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In memory of my father

Science and knowledge bring peace and calmness, so choose
to live in a place with knowledgeable people.

Ferdowsi, the Persian poet (c. 940- 1020)
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ABSTRACT

Estrogens are major regulators of skeletal growth and maintenance in both
females and males. Estrogen receptor a (ERa) is the main mediator of
estrogenic effects in bone. Thus, estrogen signaling via ERa is a target for
treatment of estrogen-related bone diseases including osteoporosis. However,
treatment with estrogen leads to side effects in both genders. The aim of this
thesis was to characterize different ERa signaling pathways in order to
increase the knowledge regarding the mechanisms behind the protective
effects of estrogen on bone mass versus adverse effects in other organs.

We have evaluated the role of ERa expression in two distinct hypothalamic
nuclei. Female mice lacking ERo expression in proopiomelanocortin
(POMC) neurons, mainly found in the arcuate nucleus, displayed
substantially enhanced estrogenic response on cortical bone mass while lack
of ERa in the ventromedial nucleus revealed no effects on bone mass. We
therefore propose that the balance between inhibitory effects of central ERa
activity in hypothalamic POMC neurons and stimulatory peripheral ERa-
mediated effects in bone determines cortical bone mass in female mice.

We have also evaluated the role of ERa signaling pathways in males. We
found that the ERa activation function (AF)-2 was required for the estrogenic
effects on all evaluated parameters. In contrast, the role of ERaAF-1 was
tissue specific, where trabecular bone was dependent on ERaAF-1, while
effects on cortical bone did not require ERaAF-1. In addition, all evaluated
effects of the selective estrogen receptor modulators (SERMs) were
dependent on a functional ERaAF-1.

In addition to nucleus, ERa is also located at the plasma membrane, where it
can initiate extra-nuclear signaling. We found that extra-nuclear ERa
signaling affects cortical bone mass in males and that this effect is dependent
on a functional ERaAF-1. To further determine the role of membrane-



initiated ERa signaling, we used a mouse model lacking an ERa
palmitoylation site, which is crucial for membrane localization of ERa. We
showed that membrane ERa signaling is essential for normal development
and maintenance of trabecular and cortical bone, and is crucial for normal
estrogen response in both trabecular and cortical bone in male mice.

The studies presented in this thesis have increased our knowledge regarding
estrogen signaling pathways in both females and males and may contribute to
the design of new, bone-specific treatment strategies that maintain the
protective effects of estrogen but minimize the adverse effects.
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Ostrogen receptor alphas betydelse for
reglering av benmassa

Benskorhet (osteoporos) dr en av de stora folksjukdomarna i Sverige och
orsakar mycket lidande och stora kostnader for samhillet. Ostrogener tillhor
de viktigaste hormonerna som reglerar tillvixt och uppratthdllande av
skelettet bdde hos kvinnor och mén, och behandling med dstrogener minskar
risken for osteoporos. Ostrogenernas effekter medieras frimst via
Ostrogenreceptor alfa (ERa), vilket gér Ostrogensignalering via ERa ett mal
for behandling av Ostrogenrelaterade sjukdomar sdsom osteoporos.
Behandling med Ostrogener kan ge biverkningar i bada konen. Syftet med
denna avhandling var dérfor att studera ERas signalering och 6ka kunskapen
om mekanismerna bakom de benskyddande effekterna av Ostrogener. Detta
for att underldtta  framtagande av  benspecifika  Ostrogenlika
behandlingsalternativ mot benskdrhet med mindre biverkningar.

Vi har utvirderat betydelsen av ERa i tvad distinkta hypotalamuskirnor hos
honmdss. Honmdss som saknar ERa i POMC-neuron, som huvudsakligen
finns i1 arkuatuskirnan, visade kraftigt 6kad Ostrogenrespons i kortikalt ben.
Honmoss som saknar ERa i ventromediala kérnan visade ddremot ingen
paverkan pa benmassan. Utifran dessa studier foreslar vi att balansen mellan
de hdmmande effekterna av central ERa-aktivitet i POMC-neuronen i
hypotalamus och de stimulerande effekterna av perifer (lokal) ERa-aktivitet i
ben ar viktig for regleringen av kortikal benmassa hos honmoss.

Vi har ocksa utvérderat betydelsen av ERa-signalering hos hanmdss. Vi visar
att ERas aktiveringsfunktion (AF)-2 &r nédvéndig for dstrogenernas effekter i
alla vdvnader vi utvirderat hos hanar. Daremot &r betydelsen av ERaAF-1
vavnadspecifik, dir den krivs for Ostrogenernas effekter pa trabekuldrt ben,
men inte pa kortikalt ben. Vi har dven visat att AF-1-delen av ERa krévs for
att de selektiva Ostrogenreceptormodulerare (SERMs) som utvirderats
(Raloxifene, Lasofoxifene, Bazedoxifene) ska ha effekter pa skelettet.

ERa finns inte bara i kdrnan och cytosolen utan ocksa i plasmamembranet,
diar receptorn kan initiera extranukledr signalering. Vi har visat att
extranukledr ERa-signalering péverkar kortikal benmassa i hanar och att
denna effekt dr beroende av AF-1 delen av ERa. For att ytterligare utvirdera
betydelsen av membraninitierad ERa-signalering har vi anvint en musmodell
som saknar ett palmitoyleringssite i ERa. Palmitoyleringen dr nddvéndig for
att ERa ska kunna lokalisera sig till plasmamembranet. Vi visar att



membraninitierad ERa-signalering ar viktig for normal utveckling och
uppratthallande av bade trabekuldr och kortikal benmassa, och ocksa for en
normal Ostrogenrespons i bade trabekuldrt och kortikalt ben hos hanar.

Resultaten som presenteras i denna avhandling har okat var kunskap om
Ostrogensignalering hos bade hanar och honor. Detta kan bidra till design av
nya benspecifika behandlingsalternativ som har benskyddande ostrogena
effekter, men som ger farre biverkningar.
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ABBREVIATIONS

The frequently (more than three times) used abbreviations are listed below.

