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Abstract
The Selective Estrogen Receptor Modulators (SERMs) are synthetic pharmaceuticals whose relative
agonist/antagonist activities are not equivalent in all cells. Their discovery has raised the possibility
that endogenous small molecules may exist with similar properties that could play important
physiological roles. In support of this hypothesis is the recent demonstration that the oxysterol 27-
hydroxycholesterol (27HC) interacts with and modulates the transcriptional activity of both estrogen
receptor (ER) subtypes and that the relative agonist/antagonist activity of 27HC is influenced by both
cell and promoter context. Although there is limited information available on the role of 27HC in
classical estrogen-responsive tissues, that which is available in animal models of cardiovascular
disease and cellular models of breast cancer support a role for this ligand in ER signaling. These
results provide an interesting potential link between cholesterol and cholesterol metabolism to ER
function, the physiological and pathological significance of which remains to be determined.

Introduction
The pathologies associated with long-term estrogen deprivation, such as upon cessation of
ovarian function at menopause or following surgical oophorectomy, highlight the important
roles of estrogens in reproduction, maintenance of the skeleton, and the central nervous and
cardiovascular systems [1]. The increased incidence of climacteric symptoms, the onset of
vasomotor instability, and the increased risk of cardiovascular disease and osteoporosis
observed in menopausal women has been attributed directly to decreased ovarian estradiol
production [2]. Until recently, these pathologies have been treated using estrogen therapy (ET)
with or without a concomitant progestin (Hormone Therapy; HT). It is now possible to achieve
some of the benefits of ET/HT using Selective Estrogen Receptor Modulators (SERMs),
molecules whose relative agonist/antagonist activities permit the treatment of conditions
associated with estrogen deprivation but avoid various liabilities associated with standard
interventions. The mechanisms underlying the protective actions of estrogens and SERMs in
different tissues are slowly being unraveled, but a key observation made thus far is that different
ligands acting through the same receptor have different biological activities in different cells.
This realization has reinvigorated interest in ER as a therapeutic target and fueled the search
for endogenous ligands that exhibit SERM-like activities.

Most, if not all, of the biological actions of estrogens are mediated by the intracellular estrogen
receptor (ER) expressed within target cells. A member of the nuclear receptor (NR) superfamily
of ligand-inducible transcription factors, ER is expressed as two genetic isoforms, ERα and
ERβ, which exhibit distinct and overlapping expression patterns and functions, but share a
common mechanism of action [3-5]. In general, ERα is more widely expressed than ERβ, but
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in some tissues such as the ovary, the lung, and the prostate, ERβ is the predominant isoform
[6]. In the absence of hormone, ER exists in an inactive state associated with a large inhibitory
heat-shock protein complex. Upon agonist binding, ER undergoes a conformational change
that results in displacement of the associated heat-shock proteins and spontaneous homo- or
hetero-dimerization between ERα and ERβ. Dimeric ER then interacts with the regulatory
regions of target genes either directly through specific estrogen response elements (EREs) or
indirectly through a physical interaction with other transcription factors (Sp1, NFκB, AP1)
already associated with the promoter [7]. Regardless, DNA-associated ER serves as the
nucleation center for complexes comprising NR coactivators and components of the general
transcription machinery. Antagonist binding to ER (or in some cases apo-ER) facilitates the
recruitment of corepressors (i.e. NCoR and SMRT), which modify chromatin structure to
repress target gene transcription. SERMs, like tamoxifen and raloxifene, can be distinguished
from classical antagonists, and from each other, by their effect on receptor conformation and
the impact this has on differential engagement of coactivators and corepressors (Box 1). It is
now well-established that the overall conformation of ER is influenced by the nature of the
bound ligand and that this translates into different pharmacological activities secondary to
differential cofactor (coactivator or corepressor) recruitment [8].

In addition to regulating transcription, there is accumulating evidence that cytoplasmic ER
engages in cross-talk with growth-factor signaling pathways through interactions with the
adaptor protein Shc, the c-Src protein kinase complex, the regulatory subunit of PI3K (p85),
and caveolins [9]. How, and if, these interactions observed in vitro impact the physiological
actions of estrogens or the pharmacological actions of SERMs remains to be determined [9].

An endogenous molecule with SERM characteristics
The apparent plasticity in ER structure and its impact on transcriptional activity has raised the
question as to whether there exist endogenous molecules with SERM-like activities. Recently,
it was determined that the oxysterol 27-hydroxycholesterol (27HC) can interact with and
modulate the activity of ER both in vitro and in vivo [10,11]. Furthermore, the overall structure
of the ER-27HC complex is distinct from apo-ER or estradiol-bound ER, a property shared by
SERMs [10]. Although the degree to which 27HC occupies ER at the levels present in vivo
remains to be determined, it seems likely that the discovery of this “new” ligand will emerge
as a significant milestone in our understanding of ER biology.

