images of mam-
mary glands from animals treated with ERB-041 (50 mg/kg) + progesterone
(30 mg/kg). c Defensin β1 mRNA expression in mammary glands from ani-
mals treated with 17β-estradiol (E2, 1 µg/kg), 17β-estradiol (1 µg/kg) + pro-
gesterone (30 mg/kg) (E2 + P4), ERB-041 (50 mg/kg), ERB-041 + proges-
terone (30 mg/kg) (ERB-041 + P4) or 17β-estradiol (1 µg/kg) + progesterone
(30 mg/kg) + ERB-041 (50 mg/kg) (E2 + ERB-041 + P4)
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alone elevates its expression. ERB-041 and WAY-202196 (50 mg/kg,
PO) were evaluated alone and in combination with estradiol, estradiol
+ progesterone, and progesterone in this model and did not appreciably
alter morphology or significantly change defensinβ1 mRNA expression
(Fig. 2; Crabtree et al. 2006). Therefore, they are inactive as estrogens,
antiestrogens, progestins, or antiprogestins in this model.

ERB-041 and WAY-200070 (10 mg/kg SC) have been evaluated for
their ability to prevent bone mineral density loss after ovariectomy in the
rat (Harris et al. 2003; Malamas et al. 2004). Unlike estrogens, selective
estrogen receptor modulators (Miller 2002) or ERα selective agonists
(Harris et al. 2002; Hillisch et al. 2004), these compounds were inac-
tive. Finally, ERB-041 failed to inhibit ovulation in rats (Harris et al.
2003), another point of divergence between ERβ selective agonists and
nonsubtype selective estrogens.

3 Improving Intestinal Function:
A Common Theme Among Three Vivo Efficacy Models

3.1 HLA-B27 Transgenic Rat

The first in vivo activity seen with these ERβ selective agonists was
in a model of inflammatory bowel disease, the HLA-B27 transgenic
rat (Harris et al. 2003). These rats experience chronic diarrhea from
about 8–10 weeks of age until their death. Daily oral doses of ERB-
041 (Harris et al. 2003) and WAY-202196 (Mewshaw et al. 2005) given
to male rats rapidly normalized stool character and improved intestinal
histology. In this model, doses of 1 mg/kg (PO) and greater were fully
effective. The mechanism of action of ERβ is unclear, as is the target
cell; ERβ is expressed in the colonic epithelium as well as cells of the
immune system, making multiple sites of action possible.

3.2 Mdr1aKO Mouse Model of Colitis

Mdr1a (P-glycoprotein) knockout mice spontaneously develop colitis
due to defects in intestinal barrier epithelial function, and males develop
earlier and more severe disease than females (Resta-Lenert et al. 2005).
Because of the effects seen in the HLA-B27 transgenic rat, a group of
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male and female mdr1aKO mice were treated orally with either vehicle
or WAY-200070 (2 mg/kg) for 10 days, at which time colonic epithelium
was removed for functional studies and expression of inflammatory
mediators (Barrett and Resta-Lenert, unpublished observations). When
placed in Ussing chambers to assess epithelial integrity, colonic epithe-
lium from vehicle-treated mdr1aKO mice had elevated baseline current,
indicating a defect in barrier function, and this deficit was significantly
reversed when mice were treated with WAY-200070. In addition, when
stimulated by forskolin, colonic epithelium from vehicle-treated mice
responded poorly to this secretagogue, whereas epithelium from mice
treated with WAY-200070 responded normally. Finally, epithelium from
vehicle-treated mice had elevated COX-2 and iNOS protein expression
and this increase was largely blunted by WAY-200070. Because WAY-
200070 has poor systemic exposure upon oral dosing, these data suggest
the compound affects the colonic epithelium directly.

3.3 Rodent Models of Sepsis

Sepsis can be generally described as a maladaptive response to infec-
tion, and two hallmarks of this disease are epithelial and endothelial
barrier dysfunction (Buras et al. 2005; Vincent and Abraham 2005).
The advantage that females have over males in conditions of trauma
and shock have been well described (Angele et al. 2000). Recent work
has specifically focused on the intestine as a target organ for damage
and shown that female rats have improved barrier function and mount
less of a pro-inflammatory response (as measured by IL-6 and TNFα)
than do males after hypoxic or acidic insult (Homma et al. 2005).

Several animal models of sepsis exist, and WAY-202196 has been
evaluated in two: Pseudomonas infection of the neutropenic rat and
mouse cecal ligation and puncture (Cristofaro et al. 2006). In the first
model, rats are rendered neutropenic by cyclophosphamide and normal
gut flora is disrupted by an antibiotic. They then receive an oral bo-
lus of Pseudomonas aeruginosa. WAY-202196 was studied twice. In
the first study, rats were dosed on days 4 and 6 after Pseudomonas in-
oculation. In the second study, rats were dosed from days 4–11 after
Pseudomonas inoculation. In both studies, histological signs of injury
were significantly reduced in the intestinal epithelium. Moreover, in the
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longer-term study, survival was significantly increased by administra-
tion of the ERβ selective agonist.