AF-1
AF-2
AAV
aBMD
Bza
BMD
CNS
CTx
CHD
DHT
DEXA
ELISA
EDC
ERa
ERp
ERs
FTIR
GC-MS/MS

HRT

Activation function-1

Activation function-2

Adeno-associated virus

Areal bone mineral density

Bazedoxifene

Bone mineral density

Central nervous system

Collagen c-telopeptides

Coronary heart diseases

Dihydrotestosterone

Dual energy Xray absorptiometry
Enzyme-linked immunosorbent assay
Estrogen dendrimer conjugate

Estrogen receptor o

Estrogen receptor 3

Estrogen receptors

Fourier transform infrared microspectroscopy
Gas chromatography-tandem mass spectrometry

Hormone replacement therapy



KO Knockout

Las Lasofoxifene

MC4R Melanocortin 4 receptor

mERa Membrane-initiated ERa

MISS Membrane-initiated steroid signaling

puCT Micro computed tomography

NOER Nuclear only ER

orx Orchidectomized

OPG Osteoprotegerin

ovVX Ovariectomized

pQCT Peripheral quantitative computed tomography
Ral Raloxifene

RANKL Receptor activator of nuclear factor- kB ligand
SERM Selective estrogen receptor modulator
shRNA Short hairpin RNA

VMN Ventromedial nucleus

vBMD Volumetric bone mineral desity

WHI Women’s Health Initiative

WT Wild type
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1 INTRODUCTION

1.1 GENERAL INTRODUCTION

Osteoporosis is a condition characterized by low bone mass and
microarchitectural deterioration of bone tissue leading to increased risk of
fracture (1, 2). Estrogens are the major hormonal regulators of skeletal
growth and maintenance in both females and males (3). Estrogen receptor o
(ERo) mediates estrogen effects in bone and other tissues (4-11). Thus,
estrogen signaling via ERa is a target for treatment of bone diseases
including osteoporosis. Estrogen treatment results in positive estrogenic
effects in bone, but also adverse effects in other organs of both genders (5,
12-20). Thus, it would be beneficial to develop bone-specific estrogen
treatments, which mimic the positive effects in bone and avoid the side
effects. To achieve this, we need to increase our knowledge about the
mechanisms behind estrogen effects in bone and other organs. In this thesis,
we characterize different ERa signaling pathways in bone versus other tissues
in vivo.

1.2 BONE

The skeleton protects internal organs and supports body movement.
Moreover, bone stores minerals such as calcium and phosphates and is the
location for hematopoiesis. The human skeleton contains over 200 bones.
Bone tissue consists of 70% inorganic components (i.e. mineral crystals),
20% organic components (i.g. type I collagen), and 5-8% water. The skeleton
is commonly divided into two major categories, the axial and the
appendicular skeleton. The axial skeleton consists mainly of flat bones (ribs,
skull, and sternum) and vertebrae, while the appendicular skeleton consists
mainly of long bones (e.g., tibia, femur, and humerus).

1.3 CORTICAL AND TRABECULAR BONE

The skeleton consists of two types of bone tissue: the cortical or compact
bone and the trabecular or spongy bone, also called cancellous bone. Cortical
bone, the harder outer shell of bone, is stiffer and more compact than
trabecular bone. Cortical bone makes up 80% of the bone tissue and is mainly
found in the shaft of long bones (diaphysis). The spongy-like trabecular bone
comprises the remaining 20% of the bone tissue and is predominantly found
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in the vertebrae, pelvis, and in the metaphysis and epiphysis of the long
bones (Figure 1).

Cortical bone

Trabecular bone

Figure 1. Cortical and trabecular bone.

1.4 STRUCTURE OF LONG BONES

The diaphysis — the shaft of long bones — is composed of cortical bone
surrounding the marrow cavity. The very ends of long bones are called
epiphyses and the region between the epiphyses and diaphysis are called
metaphyses. These two regions consist of trabecular bone surrounded by
cortical bone. The growth plate separates the epiphysis and metaphysis
(Figure 2).

Diaphysis

Growth plate
Epiphysis i

Figure 2. Schematic drawing of a femur.
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1.5 BONE CELLS

There are three types of cells found in bone: osteocytes, osteoblasts, and
osteoclasts.

1.5.1 OSTEOCYTES

The most abundant bone cells in the adult skeleton are osteocytes (90-95%)
that are generated from osteoblasts (21). Osteocytes are long-lived and do not
divide (22). Osteocytes are located in lacunae and form a network with each
other via dendritic extensions called canaliculi, a place for nutrition and
signaling molecule exchange. This network makes osteocytes able to detect
mechanical pressure and load and they thereby regulate bone remodeling
through different mechanisms including regulation of osteoblast and
osteoclasts differentiation and function (22, 23).

1.5.2 OSTEOBLASTS

Osteoblasts account for approximately 4—6% of the cells in the adult human
skeleton (22). Osteoblasts differentiate from mesenchymal stem cells and
they are responsible for bone formation. Bone morphogenetic proteins
(BMPs), transforming growth factor B (TGFf), and wingless-type MMTV
integration site family (WNT) are important growth factors involved in
osteoblasts differentiation (24-26). The Runt-related transcription factor 2
(Runx2) and Osterix (Osx1) are two key transcription factors that are
essential for osteoblast differentiation (27).

Osteoblasts secrete different bone proteins, including collagen, that are main
components of the unmineralized bone matrix (osteoid). Proteins produced
by osteoblasts, including collagen type I, alkaline phosphatase (ALP), and
osteocalcin (OC) can be analyzed in serum or urine as a measurement of
osteoblast activity (28-30).

The life-time of osteoblasts is approximately three months (31). When
osteoblasts age, they face three possible destinies: 1) undergo programmed
cell death (apoptosis), 2) become embedded in the bone as osteocytes, or 3)
become lining cells (21). The lining cells are flat and cover the surface of the
bone.

Osteoblasts secrete both receptor activator of nuclear factor kB ligand
(RANKL) and osteoprotegerin (OPG) (32). RANKL induces osteoclast
activation, while OPG binds to RANKL and thereby inhibits osteoclasts
activation (Figure 3). Estrogen interferes with RANK signaling and
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upregulates the expression of OPG (33, 34). Thus, estrogen deficiency leads
to increased bone resorption via increased RANKL-signaling (35).