Hydroxylation of cholesterol by CYP27A1 leads to the formation of 27HC [12]. Subsequently,
27HC can undergo 7α-hydroxylation by CYP7B1, or at any point it can exit the cell and travel
through the plasma in a complex with cholesterol in the form of high-density (HDL) or low-
density (LDL) lipoprotein. Interestingly, as monocytes differentiate into macrophages,
CYP27A1 expression increases, leading to an enhanced capacity to metabolize cholesterol into
27-hydroxylated products such as 27HC and making them key producers of this oxysterol
[13,14]. This ability to convert cholesterol to 27HC is important for proper cholesterol efflux
from peripheral tissues, as highlighted by the observation that patients with CYP27A1 gene
mutations accumulate cholesterol in peripheral macrophages [15]. However, the role of 27HC
itself in regulating cholesterol homeostasis is controversial [16,17].

In addition to their role in cholesterol homeostasis and bile acid production, certain oxysterols
have also been shown to function as ligands for NR family members such as the liver X receptor
(LXRα and β). Thus, it was not totally unexpected that the oxysterol 27HC can modulate the
activity of ER, another NR family member, in both in vitro and in vivo models of estradiol
action [10,11]. In the cardiovascular system in mice, it was shown that 27HC antagonized the
protective effects of estrogen [11]. However, in cellular models of ER-positive breast cancer,
27HC recapitulated many genomic actions of estradiol, albeit with lower potency [10].
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Together, these data suggest the possibility that the physiological function of 27HC will differ
in a cell- and tissue-dependent manner, and thus would be appropriately considered a potential
endogenous SERM [10,11]. Given that this is a new area of research, we will discuss the
existing data and speculate as to the potential significance of 27HC as an ER modulator.

It is clear that 27HC is a low affinity ER ligand, raising the issue as to its physiological
relevance. In estrogen-depleted states (males, menopausal women, or breast cancer patients on
aromatase inhibitors), it is likely that 27HC would have an opportunity to impact ER function.
27HC circulates in humans at a concentration of 75 - 730 nM, with approximately 90% existing
in an esterified form [18,19]. 27HC levels are higher in males than females and are positively
correlated with those of cholesterol [18,19]. These findings are similar in mice [11,20]. In
vitro competitive ligand-binding assays were used to calculate Ki values for 27HC for ERα
(Ki = 1.32μM) and ERβ (Ki = 0.42μM) [11]. Given that the KM of 27HC for its catabolic
enzyme CYP7B1 is 24μM, one can deduce that concentrations nearing this value are attainable
in vivo, either in circulation or in target cells. As this value is greater than the concentration
required to saturate ER, it appears that physiological levels of 27HC will be sufficient to impact
ER signaling. It is important to remember that 27HC may not function as a classical endocrine
agent, but rather may be an important intracrine or paracrine modulator and may be present at
higher concentrations in relevant tissues.

The ER-dependent actions of 27-hydroxycholesterol in the cardiovascular
system

27HC is in a unique position to directly impact ER function in the cardiovascular system, as
it is the most prevalent circulating oxysterol, is particularly abundant within macrophages
resident in atherosclerotic plaques, and is produced in endothelial cells to regulate internal
cholesterol stores. The levels of 27HC are approximately 2 orders of magnitude higher in
atheromas than in normal aorta, and this concentration rises as a function of lesion size [18].
It has already been established that estrogen, acting through ER, is important for nitric oxide
(NO) synthesis in both vascular endothelium and smooth muscle, secondary to its ability to
upregulate inducible nitric oxide synthase (iNOS) and endothelial NOS (eNOS) [21,22]. The
generation of NO in the cardiovascular system is diseasepreventative, causing smooth muscle
relaxation, promoting wound healing, and reducing thrombosis [23]. Importantly, many
cardiovascular pathologies, including hypercholesteremia, are associated with reduced NO
synthesis [23]. The observation that 27HC modulates the ability of estradiol to regulate iNOS
and eNOS and impacts the repair of artificially damaged vasculature provided strong biological
support for a role of this oxysterol in ER signaling [11]. Specifically, wild-type mice treated
with exogenous 27HC or fed a cholesterol-supplemented diet had significantly decreased iNOS
and eNOS expression in the aorta [11]. This decrease in iNOS and eNOS expression was
dependent on expression of ERα and ERβ, as genetic ablation of either receptor blocked the
action of 27HC, but not on LXR, the classic oxysterol receptor. Furthermore, genetic disruption
of cyp7b1, which results in a modest elevation in plasma of total (6 - 8 fold) and free 27HC
levels (from 10% to 50%), leads to impaired estradiol-mediated re-endothelialization of the
carotid artery [11].