In the second model, puncturing the cecum and expressing a small
amount of bowel contents into the peritoneal cavity induces a peritoneal
infection. WAY-202196 was administered at the time of surgery, 24 and
48 h afterwards. Consistent with the observation from the rat model,
WAY-202196 increased survival, and histological signs of injury were
significantly reduced in the ileum. Follow-up studies indicate that the
compound is equally effective in males and females, that the minimum
effective oral dose of WAY-202196 is 1 mg/kg and that intravenous dos-
ing is as effective as oral dosing (Cristofaro et al. 2006; Opal et al.,
unpublished data).

4 Endometriosis and Inflammatory Pain

Although endometriosis is undoubtedly an estrogen-responsive disease,
it is now appreciated that immune system dysfunction may explain why
only a subset of women with retrograde menstruation develop the dis-
ease. Because of the anti-inflammatory activity seen with ERB-041 in
other models, we evaluated it in a rodent model of endometriosis. The
model chosen was a xenograft model using normal human endometrial
fragments implanted into nude mice. These tissue fragments adhere,
implant, establish a blood supply, and form lesions that are histolog-
ically similar to human disease (Bruner et al. 1997; Grummer et al.
2001). Dosing with ERB-041 began approximately 2 weeks after tissue
implantation, and continued for about 2 weeks. Spontaneous lesion re-
gression was not seen in vehicle-treated mice, but 40%–75% of mice
treated with ERB-041 were completely lesion-free (depending on the
study) (Harris et al. 2005). Interestingly, ERB-041 seemed more effec-
tive at causing lesion regression when implants were established inside
the peritoneal cavity than subcutaneously. As with the other models,
the mechanism of action is uncertain; however, because lesions recov-
ered at the end of the study express ERα and not ERβ, the compound
is likely acting on the host (e.g., an immunomodulatory effect) rather
than on the implants (a pro-apoptotic effect). The fact that ERB-041 is
active in a model of this disease illustrates that an ERβ agonist’s profile
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is not just a subset of estradiol’s activity or that of other nonselective
ER agonists.

Pain is a central feature of several diseases for which ERβ selec-
tive agonists have been effective in preclinical models. We examined
whether ERB-041 had antinociceptive activity in several models, in-
cluding a model of inflammatory pain (Leventhal et al. 2006). When
prostaglandin E2 is injected into a rat’s tail, the tail becomes hypersen-
sitive to warm water. Acute oral administration of ERB-041 (10 mg/kg)
can partially reverse this effect, and its action is blocked by the ER an-
tagonist ICI-182780. Similar results are seen when capsaicin is used as
the sensitizer. However, ERB-041 was not effective in other models of
pain, including postsurgical pain and neuropathic pain. Again, not un-
derstanding the mechanism of action impedes an explanation for these
patterns of activity.

5 Hypothalamic–Pituitary–Adrenal Axis:
A New Area of Investigation

One of the challenges we face regarding our compounds is the ambi-
guity of their mechanism of action. To date, all the in vivo activities
described for this set of ERβ selective agonists relate to inflammation
and/or the immune system. These activities may be anti-inflammatory,
immunomodulatory, or potentially even immunostimulatory, but thus
far, they share this common thread. There is the possibility that these
compounds may affect the hypothalamic–pituitary–adrenal (HPA) axis
and that this may explain their activity in some in vivo models. There is
tremendous precedent for the actions of estrogens on the HPA axis. For
example, sex differences in stress responses exist at both the behavioral
and biochemical levels and across species (Bowman et al. 2002; Walf
and Frye 2005; Kajantie and Phillips 2006). Estrogens affect a variety
of rodent behavioral models of anxiety, although the effects vary with
the model, dosing regimen and dose. These conflicting data likely result
from the system’s inherent complexity, but may also be influenced by
the inherently different activity of ERα and ERβ and the fact that the
best-studied estrogen, 17β-estradiol, can activate both ER subtypes.
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ERβ has the potential to modulate the HPA axis in that it is expressed
in the adrenal gland of a variety of species (Saunders et al. 1997; Al-
brecht et al. 1999) and is the dominant ER in the rat paraventricular nu-
cleus (Shughrue et al. 1997). Moreover, one of the models where ERB-
041 and WAY-202196 have profound effects is the Lewis rat adjuvant-
induced arthritis model (Harris et al. 2003; Mewshaw et al. 2005; Fol-
lettie et al. 2006). Lewis rats are hypersensitive to inflammatory stim-
uli because this strain does not secrete appropriate corticotropin releas-
ing hormone from the paraventricular nucleus. In fact, these rats have
reduced basal ERα and ERβ expression in this nucleus (Tonelli et al.
2002). Finally, recent studies have begun to implicate ERβ in influenc-
ing the function of the HPA axis (Isgor et al. 2003; Miller et al. 2004;
Lund et al. 2005, 2006).