Preosteoclast
—_— Osteoclast
? RANKL
ARANK o ‘o ¢
OPG .
Bone resorption
Osteoblast

Figure 3. The RANKL/OPG system. RANKL binds to RANK and induces osteoclast
differentiation. OPG can inhibit this interaction by binding to RANKL and thereby
prevents osteoclast differentiation. This illustration was adapted with permission
from Associated Professor Marie Lagerquist.

1.5.3 OSTEOCLASTS

Osteoclasts, the least abundant bone cell type (1-2%), are responsible for
resorbing bone. When an osteoclast attaches to the bone surface, it forms a
ruffled border and creates an acidic microenvironment that leads to bone
resorption. Osteoclasts undergo apoptosis and are removed by phagocytes
after their two weeks life-span (36). Osteoclasts originate from hematopoietic
stem cells through fusion of several mononucleated cells, which results in
large multinucleated osteoclasts. Osteoclast differentiation depends on
macrophage colony stimulating factor (M-CSF) and RANKL (37). M-CSF
stimulates the proliferation of osteoclasts by binding to c-fms receptors on
preosteoclasts (38). RANKL binds to its receptor RANK on preosteoclasts
and osteoclasts and this binding is essential for proliferation, survival and
activation of osteoclasts (39).

1.6 BONE REMODELING

Bone remodeling is a constantly ongoing process in which osteoclasts resorb
bone and osteoblasts form new bone. Through bone remodeling, the skeleton
repairs micro-cracks and other damages, responds and adapts to mechanical
loading, and maintains calcium homeostasis (40, 41). The bone resorption
and formation processes in bone remodeling occurs as a cyclic event in both
cortical and trabecular bone. This process occurs in basic multicellular units
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(BMUs), consisting of all bone cell types (osteoclasts, osteoblasts, and
osteocytes), lining cells, and blood supply (42).

The bone remodeling cycle begins with recruitment of preosteoclasts to the
bone surface, where they fuse and become mature osteoclasts (Figure 4). The
osteoclasts resorb the bone by digesting the bone matrix at the resorption site.
When the resorption-phase ends, preosteoblasts migrate to the resorption site
and differentiate into mature osteoblasts. The osteoblasts form new bone by
first producing bone matrix and then mineralizing it (43, 44). Osteocytes are
differentiated osteoblasts that are surrounded by bone matrix. Osteocytes
form a network for communication between cells. Osteoblasts and lining cells
are also connected to this network. When a mechanical load applies to bone,
the network would sense it and signals to the BMUs to start the bone
remodeling process. Thus, the network of bone cells is important for adapting
the bone to mechanical load (45).

In humans, bone resorption takes 4-6 weeks, bone formation takes 4—6

months, and the whole bone remodeling cycle takes approximately half a
year. The adult skeleton is completely regenerated every 10 years (31).

Preosteoclasts Q@ o) Lining cells

"”?: » .: Osteocytes
o ESY

Figure 4. The bone remodeling cycle starts when preosteoclasts are recruited and then
they differentiate into multinucleated osteoclasts. The osteoclasts resorb bone by
digesting the mineral matrix. When the resorption-phase ends, preosteoblasts migrate to
the bone resorption site and differentiate into mature osteoblasts. The osteoblasts produce
bone matrix which is subsequently mineralized. Some osteoblasts are trapped in the bone
matrix and differentiate into osteocytes.
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1.7 ESTROGENS

Estrogens, the female sex hormones, belong to the sex steroid hormone
family and they are produced both in women and men. Estrogens are pivotal
hormones for survival and health in both genders. Among many crucial
functions, such as glucose homeostasis, cardiovascular health, immune
robustness, fertility, and neuronal function, estrogens are also essential for a
healthy bone development and maintenance. Estrone, estriol, and 173-
estradiol (E2) are three different estrogens found in the physiological system.
Estrone is mainly produced at extragonadal sites (e.g., adipose tissue and
liver) and is present at low levels in fertile women and high levels after
menopause. Estriol is produced by the placenta during pregnancy. In this
thesis, we mainly focus on E2, which is the most potent estrogen (Figure 5).

o-H

Figure 5. The molecular structure of 17B-estradiol (E2). The image is from the
chemistry database Pubchem.

E2 is mainly produced in granulosa cells in the ovaries, but is also produced
by adrenal cortex (only in humans, not in mice), adipose tissue, and testicles
(via aromatization of testosterone [T]). The majority of E2 in serum is bound
to sex hormone binding globulin (SHBG) in humans and is thereby unable to
enter cells. However, rodents lack SHBG (46). Only 1-3% of the circulating
E2 is free in the solution and biologically active. The free serum E2 levels in
fertile, ovariectomized (ovx) or orchidectomized (orx), and old mice are
listed below in the Table 1 (47).

E2 is a key regulator in bone metabolism via different mechanisms. It
regulates the bone remodeling process by affecting bone formation and bone
resorption via direct or indirect effects on osteoblasts, osteoclasts, and
osteocytes (48-51).
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Table 1 Serum E2 levels in pg/mL (47)

Mouse
Female Male
Fertile 27+1.0 <03
ovx/orx <03 <03
Old age 3.6+£0.7 <03

1.8 STRUCTURE OF ESTROGEN RECEPTORS

Estrogens, as other steroids, are lipophilic and pass over the cell membrane.
E2 mainly exerts its effects via binding to nuclear estrogen receptors (ERs),
ERa and ERB. A membrane-bound G protein-coupled estrogen receptor-1
(GPER-1) has been suggested by some studies (52-54), but not all (55-58), to
be a membrane-associated ER.