The implications of 27HC-mediated inhibition of ER signaling in the cardiovascular system
are of particular importance in the context of the controversy surrounding the role of ET/HT
in the prevention of cardiovascular disease. Estradiol is thought to only protect against the
development of new atherosclerotic lesions, and these lesions are often already present at the
onset of menopause, even if at a sub-clinical level [24]. As mentioned earlier, the 27HC levels
in atherosclerotic lesions are dramatically elevated, creating a local microenvironment in which
in vitro data suggest 27HC could effectively compete with post-menopausal estradiol levels.
A tantalizing hypothesis emerges, namely that accumulation of 27HC in advanced
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atherosclerotic lesions antagonizes estradiol, leading to a lack of cardio-protective benefit.
Future studies are warranted, given the implication this sort of data would have on the use of
ET/HT as a cardio-preventative agent.

The ER-dependent actions of 27-hydroxycholesterol in the breast
27HC is a partial ER agonist in established cellular models of breast cancer, although in vivo
confirmation of the significance of this activity is required [10]. 27HC recruits ERα to target
gene promoters and controls transcription of ER target genes in a manner similar to estradiol
[10]. Of more physiological importance is the demonstrated ability of 27HC to increase the
proliferative capacity of ERα-positive breast cancer cells. Despite a great deal of success in
treating breast cancer with antiestrogens and aromatase inhibitors, resistance does occur, and
recurrent endocrine-resistant breast cancers often still express ER, suggesting a continued
dependence on estrogen signaling [25]. Moreover, obesity is known to increase the risk for
breast cancer by up-regulating aromatase activity, thus increasing local estradiol production.
The coincidence of obesity with hypercholesteremia suggests a second mechanism by which
obesity may impact breast cancer through increased circulation of 27HC. Further, cholesterol-
reducing statins may indirectly impact breast cancer progression by effecting a global decrease
in 27HC production, and in doing so may modulate the effectiveness of estrogen ablative
therapies.

Another intriguing aspect of cancer etiology is the relative contribution of infiltrating
macrophages in disease progression. In lung cancer, an emerging ER target tissue, macrophage
density positively correlates with micro-vessel density and negatively correlates with patient
survival [26]. Additionally, co-culture of lung cancer cell lines and macrophages increases the
expression of genes involved in matrix degradation and motility and ultimately increases
invasive behavior [26]. Similarly, increased expression of colony stimulating factor 1 (CSF-1),
a monocyte/macrophage chemoattractant, is observed in invasive breast cancers, potentially
leading to increased tumor infiltration by immune cells, primarily T cells and macrophages
[27]. In a study of potential mechanisms for endocrine-resistance in breast cancer, it was shown
that macrophages produce cytokines that can de-repress ER-dependent target gene inhibition
[28]. Not surprisingly, then, tumor-infiltrating macrophages are an independent risk factor for
reduced survival from breast cancer [29]. An unexplored role of these tumor-infiltrating
macrophages is whether they provide a local source of 27HC that can be utilized by ER-positive
breast cancer cells. As shown in vitro, 27HC increases breast cancer cell proliferation, and
thereby may provide another link between macrophage infiltration (and subsequent 27HC
production) and the failure of anti-estrogen therapy [10,28].

Other potential roles of 27-hydroxycholesterol in ER biology
ER signaling is an important regulator of the development and maintenance of reproductive
function in both sexes. Thus, it would be predicted that changes in 27HC would effect some,
if not all, aspects of reproductive function. Interestingly, no reproductive abnormalities were
observed in mouse models displaying different levels of 27HC [11]. Subtle defects may exist
or may only be manifest under restricted circumstances; possibilities that remain to be explored.
The lack of an observable reproductive phenotype may reflect the SERM nature of 27HC or
may relate to the lack of production of this oxysterol by or near cells in the reproductive system
where estrogens manifest their activity.