We have examined ERβ mRNA and protein levels in a rat model of
immobilization stress. Immobilization is a very potent stressor and leads
to a large activation of the HPA axis as well as sympathoadrenal cate-
cholaminergic systems. Pretreatment with estradiol benzoate has been
previously shown to blunt stress-induced plasma ACTH and to modu-
late a variety of basal and stress-induced changes in gene expression in
central and peripheral catecholaminergic locations (Serova et al. 2005).
Repeated immobilization stress was found to dramatically upregulate
ERβ in the adrenal medulla at both the mRNA and protein levels (Sab-
ban E, unpublished observations). Interestingly, on a Western blot, sev-
eral immunoreactive species are detected, with the predominant one be-
ing at 45 kD. The characterization of this isoform’s sequence remains
to be determined. Studies are underway to determine the effect of WAY-
200070, compared to estradiol benzoate, on a variety of immobilization
stress-induced biochemical responses.

6 Summary and Future Directions

The preclinical biology of selective ERβ agonists is as impressive as it
is diverse. Using a set of selective agonists, we have discovered that ma-
nipulation of this receptor’s activity may have value in treating human
diseases such as inflammatory bowel disease, rheumatoid arthritis, en-
dometriosis, and sepsis. In fact, phase II clinical trials are currently un-
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derway with ERB-041 for rheumatoid arthritis and endometriosis. Al-
though there were hints that nonsubtype selective estrogens might affect
some of these diseases (but not endometriosis), their potential benefi-
cial effects were overshadowed by their effects on classic target tissues
such as the uterus and mammary gland. Despite this progress, however,
several key questions remain about ERβ selective agonists: first, and
foremost from a scientific perspective, what are the molecular mecha-
nism(s) behind the in vivo activities observed? Second, do these series
of compounds reveal all aspects of ERβ biology or will other selective
compounds have a different spectrum of activity? Lastly, and most im-
portant from a pharmaceutical perspective, what is the long-term safety
profile of these compounds, and will their preclinical profile be mirrored
in the human analog of these diseases? The next year or so will provide
answers to some of these questions.
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Abstract. Different molecular mechanisms mediate the diverse biological ef-
fects of estrogens. The classical genomic mechanism is based on the function
of the ER as a ligand-dependent transcription factor that binds to estrogen-
response elements (EREs) in promoters of target genes to initiate gene expres-
sion. These direct genomic effects play a prominent role in the regulation of
reproductive function. In contrast, nongenomic effects mediated by the classi-
cal ER have been demonstrated to activate PI3K, leading to the activation of
endothelial NOS (eNOS) and hence vasorelaxation. Pathway-selective ER lig-
ands might represent a novel option for hormone replacement therapy. Here we
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describe the identification and in vitro characterization of tool compounds that
bind the ER reasonably well but exhibit low transcriptional activity on ERE-
driven promoters. However, these compounds behave as potent stimulators of
PI3K/Akt activation in vitro and lead to aortic vessel relaxation, a mechanism
that is thought to be driven by nongenomic ER action. In a second set of ex-
periments, we analyze how the in vitro pathway selectivity translates into the in
vivo situation. We examine our tool compounds in comparison to estradiol and
estren in the following paradigms: bone protection, uterine growth assays, and
mammary gland assays.

1 Introduction

Estradiol regulates a variety of physiological processes such as repro-
duction (Hart and Davie 2002), neuroprotection (Garcia-Segura et al.
2001), the cardiovascular system (Medina et al. 2003), and bone turn-
over (Kousteni et al. 2002).

During the last few years, it has become evident that different
molecular mechanisms contribute to these diverse biological effects of
estrogen. The classical genomic effects rely on the function of the estro-
gen receptor (ER) as a ligand-dependent transcription factor binding to
estrogen response elements (EREs) in promoters of target genes. These
genomic effects are critically involved in the establishment and mainte-
nance of reproductive function (Hart and Davie 2002). In contrast, rapid
nongenomic effects are initiated at the plasma membrane and lead to an
activation of cytoplasmic signal transduction cascades. These nonge-
nomic effects have been suggested to mediate the effects of estrogen
in bone (Kousteni et al. 2002) or the cardiovascular system (Simoncini
et al. 2004). In bone, estrogen has anti-apoptotic effects on osteoblasts
and osteocytes. These effects are mediated via nongenomic activation
of the Src/Shc/ERK pathway and repression of JNK signaling cascades,
leading to modulation of the activity of transcription factors such as
Elk-1, CREB, and c-Fos/c-Jun (Kousteni et al. 2001). In endothelial
cells, ERα/PI3K interaction leads to rapid stimulation of eNOS activity
followed by NO production and vasorelaxation (Simoncini et al. 2002).