ERa and ERP belong to the nuclear receptor superfamily and act as ligand-
activated transcription factors. ERa and ERB overlap in structure and have
high sequence homology (Figure 6). The primary structure of these receptors
consists of six different functional domains A-F (59-62). The first domain in
the N-terminus is the A/B domain. This is the least conserved region (<20%
homology between ERa and ERf) and it contains the ligand independent
activation function-1 (AF-1) (62). The C domain is the best conserved region
between ERa and ERB with more than 95% homology. This region contains
the DNA binding domain (DBD) that is involved in dimerization of the
receptor (60, 61, 63). Both ERa and ERP can dimerize and form homo- or
heterodimers. They can also bind to the same DNA sequences (53). The D
domain comprises the nuclear localization signal and this domain increases
the flexibility between the C- and E/F domains (60, 62).The E and F
domains, found in the C terminus, contain the ligand binding domain (LBD)
and the ligand dependent AF-2 (59-61). The high homology in the DNA
binding domain and low homology in the ligand binding domain suggests
that ERs can bind the same DNA sequences but respond differently to
different ligands. ERa and ERP have similar affinity for E2 (64).

Arl AE-2
ERa A/B Cc | D E F
ERp| | |
<20% >95%~30% ~55% <20%

Figure 6. Schematic picture of the different domains of ERa and ERp, A-F.
The sequence homology between the receptor is given in percent. This
illustration was adapted with permission from PhD Anna Térnqvist.
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The distribution of ERs varies, not only in different tissues but also in
different bone compartments (i.e. cortical versus trabecular bone). Both
receptors are expressed in trabecular and cortical bone, while ERa
predominates in cortical bone (65, 66). Studies have shown that ERJ
antagonizes ERa in bone and other tissues (67, 68). Higher levels of estrogen
is required to affect bone remodeling in trabecular bone compared to cortical
bone; a suggestion that is supported by both mouse and human studies (4,
69).

Upon E2 binding to an ER, the ER undergoes conformational changes that
allows helix 12 in the LBD to fold in an agonistic orientation (70). This
specific folding attracts cofactors important for gene regulation. Helix 12 is
also important for ERaAF-2; hence AF-2 is ligand dependent (70-72). In
contrast, AF-1 can interact with cofactors independently of ligand binding;
therefore AF-1 is ligand-independent (73, 74). The ER subtype, the cell type,
and the promotor context determine which cofactors that bind to the AFs and
thereby regulate the gene transcription (70, 75). For full transcriptional
activity, a synergism between both AFs is required (73, 75-78).

1.9 ERa-THE MAIN MEDIATOR IN BONE

The estrogen effects on bone are mediated by the two related, but distinct,
receptors, ERa and ERP (79). Studies by us and others have demonstrated
that ERa is the main mediator of estrogen effects in bone (5, 8, 11). Global
deletion of ERa (ERo™") in both genders leads to disturbed serum levels of
sex hormones; high serum levels of both E2 and T in females and high serum
T levels in males (80, 81). Both genders of ERo’™ mice display decreased
bone turnover, decreased cortical thickness, but increased trabecular bone
mass (82). Removal of gonads (gonadectomy) leads to bone loss in wild type
(WT) mice and also in both genders of ERa”" mice. However, E2 treatment
restores neither cortical nor trabecular bone in gonadectomized ERa™
females or males (5, 7, 8, 83). Thus, ERa has a crucial role in mediating E2
effects in cortical and trabecular bone in both genders. In contrast to ERa”,
ERB™ mice of either sex have no changes in serum sex hormone levels (81).
In addition, male ERP” mice display a normal bone phenotype,
demonstrating that ERP is not involved in regulation of bone mass in males.
In contrast, ERB” females have been demonstrated to have increased bone
mass (72, 74-75), possible due to a repressive role of ERp on ERa-regulated
gene transcription (84).
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1.10 ERa TARGET CELLS

ERa is expressed both in bone cells as well as in other tissues and to
determine the target cell for the effects of estrogen on the skeleton, several
mouse models with cell-specific inactivation of ERa have been developed.

1.10.1 DELETION OF ERa IN BONE CELLS

Expression of ERa in different bone cells indicates that estrogen effects may
be mediated locally in the skeleton. Deletion of ERa in osteoclasts leads to
decreased trabecular bone due to higher osteoclast numbers and increased
bone resorption in female mice (85, 86). Thus, ERa in osteoclasts is of
importance for trabecular but not cortical bone in female mice, whereas it has
no effect in male mice.

A number of studies have used different Cre models to delete ERa in
different stages of osteoblast/osteocytes differentiation. ERa in osteoblast
precursors regulate cortical bone, while ERa in mature osteoblasts/osteocytes
has a moderate effect on the regulation of trabecular bone in male mice (19,
20, 87, 88). In female mice, ERa in the osteoblast lineage is crucial for
cortical bone (87-89), while a role in the regulation of trabecular bone is
supported by some studies but not others (87-90). Collectively, it has been
suggested that ERo in mature osteoblasts contributes to the regulation of
trabecular bone in female mice (20).

ERa in osteocytes is not required for cortical bone but seems to regulate
trabecular bone in both genders (20, 91, 92). Thus, local ERa signaling in the
skeleton has a stimulatory effect on the skeleton.

1.10.2 ERa IN THE CENTRAL NERVOUS SYSTEM

Bone is traditionally considered to be regulated by the local environment,
including mechanical loading and hormones. However, it is now recognized
that the central nervous system (CNS) also is involved in the regulation of
bone. It has been known for long that bone is an innervated tissue containing
both efferent and afferent fibers (93). The first clear evidence to define a
central pathway to bone was found when studying leptin-deficient mice.
These mice, despite its hypogonadism, had a high bone mass phenotype that
was restored by intracerebroventricular injections of leptin, demonstrating
that central leptin signaling decreases bone mass (94). In contrast, peripheral
leptin treatment increases bone mass, suggesting that leptin has opposite
peripheral vs. central effects on bone mass (94-96). Furthermore, the
neurotransmitter serotonin has also been suggested to have opposite
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peripheral and central effects on bone mass; central serotonin signaling
enhances bone mass, while peripheral serotonin reduces bone mass.
However, this finding has been confirmed by some but not others (97-99).

In addition to leptin and serotonin, a number of other molecules have been
identified to regulate bone mass via signaling in the hypothalamus and
brainstem, including neuromedin U (NMU), cocaine and amphetamine-
regulated transcript (CART) (17), and neuropeptide Y (NPY) (100).