Although macrophages resident in the cardiovascular system produce 27HC and affect estrogen
signaling [11], it remains to be shown whether this extends to peripheral macrophages in other
estrogen-responsive systems. Estrogen plays a key role in maintaining proper bone micro-
architecture by blocking osteoclast differentiation and promoting osteoblast function, thereby
increasing bone formation during adolescence and sustaining proper bone function in
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adulthood. The menopausal decline in estrogen perturbs the balance between osteoclast and
osteoblast activities, leading to osteoporosis. Osteoclasts are macrophage-derived
mononuclear cells, and thus would be predicted to produce significant amounts of 27HC. The
low affinity of 27HC for ER makes it unlikely that 27HC impacts ER activity in pre-menopausal
women [11], but in post-menopausal women or in the pathophysiological state of
hypercholesteremia, 27HC may significantly impact ER signaling in ways that influence bone
structure. Notably, the SERM tamoxifen increases bone mineral density (BMD) in post-
menopausal women [30], whereas in the pre-menopausal state it antagonizes ER leading to
decreased BMD [31]. Similar context-dependent agonist/antagonist activities would be
expected in studies of 27HC action in the bone, and in vivo studies are thus warranted to define
these activities.

Since autoimmune diseases are in general more prevalent in women, it has been suggested that
the immune system is under partial regulation by the female hormone estradiol [32,33]. As
macrophages are primary producers of 27HC, these cells could be a key target of 27HC-
regulated ER signaling in this system. For example, the synovial macrophages implicated in
rheumatoid arthritis (RA) express ER, and thus may be a site where 27HC impacts ER function
[32]. This may help to explain the sexual dimorphism observed in RA and other pathologies
such as multiple sclerosis and systemic lupus erythematosus [32,34-36]. Interestingly, statins
have shown to be effective in several different in vivo models of autoimmune disorders, and
have therefore been contemplated as therapeutics [37]. It is interesting to speculate that some
of the observed efficacy of statins in this setting may relate to their ability to reduce local or
circulating 27HC, a hypothesis that can be tested with available animal models and
pharmacological agents.

Final Considerations
While the in vivo studies of the cardiovascular system showed regulation of both genomic and
nongenomic ER actions by 27HC, the in vitro studies focused exclusively on nuclear ER
actions. Future in vitro studies should define how 27HC impacts the rapid aspects of ER
signaling and how this may differ in a tissue-specific manner. Furthermore, it is clear that there
is an immediate need for additional in vivo studies to address the specific functions of 27HC
in ER-responsive tissues outside the cardiovascular system. In analyzing human populations,
polymorphism studies of both CYP27A1 and CYP7B1 would be a great addition to those
already published on humans lacking expression of either enzyme [15,38], and would be crucial
to our understanding of how subtle changes in 27HC levels affect biological processes. Finally,
using a combination of pharmacological inhibitors of CYP27A1 and CYP7B1, together with
established animal models, it should be possible to define which ER-responsive tissues are
most sensitive to alterations in 27HC. Even at this early state in our exploration of 27HC
biology, the data available provide a compelling case to support the hypothesis that ER is a
primary mediator of 27HC action in some target tissues.
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Box 1. Cofactor Proteins and SERM Action
Upon binding ligand, the estrogen receptor (ER) undergoes a conformational change that
permits spontaneous homo- or hetero-dimerization and facilitates its subsequent interaction
with estrogen response elements (EREs) located within target genes or with other transcription
factors and transcription factor complexes. The functional consequences of different ligand-
induced conformational changes were revealed with the discovery of receptor coactivators and
corepressors.
Coactivators are proteins that interact either directly or indirectly with activated nuclear
receptors (NRs) and facilitate their transcriptional activation. Coactivators often posses
enzymatic activity, such as acetyltransferase, methyltransferase, or ubiquitin ligase activity.
These proteins also may function as a bridge between an NR and the general transcription
machinery. Examples include the p160 family members SRC-1, SRC-2 (GRIP1), and SRC-3
(ACTR, AIB1).
Corepressors also interact either directly or indirectly with NR family members. In contrast to
coactivators, corepressors can bind to NRs in the absence or presence of a ligand, depending
on the character of that particular ligand, and maintain the receptor in a quiescent state.
Corepressors are often part of large protein complexes that contain histone deacetylase activity,
and thus repress gene transcription. Examples include NCoR and SMRT.
In general, Selective Estrogen Receptor Modulators (SERMs) permit the receptor to adopt a
structure that is intermediate between the inactive and fully activated states. Thus, the relative
agonist/antagonist activity of SERMs is a reflection of the ability of the ER-SERM complex
to engage coactivators or corepressors. It is also possible that some SERMs allow ER to interact
in an ectopic manner with coregulatory proteins (CoX) that would not interact with ER under
normal physiological circumstances.
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