In postmenopausal women, estrogens have beneficial effects on bone
and the vascular system. It has been suggested that these beneficial ef-
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fects are partly mediated via nongenomic effects. In contrast, the
stimulation of uterine epithelial cell proliferation – an unwanted side
effect of estrogen-only therapy – depends on binding of the ER to EREs
and thus genomic effects. Mice harboring point mutations within the
DNA-binding region of the ER (Jakacka et al. 2002) do not show uterine
growth in response to estradiol and therefore underline the importance
of genomic ER signaling for uterine growth.

These findings may support the conclusion that pathway-selective
ER ligands leading to stimulation of nongenomic ER responses, but
showing only reduced genomic effects may be of value for novel hor-
mone replacement regimens. A few years ago, estren (4-estren-3α,17β-
diol) was described as a pathway-selective ER ligand that prevents
ovariectomy-induced bone loss via its nongenomic effects, whereas it
does not have any stimulatory action on the uterus due to its reduced
genomic activity (Kousteni et al. 2002). However, a few years later it
became evident that estren acts as a potent androgen in vivo that in-
creases the levator ani muscle and seminal vesicle weights in male or-
chidectomized mice (Krishan et al. 2005) and that promotes androgen
phenotypes in primary lymphoid organs that are clearly independent of
the presence of ERs (Islander et al. 2005).

Strong androgenic compounds, however, are not of interest for hor-
mone replacement therapy in women. In order to identify pathway-
selective estrogens, we addressed two key questions:

1. Do pathway-selective estrogens without androgenic activity ex-
ist?

2. How does the pathway selectivity observed in vitro translate into
the in vivo situation?

For that purpose we developed in vitro assays monitoring genomic and
nongenomic effects mediated by the classical ERα. Tool compounds
identified with the desired in vitro profile were then subjected to differ-
ent in vivo assays, i.e., protection from ovariectomy-induced bone loss,
uterine growth assays, and mammary gland whole mount assays. For
reference, estren and 17β-estradiol were included.
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2 Establishment of In Vitro Assays Monitoring Genomic
and Nongenomic ERα-Mediated Actions

To monitor genomic activity of different ER ligands, we performed
transactivation assays using the osteosarcoma cell line U2-OS transient-
ly transfected with human ERα and different luciferase reporter con-
structs, i.e., pBL(ERE)2tkLuc+ (Hillisch et al. 2004) or pC3-LUC+

(Tzukerman et al. 1994). From our previous studies, it was already es-
tablished that estrogenic potency measured in these transactivation as-
says reflected uterotrophic activity in vivo quite well (Hillisch et al.
2004).

For the analysis of nongenomic effects, we exploited two different
approaches: rapid estradiol-induced phosphorylation of Akt and
ERK1/2 as well as estradiol-dependent interaction of ER and Src.

�
Fig. 1a–d. Establishment of assays testing nongenomic activities mediated by
the classic ERα. a U2OS cells were transfected with the ERα expressing Hego
plasmid or empty vector (pSG5) and treated for 30 min with 1 nM E2 or vehi-
cle. Activated Akt and ERK1/2 were detected with phosphospecific antibodies.
Immunoblots were reprobed with a non-phosphospecific Akt antibody for load-
ing control and with an ERα-specific antibody to check for proper expression
after transient transfection. b U2OS cells were transiently transfected with ERα