The CNS is a target for estrogen and ERa is widely distributed in the brain
(17). In a previous study, using Nestin-Cre mice, our group deleted ERa in
nervous tissue, which resulted in increased cortical and trabecular bone mass
(101). This indicates that estrogen signaling in neuronal cells may have a
negative impact on bone mass in contrast to the positive, stimulatory effects
of peripheral (local) estrogen signaling. However, the primary target cell for
this central inhibitory effect of estrogen on bone mass was not determined in
this study. This question was addressed in paper I in this thesis (102).

1.11 ERa INTRACELLULAR SIGNALING

The ERs are transcription factors and they can bind to DNA and affect gene
transcription in target cells. The ERs have four main signaling pathways,
three of them are classified as ligand dependent and one is classified as ligand
independent (103). The three ligand dependent pathways are: the classical
(direct) genomic pathway, the non-classical (indirect) genomic pathway, and
the non-genomic pathway (Figure 7).

In the classical (direct) genomic pathway, ligand and receptor binding results
in ER dimerization and the ER-ligand complex then translocates to the
nucleus, binds to estrogen-response elements (ERE) in the DNA and
regulates gene transcription (63, 103, 104). In the non-classical (indirect)
genomic pathway, the dimerized ER-ligand complex binds other transcription
factors (such as activator protein 1 [AP-1], specificity protein 1 [SP-1],
Fos/Jun, or nuclear factor kappa-light-chain-enhancer of activated B cells
[NF-xB]) which can bind to other, non-ERE, sites (response elements [RE])
in DNA (105-107)
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Figure 7. Schematic picture of estrogen receptors (ER) signaling pathways. A) classical
genomic pathway, B) non-classical genomic pathway, C) ligand-independent pathway, D)
membrane-initiated signaling pathway. ERE; estrogen response element, RE, response
element, TR; transcription factors, CR; coregulators, P; phosphorylation, Kin, kinase.

In addition to genomic pathways, ERs can elicit non-genomic (also called
extra-nuclear) signaling. In contrast to the genomic pathways, non-genomic
signaling responses occur rapidly (second to minutes). Examples of E2-
induced rapid cell responses include rapid mobilization of intracellular
calcium, generation of cyclic adenosine monophosphate (cAMP), modulation
of potassium currents, phospholipase C activation, and stimulation of protein
kinase pathways (e.g., phosphatidylinositol-4,5-bisphosphate 3-kinase
[PI3K]/protein kinase B [PKB or Akt], and extracellular signal-regulated
kinase [Erk]) (108-114). ERa has been shown to be the primary endogenous
mediator of these rapid E2 actions (115) and a subpopulation of ERa that is
present at or near the plasma membrane has been shown to be important for
these rapid non-genomic effects (115). This subpopulation of ERa can start
membrane-initiated steroid signaling (MISS), which influences intracellular
signaling cascades. This pathway can either have direct cellular effects
without affecting gene transcription or it can lead to recruitment of

11
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transcription factors to the nucleus and thereby alter gene transcription (110).
Cross-talk between genomic pathways and MISS can also occur, where a
signal from one pathway can modulate the signal from another pathway (116)
and this cross-talk has been suggested to be of importance in some contexts
(117).

Palmitoylation, a post-translational modification, is the attachment of a
palmitic acid to a cystein residue (118). The palmitoylation site Cys447 in the
human ERa promotes plasma membrane association of the receptor (119).
Mutation of this palmitoylation site in ERa in mice inhibits the membrane
localization of ERa and thus provides a tool to evaluate the importance of
MISS (120, 121). In paper IV of this thesis, we have used this tool to
determine the role of MISS for bone mass in male mice.

ERs can also signal via a ligand-independent pathway, where other factors
(such as growth factors [GFs] like epidermal growth factors [EGF] and
insulin-like growth factor-1 [IGF-1]), bind to their receptors and activate
various kinases including mitogen-activated protein kinase (MAPK) that in
turn activates the ERs by phosphorylation. The phosphorylated ERs can
translocate to the nucleus where they recruit other coactivators and bind to
DNA and thereby regulate gene transcription (103, 122-126). However, ER
phosphorylation does not only occur in the absence of ligand, E2 treatment
can also stimulate phosphorylation of ERa. ERa has several phosphorylation
sites which are mainly located in the AF-1 domain (103, 125).

1.12 OSTEOPOROSIS

Osteoporosis is characterized by low bone mineral density (BMD) and
structural deterioration of bone, which results in increased risk of fractures
(1). Osteoporosis is defined as being primary or secondary. Primary
osteoporosis is a progressive bone loss due to aging and is influenced by
decline in sex hormone levels or genetic factors. Secondary osteoporosis
represents the bone loss due to a primary disease, such as rheumatoid arthritis
or as a side effect due to medication, e.g. glucocorticoid therapy (127).
Osteoporosis is clinically diagnosed by BMD measurements at lumbar spine,
femoral neck, and total hip with dual energy Xray absorptiometry (DEXA).
In 1994, the World health organization (WHO) defined the diagnosis
osteoporosis as BMD less than minus 2.5 standard deviations of the mean of
a population of young adult women (128, 129).

The term “post-menopausal osteoporosis” was first used by Fuller Albright in
1940. He noted the association between decline of estrogen levels following
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ovariectomy or menopause and the development of osteoporosis (130).
Osteoporosis is a significant public health problem in women. An
observational study by Caudy et al. showed that the number of women who
will experience a fracture in one year exceeds the combined number of
women who will experience incident breast cancer, myocardial infarction, or
stroke (131).

Osteoporosis is a great health problem also in men. In 1989, Stepan and
colleagues showed that, similar to ovx women, castrated men also experience
rapid bone loss (132). The general belief was that the major sex steroid
regulator of bone mass was estrogen in women and T in men. This traditional
view on the role of sex steroids in women and men was challenged in 1994
by a case report. A 28-year-old male, with a homozygous mutation in the
ERa gene, had unfused epiphyses and suffered from osteopenia despite
normal T and elevated estrogen levels (9). In addition, two other males with
aromatase deficiency were described to have a similar skeletal phenotype as
the ERa-mutated man and estrogen treatment increased bone mass in these
aromatase deficient males (133, 134). Since then, extensive observational and
interventional human studies, together with studies using gene-manipulated
mouse models, have confirmed a key role of estrogen for the regulation of the
skeleton, not only in women, but also in men (82).