and pretreated for 30 min with 20 µM of different inhibitors followed by stim-
ulation with 1 nM E2 for 30 min. Activation of Akt and ERK1/2 was assessed
using phosphospecific antibodies, blots were reprobed for loading control with
non-phosphospecific ERK antibodies. c Coimmunoprecipitation of ERα and Src
from lysates of MCF-7 cells stimulated for 30 min with 1 nM E2. Immuno-
precipitation was performed with ERα-specific antibodies, interacting partners
were detected by Western blot. d GST pulldown experiments using lysates from
T47D cells stimulated with 10 nM E2 for 1 h and different Src-GST fusion pro-
teins. The upper panel shows the amount of interacting ERα, the middle panel
shows the input control of ERα, and the bottom panel shows the loading control
for the GST fusion proteins. GST-metSH2 encompasses the first ATG of Src, the
SH3 as well as the SH2 domain. GST-SH3 contains the SH3 domain, and GST-
SH2 contains the SH2 domain of Src. ERα interacts in a hormone-dependent
manner with the SH2 domain of Src. (Data depicted in Figs. 1–4 and shown in
Table 1 are reprinted from Wessler et al. 2006, with permission from Elsevier)
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In a first set of experiments, we transiently transfected U2-OS cells
that are devoid of endogenous ER with either an expression vector en-
coding human ERα (Hego) or the empty vector pSG5. Cells were then
treated for 30 min with 1 nM E2 and activation of Akt and ERK1/2
was assessed by Western blot using phosphospecific antibodies. As de-
picted in Fig. 1a, phosphorylation and hence activation of both Akt
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and ERK1/2 were clearly ER- and estradiol-dependent. These findings
are in line with previous observations suggesting that in breast cancer
cells nongenomic activation of both Src and PI3K by estradiol is im-
portant for cellular proliferation (Castoria et al. 2001). To investigate
proximal signaling events involved in Src and ERK1/2 activation, we
pretreated the transfected cells with different kinase inhibitors before
stimulation with estradiol. As expected, pretreatment with the MEK in-
hibitor PD98059 completely blunted ERK1/2 phosphorylation but had
no effect on Akt activation. The PI3K inhibitor LY294002 and the Src
kinase inhibitor PP2 impaired both Akt and ERK1/2 activation, indi-
cating that PI3K as well as Src are a prerequisite for ERK1/2 activation
(Fig. 1b). In coimmunoprecipitation experiments using cell lysates from
transfected U2-OS cells, we were able to demonstrate that Src and ERα

interacted in an estradiol-dependent manner (Fig. 1c).
Src contains two protein–protein interaction domains: the SH2 and

SH3 domain. To analyze which of both domains is of importance for
ER/Src interaction, we constructed GST-fusion proteins spanning dif-
ferent regions of Src. In GST-pulldown experiments, we observed strong
estradiol-dependent interaction between ER and the GST-fusion protein
encompassing the first 247 aa of Src and thus the SH2 and SH3 domain
(GST-metSH2). Using GST-Src fusion constructs encoding either the
SH2 or SH3 domain, we were able to refine the ER interaction site of
Src to the SH2 domain (Fig. 1d). There was no unspecific interaction
between the ER and the GST protein, indicating that the observed inter-
action between ER and the SH2 domain of Src was specific. This result
is in line with previous findings (Migliaccio et al. 2000).

In summary, we succeeded in establishing two different readout
paradigms to assess nongenomic activities of ER ligands in vitro: estra-
diol-dependent ER/Src interaction and rapid activation of Akt and
ERK1/2 in transfected U2OS cells.

3 Identification and In Vitro Characterization
of Tool Compounds

To identify tool compounds that could serve as templates for new path-
way-selective ER ligands, we have chosen molecules from Schering
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AG’s compound library that were characterized by strong ER bind-
ing but exhibited only very low stimulation of ERE-dependent tran-
scription. Structures of selected tool compounds are depicted in Fig. 2,
whereas the binding and transactivation properties are shown in Table 1.
Estren was included for comparison. Like estradiol, compounds A and
B exhibit high binding affinity for ERα, but they are almost inactive in
the activation of ERE-driven target gene induction. In contrast, estren
shows already strongly diminished binding affinity for ERα that trans-
lates into weak ER-dependent transcriptional activity (Table 1). When
we analyzed androgen-receptor-dependent activation of luciferase gene
expression, estren was almost as potent as the reference metribolone,
whereas compounds A and B were completely devoid of androgenic ac-
tivity. Therefore, compounds A and B, but not estren, most likely reflect
the desired in vitro profile of a pathway-selective estrogen. To test this,
we had to examine the nongenomic properties of both compounds. We
demonstrated that estren (being only slightly less potent) and both test
compounds were able to induce rapid induction of Akt and ERK1/2 ac-
tivation in serum-starved MCF7 cells (Wessler et al. 2006). In addition,
all compounds were able to specifically stimulate ER/Src interaction
(Fig. 3).

To further elucidate the nongenomic activities of our test compounds
in a more physiological context, we assayed nongenomic activation of

Fig. 2. Structures of selected tool compounds for in vitro testing
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Table 1 In vitro characteristics of selected tool compounds

Compound CF∗ CF ERα CF AR Nongenomic
ERα binding transactivation transactivation activity

Estradiol 1 1 No effect ++
A 0.7 250 No effect +++
B 2.9 1000 No effect ++
Estren 45 1000 1.5 ++

∗CF = EC50 compound/EC50 reference;
reference = estradiol in the case of ER and metribolone in the case of AR

eNOS by estradiol, leading to vessel relaxation (Simoncini et al. 2004).
Phenylephrine-precontracted rat aortic rings were exposed to cumula-
tive doses of either E2, compound A, compound B, or estren. Among

Fig. 3. GST pulldown experiments using T47D cell lysates and GST-Src fusion
protein. Estradiol and the selected tool compounds, but not vehicle, stimulate
direct interaction of ERα with Src. The upper panel shows the amount of inter-
acting ERα, the middle panel shows the input control for ERα, and the bottom
panel shows the amount of GST-Src fusion protein loaded onto gel. GST alone
does not interact with ERα and thus serves as negative control
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all compounds analyzed, estren exhibited the lowest potency and effi-
ciency for the induction of vasorelaxation. While contraction of aortic
rings was reduced to 50% of control levels at 5 µM E2 or substance A
or at 3 µM substance B, 15 µM estren was required to evoke the same
response (Fig. 4). Substance A was the most efficient compound with

Fig. 4. Vasorelaxation of rat aortic rings induced by estradiol and the test com-
pounds. Phenylephrine-precontracted aortic rings were treated with cumula-
tive doses of compounds (closed circles) or vehicle (closed triangles) and re-
laxation was measured. Selected rings were pretreated with 1 mM L-NAME
(open circles). Graphs show contraction expressed as a percentage of maximal
phenylephrine-induced vasoconstriction
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respect to the induction of vasorelaxation. At 10 µM, contraction of
aortic rings was completely abolished by compound A. Pretreatment
of aortic rings with 1 mM L-NAME significantly reduced vasodilation
induced by estradiol, estren, and substance B, indicating an involve-
ment of eNOS activation. In contrast, vasodilation induced by com-
pound A was insensitive toward L-NAME, indicating that compound
A-mediated vasorelaxation may involve an eNOS-independent mecha-
nism (Fig. 4). To test this hypothesis, we analyzed rapid nongenomic
stimulation of eNOS activity in cultured HUVECs (human umbilical
vein endothelial cells). As expected from the vasorelaxation experi-
ments, compound A was not able to stimulate eNOS activity in HU-
VECs, whereas all other tested substances led to rapid eNOS activa-
tion (T. Simoncini, unpublished observations). Most likely, compound
A provokes rapid vasorelaxation by direct action on the smooth vascula-
ture. It has been demonstrated that rapid nongenomic ER effects on the
vasculature can also lead to eNOS-independent vasorelaxation. For ex-
ample, whole-cell patch-clamp analysis has demonstrated that estradiol
directly inhibits calcium channel activity in the plasma membrane of
vascular smooth muscle cells, leading to reduced intracellular calcium
levels and hence vasorelaxation (Salom et al. 2002).

Taken together, our results clearly demonstrate that compounds A
and B show the desired in vitro profile of a pathway-selective estro-
gen, i.e., they are potent ER ligands devoid of androgenic activity that
stimulate nongenomic ER-mediated effects but exhibit only negligible
transcriptional activity.

4 Testing of Tool Compounds In Vivo

Several substances from the Schering library were identified that exhib-
ited a similar in vitro profile as compounds A and B. For in depth in vivo
characterization of such compounds, we chose compound A (Fig. 2)
and the nonsteroidal compound C (structure to be disclosed). Reference
compounds were estradiol and estren. We performed the following as-
says:

1. Protection from ovariectomy-induced bone loss
2. Uterine growth assays
3. Mammary gland whole mount assays.
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The aim was to analyze how the relative in vitro pathway selectivity is
translated into the in vivo situation. We were interested to see whether
the reduced genomic effects of compounds A and C led to a stronger
dissociation of bone vs uterus and mammary gland effects if compared
to the reference estradiol, which by definition does not show any disso-
ciation.

4.1 Protection from Ovariectomy-Induced Bone Loss

The experiments were performed in close analogy to previous studies
(Kousteni et al. 2002). We either ovariectomized or sham operated 6-
month-old Swiss Webster mice and treated them for 6 weeks subcuta-
neously with vehicle, 6.4 µg/kg E2 or different doses of estren, com-
pounds A and C. After 6 weeks of treatment cortical bone area, tra-
becular bone mass and relative uterine weight were assessed. The re-
sults are summarized in Table 2. Estradiol at 6.4 µg/kg completely pro-
tected ovariectomized mice from bone loss. Upon estradiol treatment,
trabecular as well as cortical bone density were as high as in sham-
operated control animals. At its bone-protective dose, estradiol showed
full uterotrophic activity, i.e., relative uterine weight was as high as
in sham-operated animals. These results, i.e., no dissociation between
estradiol-stimulated uterine and bone effects, are in line with the ob-
servation that estradiol activates genomic and nongenomic effects. Like
estradiol, estren proved to be fully effective with regard to protection
from trabecular and cortical bone loss. However, a much higher dose,
5 mg/kg, was required to achieve this. Contrary to published results
(Kousteni et al. 2002), we observed full uterotrophic activity of estren
at its bone-protective dose (Table 2). Whereas estren had positive ef-
fects on trabecular as well as cortical bone, compound A at 0.1 mg/kg
was only effective on cortical bone and compound C at 1 mg/kg pro-
tected animals only from trabecular bone loss. There was only a very
slight increase of relative uterine weight that was significantly different
from vehicle treatment. From that data set, one may conclude that com-
pounds A and C in contrast to estren and estradiol display a dissociated
pattern of action, i.e., full protection from either cortical or trabecular
bone loss, but almost no stimulation of uterine growth. However, the
interpretation of these results is much more complicated. It has been
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Table 2 Protection from ovariectomy-induced bone loss