Today, we know that in men, serum levels of E2 are strongly associated with
bone mineral density (BMD) (20), that low levels of E2 are associated with
increased risk of fractures (135), and that there is a causal effect of serum E2
on BMD as shown using Mendelian randomization (136). In addition, several
experimental animal studies have shown that E2 treatment increases bone
mass in males (19, 20). Thus, estrogen is an important regulator of bone
metabolism in both genders.

1.13 HORMONE REPLACEMENT THERAPY

At menopause, the E2 and progesterone production from ovaries decline
drastically, which leads to menopausal symptoms (e.g., hot flashes and mood
swings), atrophy of uterine endometrium and vaginal epithelium, increased
risk of hypertension and atherosclerosis, loss of fertility, and accelerated bone
loss. Hormone replacement therapy (HRT), usually consisting of estrogen in
combination with progesterone, reduces menopausal symptoms and prevents
bone loss.

The large Women’s Health Initiative (WHI) study aimed to assess the effect
of continuous HRT (consisting of estrogen and progesterone) on coronary

13
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heart disease (CHD) in postmenopausal women and to evaluate breast cancer
risk. However, in 2002, the WHI study was stopped due to severe side
effects, such as increased risk of breast cancer and venous thromboembolism,
and lack of protective effects on CHD (137, 138).

The Million Women Study was also set up to investigate the effects of
specific types of HRT (estrogen, estrogen in combination with progesterone,
tibolone, and other types of HRT) on incident of fatal breast cancer. The
result of the Million Women Study also showed an increased risk of breast
cancer after HRT (139). In contrast, by treatment with only estrogen in the
WHI study, CHD risk was not affected and breast cancer risk tended to be
lower (140). However, both WHI and the Million Women study have
received criticism regarding the inclusion of subjects, with inclusion of rather
old women (up to 79 years of age) in the WHI study and inclusion of biased
subjects in the Million Women study (141, 142). Today, HRT is not
recommended for treatment of osteoporosis, but short term HRT can be used
to treat menopausal symptoms.

1.14 SELECTIVE ESTROGEN RECEPTOR
MODULATORS (SERMs)

SERMs are synthetic estrogen-like molecules that can bind to an ER and they
are used for several therapeutic purposes including osteoporosis. SERMs can
act as agonists or antagonists to ER in a tissue-specific manner. The tissue-
specificity depends on many factors including (i) relative binding affinity for
ERa and ERp, (ii) relative expression levels of ERa and ERP, and (iii) co-
regulator availability (143). Unlike the E2 molecule structure, SERMs have a
long bulky side chain that affects the conformation of ER upon binding. This
bulky chain affects the AF-2 interaction with coactivators or corepressors
(71). The results of paper Il and previous publications suggest that both the
AF-1 and AF-2 regions of ERo are important in mediating the anti-
osteoporotic effects of SERMs in mice (144-146).

There are several SERMs used in clinical practice, including tamoxifen,
raloxifene, lasofoxifene, and bazedoxifene. Tamoxifen was the first
commercially used SERM for treatment of ER-positive breast cancer (147).
Tamoxifen was shown to be an agonist in bone but also an agonist in uterus,
leading to increased risk of endometrial cancer (148, 149). Raloxifene was
the first approved SERM for treatment of postmenopausal osteoporosis
which also proved to be effective in prevention of breast cancer (150, 151).
Lasofoxifene was the first SERM preventing non-vertebral fractures, and it
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also decreases the risk of ER-positive breast cancer (152, 153). Bazedoxifene,
which is not an ER agonist in uterus or breast tissue, is currently used in EU
and Japan, and it prevents vertebral and non-vertebral fractures in high risk
patients (154, 155).

1.15 ESTROGEN DENDRIMER CONJUGATE
(EDC)

The estrogen dendrimer conjugate (EDC) consists of estrogens attached to a
large, positively charged nondegradable poly(amido)amine (PAMAM)
dendrimer via hydrolytically stable linkages (156). This molecule enables the
separation of nuclear and extra-nuclear signaling pathways, since it lacks the
ability to enter the nucleus. Experiments in breast cancer cells have shown
that EDC is highly effective in stimulating membrane-initiated signaling but
inefficient in affecting nuclear ER target gene expression (156). Other studies
have shown that EDC promotes cardiovascular protection but not uterine or
breast cancer proliferation in mice (157). In vitro studies have demonstrated
that EDC, like E2, can decrease osteoblast apoptosis and promote osteoclast
apoptosis (85, 158), and in a recent study, Bartell et al. showed that EDC
prevents cortical bone resorption caused by estrogen deficiency in female
mice (159). In paper III of this thesis, we have used EDC to evaluate the
importance of membrane-initiated estrogen signaling on bone mass in male
mice.
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2 AIM

The general aim of this thesis was to characterize different ERa signaling
pathways in bone and other organs in order to increase the knowledge
regarding the mechanisms behind the protective effects of estrogen on bone
mass versus adverse effects in other organs. The specific aims for each paper
included in this thesis are listed below.

Paper I

To evaluate the role of ERa expression in two distinct hypothalamic nuclei —
the arcuate nucleus (ARC) and the ventromedial nucleus (VMN) — in the
regulation of bone mass in female mice.

Paper 11

To evaluate the role of different domains of ERa for the effects of E2 and
SERMs on bone mass in male mice.

Paper 111

To determine the importance of extra-nuclear estrogen effects on bone mass
in male mice and to determine the role of ERaAF-1 for mediating these
effects.

Paper IV

To investigate the role of membrane-initiated ERa (mERa) signaling for
skeletal growth and maintenance and for estrogen treatment response in male
mice.
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3 METHODOLOGICAL CONSIDERATIONS

Studies of intracellular ERa signaling in bone versus other organs require in
vivo experiments. The experimental methods employed in each study are
described in detail in their respective papers. Here follows an overview of the
most relevant aspects of the methods used in this thesis. Care of animals and
procedures were approved by the University of Texas Southwestern Medical
Center (paper I) and the local ethics committee at the University of
Gothenburg (paper I-1V).