Compound Bone-protective Effect on Effect on Relative
dose trabecular bone cortical bone uterine weight

Estradiol 6.4 µg/kg +++ +++ +++
Compound A 0.1 mg/kg No effect +++ (+)
Compound C 1 mg/kg +++ No effect (+)
Estren 5 mg/kg +++ +++ +++

+++ Fully effective, i.e., no significant difference to sham operated animals;
(+) extremely little effect compared to vehicle treatment

demonstrated by others and by our laboratory that estren is a relatively
strong androgen (Islander et al. 2005; Krishan et al. 2005). The increase
in relative uterine weight that we observe not only in mice but also in
rats (data not shown) is most likely due to androgenic effects of estren
on the myometrium and not related to an increase in endometrial epi-
thelial cell number typically caused by ER ligands.

4.2 Uterine Growth Assays

To further elucidate the dissociation of bone vs uterine effects of our
test compounds, we performed several uterine growth assays using dif-
ferent treatment times and different mouse strains. We analyzed dif-
ferent readout parameters such as relative uterine weight, epithelial cell
height, BrdU incorporation, and target gene induction. Again estradiol
and estren served as reference compounds.

In a first set of experiments, we examined uterine growth in either ju-
venile B6D2F1 mice or in 3-month-old Swiss Webster mice. Two weeks
after ovariectomy, mice were treated with vehicle or different subcuta-
neous doses of compounds for 3 days. On day 4, relative uterine weight
as well as epithelial cell height in the endometrium were determined.
The results obtained from juvenile B6D2F1 mice and older Swiss Web-
ster mice were in good accordance. In contrast to the results observed in
uteri after 6 weeks of treatment, relative uterine weight gain at the bone-
protective doses was roughly the same for compounds A and C and for
estren but reached only 20%–30% of the effect on uterine weight found
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after E2 treatment (data not shown). Thus estren as well as our tool
compounds seem to show a clear dissociation between bone and uterine
effects. We also analyzed epithelial cell height in the uteri after 3 days of
treatment. Results are depicted in Fig. 5. As expected, E2 led to maxi-
mal stimulation of epithelial cell height. Estren and compound C at their
bone-protective doses showed only a partial effect, with compound C
being more effective than estren (Fig. 5). However, compound A at its
bone-protective dose of 0.1 mg/kg did not show any significant effect
on epithelial cell height if compared with vehicle treatment.

To determine the degree of dissociation of bone vs uterine effects, we
divided the relative efficacy of the compounds at their bone-protective
dose for bone effects by the relative efficacy for uterine effects at the
same dose. The efficacy of the reference estradiol was set to 100%.
A dissociation factor of 1 is obtained by definition for estradiol. Es-

Fig. 5. Three-month-old Swiss Webster mice were ovariectomized and 2 weeks
after ovariectomy mice were treated subcutaneously for 3 days. Autopsy was
performed on day 4 and uterine epithelial cell height was analyzed. Triangles
within the bars mark the bone-protective dose of each compound. Stars indicate
significant differences vs vehicle treatment. Estradiol at its bone-protective dose
shows full uterotrophic activity; compound A at its bone-protective dose has no
significant effect on epithelial cell height. Compound C and estren at their bone-
protective dose show only partial effects on epithelial cell height



176 C. Otto, S. Wessler, K.-H. Fritzemeier

tren and compound A showed dissociation factors of approximately 5,
whereas compound C was less dissociated.

To more closely investigate the uterine effects of the tool compounds,
we performed short-term uterine growth assays (compound administra-
tion for only 18 h in ovariectomized mice) using BrdU incorporation
in epithelial cells and target gene induction as readout parameters. In
these short-term experiments, estradiol at its bone-protective dose was
again fully active with regard to BrdU incorporation in uterine epithelial
cells (data not shown), lactotransferrin, and cyclin E1 mRNA induction
(Fig. 6). Estren and compounds A and C at their bone-protective dose
do not induce lactotransferrin mRNA above vehicle levels (Fig. 6). This
result fits with the observation that the lactotransferrin promoter carries
EREs (Liu and Teng 1992). Therefore it is expected that compounds
with strongly reduced genomic activity fail to induce this gene at doses
that are effective for the prevention of ovariectomy-induced bone loss –
a paradigm that is thought to depend partly on nongenomic mechanisms
(Kousteni et al. 2002). With regard to cyclin E1 induction, all three com-
pounds exhibit partial agonism, but the androgenic compound estren
shows only a minor effect (Fig. 6).