3.1 ANIMAL MODELS

Mice are the most commonly used animal model for studying human biology
and human diseases. The similarities between the mouse and human genome,
anatomy, and physiology, as well as the short life cycle of mice, their small
size, and cost benefits are advantages that make mice the most widely used in
vivo animal model. In addition, the most important benefit of using the mouse
as animal model is that the mouse can easily be genetically manipulated. By
using transgenic techniques, we can study the expression of genes of interest
either by deletion (knock out) or enhancement (overexpression) of the genes.
Despite many advantages, it can always be questioned whether animal
models can reliably be compared to the situation in humans or not. In
addition, regarding bone physiology, there are differences between mice and
humans. For example, in mice, the growth plates are never fully closed, while
in humans, the growth plates close after puberty due to elevated E2 levels.
However, high dose E2 treatment can fuse the growth plates in adult mice. In
addition, mice do not experience menopause as women do. However,
gonadectomy in mice leads to sex steroid deficiency and a bone loss similar
to the decreased bone mass seen after menopause or castration in humans.

In this thesis, we have used mice that are genetically manipulated by different
techniques, and they are all on C57BL/6 background (Table 2). Different
substrains of C57BL/6 have been used and these substrains have minor
genetic differences due to accumulated spontaneous mutations over time.
Since we use the same substrain in each study, we can ignore the differences.
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Table 2. Mouse models in different studies.

Papers I I &I v
ERa™,
Mouse POMC-ERo”~ VMNstudy ERoAF-1° & NOER
ERGAF-2°
Mouse background CS57BL/6J C57BL/6N C57BL/6N C57BL/6NTac
Gene modification Conditional Inducible
ene Oth dc ° KO by by AAV- Global KO Point mutation
metho Cre-loxP shRNA
Previous publications (160) (161) (83, 162) (121)

KO; knockout, AAV; adeno-associated virus, ShRNA; short hairpin RNA

In paper I, we have used two different techniques to delete expression of ERa
in two distinct hypothalamic nuclei, ARC and VMN. By using the Cre-loxP
system, we generated female mice lacking ERa expression in
proopiomelanocortin (POMC) neurons of the ARC nucleus. The Cre-loxP
system is a site-specific recombinase technology that is widely utilized to
modify genes. This technique is based on the use of bacteriophage P1 cyclic
recombinase (Cre). The Cre enzyme recognizes DNA sequences called locus
of crossing over (loxP) and cleaves DNA sequences that are flanked by two
loxP sites. By the Cre-loxP system, we can express or delete the gene of
interest in a tissue- and time-specific manner.

To induce ERa deletion in VMN, we used an adeno-associated viral vector
containing short hairpin RNA (AAV-shRNA). A basic AAV vector
containing ERa-shRNA under control of the U6 promotor, has been used to
specifically induce gene silencing in the VMN of adult WT mice. AAV-
vectors can be used to efficiently silence ERa in hypothalamic VMN (161).
The AAV-ERo-shRNA and AAV-scramble-shRNA (control) were injected
into the VMN of female mice, by stereotaxic operation.

In papers II and III, we used male mice lacking total ERa, ERaAF-1, or
ER0AF-2, by global deletion of the whole ERa gene or a part of it. In Paper
IV, male mice with a point mutation in palmitoylation site C451 of ERa
(nuclear only ER [NOER]) was used. All these mouse models were generated
by use of homologous recombination, in which the target deletion was
inserted into the esrl locus in embryonic stem (ES) cells. The ES cells were
then injected into blastocysts of mice to generate the transgenic knockout
(KO) mouse model. Corresponding control littermate mice were used in each
experiment.
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3.2 GONADECTOMY AND E2 TREATMENT

Sex steroid deficiency, in both men and women, causes imbalance between
bone formation and resorption, leading to decreased bone mass and strength
and increased risk of osteoporotic fractures. Gonadectomy (ovx in female and
orx in male mice) enables studies of sex-steroid deficiency. Mice do not
experience menopause as women; however, all major characteristics of bone
loss induced by sex-steroid deficiency in humans can be mimicked in mice
by gonadectomy (163, 164). Gonadectomy leads to a substantial decline in
serum sex steroid levels. In humans, the production of estrogen is not totally
eliminated, since adrenal androgens, after aromatization, can be transformed
to estrogens. However, in mice, the production of androgens in adrenals is
considered insignificant.

Gene manipulation in some of our transgenic mouse models disturbed the
negative feedback regulation of sex steroids, leading to elevated serum levels
of sex steroids and confounding effects on bone parameters. To avoid this,
we ovx female mice (paper I) and orx male mice (paper II-IV) and treated
with slow-release pellet (paper I, II, and IV) of E2 or placebo, or used
osmotic minipumps (paper III) to deliver E2 or vehicle, to examine their
responses to estrogen treatment. The E2 doses used in the papers of this
thesis (Table 3) were based on previous experiments. The E2 doses in paper
I, 11, and IV are slightly supraphysiological, while the E2 doses in paper III is
higher than the required dose for E2 replacement in orx mice and is
considered pharmacological.

Table 3. E2 doses per mouse and per day in different studies.

Papers | 1 1l 111 v
E2 doses 0.5 pg 167 ng 6 ug 167 ng
Previous

studies (160) (83) (159) (165)
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3.3 MEASURMENTS OF BONE PARAMETERS

3.3.1 DUAL ENERGY X-RAY ABSORPTIOMETRY
(DEXA)

DEXA is a widely used technique for measuring BMD and body composition
both in the clinical setting and animal research. In the clinical setting, DEXA
measurements of lumbar spine and femoral neck BMD are the current criteria
for the diagnosis of osteoporosis, assessment of fracture risk, or monitoring
of response to treatment.