A first conclusion from these studies may be that the mechanism of
cyclin E1 induction is different from the induction of lactotransferrin
and may partly rely on nongenomic mechanisms. Cyclin E1 is a S-
phase cyclin and therefore might be suitable to predict the extent of
BrdU incorporation and thus S-phase entry in uterine epithelial cells.
This is indeed the case, since all three test compounds lead to stimula-
tion of uterine epithelial cell proliferation at their bone-protective dose.
Whereas compounds A and C are as effective as estradiol, estren is only
half as effective (data not shown).

The results obtained so far support the conclusion that compared to
estradiol ER ligands with reduced genomic activity show a superior dis-
sociation of bone vs uterine effects in vivo.

In order to investigate the uterine effects of the tool compounds after
long-term exposure, we also designed experiments that allow the anal-
ysis of cellular proliferation and target gene induction after 3 weeks
of compound treatment. The evaluation of these experiments is in pro-
gress.
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Fig. 6. Six-week-old C57BL/6 mice were ovariectomized. Two weeks after
ovariectomy, animals were injected with different doses of compounds subcu-
taneously. Mice were killed 20 h after compound administration. RNA was pre-
pared from collected uteri and expression of lactotransferrin and cyclin E1 was
analyzed. Triangles indicate the bone-protective dose of each compound. Ac-
cording to their low genomic activity, compounds A and C and estren do not
induce the ERE-dependent gene lactotransferrin at their bone-protective doses,
whereas estradiol shows full activity as expected. With regard to cyclin E1 in-
duction, estradiol shows full activity, compounds A and C have only partial
effects, and estren does not show any effect that is significantly different from
vehicle treatment
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4.3 Mammary Gland Whole Mount Assays

To analyze the dissociation of bone vs mammary gland effects, we
ovariectomized 6-week-old C57BL/6 mice. Two weeks after ovariec-
tomy, animals were treated subcutaneously with different doses of estra-
diol and the three test compounds for 3 weeks. Endbud formation, BrdU
incorporation in mammary epithelial cells, and target gene induction
were analyzed. Since analysis of the two latter items is still under inves-
tigation, we focus here on endbud formation.

While estradiol stimulates endbud formation with a relative efficacy
of 100% and an ED50 of 0.27 µg/kg per day, estren as an androgenic
compound is almost completely ineffective and shows only an efficacy
of about 5%. Compound A (relative efficacy 72%, ED50 = 0.09 mg/kg
per day) and compound C (relative efficacy 60%, ED50 = 0.3 mg/kg per
day) are clearly less potent and effective than estradiol. To evaluate the
dissociation of bone vs mammary gland effects, we again determined
dissociation factors. At the bone-protective dose, the relative efficacy of
the compounds in the bone assay were divided by the relative efficacy
in the mammary gland assay. In comparison to estradiol (dissociation
factor 1), compounds A and C show a much better dissociation (disso-
ciation factor 2), i.e., the compound dose that is required for 100% bone
protection leads only to 50% efficacy with regard to endbud formation
in the mammary gland. As expected from its androgenic nature, estren
shows the greatest dissociation of bone vs mammary gland effects (dis-
sociation factor 15).

5 Outlook

The aim of the experiments highlighted above was to investigate
whether pathway-selective ER ligands exist and how this pathway-
selectivity observed in vitro would translate into the in vivo situation.

In summary, we were able to identify several compounds with the
desired in vitro profile, i.e., high-affinity ER ligands that were character-
ized by reduced stimulation of genomic effects and strong activation of
nongenomic ER effects. In contrast to estren, these compounds were de-
void of any androgenic activity. Although analysis of long-term in vivo
experiments is still ongoing, our current results already demonstrate that



Pathway-Selective Estrogen Receptor Ligands 179

compounds with reduced genomic activity in vitro show a superior in
vivo profile in comparison to the undissociated ER ligand estradiol.

Whereas estradiol shows full uterotrophic activity or is fully active
in the mammary gland at doses that protect from ovariectomy-induced
bone loss, our tool compounds at their bone-protective doses show
clearly reduced efficacy with respect to their effects on the mammary
gland and the uterus. Compounds exhibiting such an in vivo profile
maybe promising candidates for novel hormone replacement strategies
in postmenopausal women that may lead to less stimulatory effects in
the mammary gland and the uterus.

However, highly differentiating profiling of ER ligands and the de-
velopment of in vitro assays that allow faithful prediction of the in vivo
activity will be necessary in order to screen for such ligands in a high
throughput scale.
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