The underlying principle of DEXA measurements is that different tissues
absorb energy to different degrees. From an X-ray source, a dual-energy
spectrum is created, which passes through the body. The amount of this
energy is then detected by sensors. Because of the two emitted X-ray beams
with different energy levels, the DEXA can distinguish between bone and
soft tissues. The advantage of using DEXA is that it is a non-invasive and
painless method that can be used for longitudinal studies. The limitation of
the DEXA technique is that it renders two-dimensional (2D) — length and
width — images, and no consideration is given to the third dimension — depth
or volume — of the bone. This is particularly a problem when measuring
growing animals with major skeletal changes in size. The measured BMD by
DEXA is therefore areal BMD (aBMD, g/cm’) and should not be mistaken
for the true volumetric BMD (vBMD, g/cm’). The DEXA analyses in papers
I and IV were performed using the Lunar PIXImus mouse densitometer
(Wipro GE Healthcare, Madison, WI, USA), which was calibrated before
use.

3.3.2 PERIPHERAL QUANTITATIVE COMPUTED
TOMOGRAPHY (pQCT)

pQCT is a useful tool for measuring bone compartments in both humans and
animals. A rotating X-ray device provides a three dimensional measurement
of the bone. The classical pQCT measurement of cortical bone is in the mid-
diaphyseal region of the long bones. The trabecular bone is determined as the
inner 45% of the total cross-sectional area, in the metaphyseal region of long
bones, with the growth plate as a reference point. The advantages of using
pQCT are: (i) it can measure the true vBMD and (ii) it separates the
trabecular bone from the cortical bone. The limitations of using pQCT in
contrast to DEXA are: (i) it has a slightly higher radiation dose, and (ii) in
animals, in vivo longitudinal measurements are somewhat difficult to
perform. In this thesis, the pQCT analyses in papers Il and III were
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performed ex vivo, using the pQCT XCT RESEARCH M (version 4.5B,
Norland, Fort Atkinson, WI, USA), operating at a resolution of 70 pm.

3.3.3 MICRO COMPUTED TOMOGRAPHY (pCT)

The pCT is a technique that can obtain 3D images of bone, including the
microarchitecture of the bone, without the need for destructive sectioning.
Like pQCT, the pCT separates the trabecular and cortical bone. In addition, it
provides information about the trabecular network by calculating the
trabecular number and thickness.

A rotating stage is located between an x-ray source and a charge-coupled
detector (CCD) array. The bone is placed on the rotating stage. Three factors
determine the spatial resolution of the image: (i) the focal size of the x-ray
source, (ii) the detector’s array resolution, and (iii) the bone position with
respect to the source and the detector. The imaging system provides a series
of x-ray projections from a range of angles around the bone. Each projection
represents the value of the x-ray source to the x-ray element. Imaging the
bone at the equiangular-spaced views over 180 degrees provides a complete
set of projection data. Image reconstruction creates a 2D image from the
measured projection data and a 3D image is calculated by reconstructing and
stacking individual 2D slices. Different algorithms are then used to calculate
several bone parameters. The resolution of uCT used in this thesis was at a
4.48 pum. The advantages of using nCT technique are that it gives 3D images
with higher resolution than pQCT and information about the
microarchitecture of the bone. The limitation is that the pCT analyses are
more time consuming compared to the pQCT analyses.

In papers I, III, and 1V, the pCT analyses were performed by using an 1172
model pCT (Bruker MicroCT, Aartselaar, Belgium) and in paper 11 a model
1072 scanner (Skyscan N.V., Aartselaar, Belgium) was used.

3.3.4 HISTOMORPHOMETRY

Bone histomorphometry is the classical method to examine bone parameters
in undecalcified bone and to obtain quantitative information on bone
structure and remodeling. The bone of interest is fixed and embedded in
plastic (e.g., White Resin; Agar Scientific), sectioned, and analyzed under a
light microscope. To separate different bone compartments or cells, different
kinds of staining (e.g., Masson-Goldner’s Trichrome) are used.

Bone histomorphometry parameters are divided into two categories; static
and dynamic. The static parameters include the quantity of trabecular or
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cortical bone volume and the number of osteoclasts and osteoblasts per bone
perimeter. Dynamic histomorphometry includes parameters that show
changes in bone over time. The dynamic parameters can be studied after
injections of labeling fluorochromes. In paper I and IV, the mice were
injected with calcein at day 1 and 8 before termination, leading to double
labeling. The calcein is incorporated on the bone surface and the amount of
new bone formed in one week can be measured.

One of the advantages of the histomorphometry method is that it provides
information regarding bone cells. In contrast to CT methods, it also provides
information about dynamic bone parameters (e.g., bone formation rate).
However, the bones are sectioned and longitudinal measurements are
therefore not possible using histomorphometry.

3.3.5 MECHANICAL TESTS

Three-point bending is a method to evaluate the quality of a bone by
measuring its mechanical properties. The bone of interest is placed in the
machine, and load is applied to the bone until it breaks. The three-point
bending tests in paper I, II, and IV were done by the Instron 3366, Instron
Corp. (Norwood, MA, USA) testing machine. The load deformation curves
from the three-point bending are registered and from these the biomechanical
parameters are calculated by using raw-files produced by the Bluehill 2
software version 2.6 (Instron Corp., Nowood). Since the bone breaks in this
method, it cannot be used for further analysis, which is a limitation of using
three-point bending. In addition, the test is performed on the mid diaphysis of
a long bone and the test therefore mainly corresponds to the mechanical
strength of the cortical bone. However, it is possible to examine the
mechanical strength of trabecular bone in vertebrae, using a compression test.

3.3.6 FOURIER TRANSFORM INFRARED (FTIR)
MICROSPECTROSCOPY

FTIR is a powerful tool that provides information about the quality of the
bone. This analytical technique measures the absorption of infrared radiation
by the sample material versus wavelength. The infrared absorption bands
identify molecular components and structures. The bone material parameters
measured by FTIR in this thesis were: mineral to matrix ratio, mineral
maturity, collagen maturity, and crystallinity (paper I). To analyze these
parameters by FTIR, the bone of interest was fixed, dehydrated, embedded in
plastic (Technovit 9100, Heraeus-Kulzer), and sectioned by a microtome.
The bone sections were placed on IR transparent barium fluoride windows
and the spatial molecular bone composition was assessed by means of FTIR
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microspectroscopy. The sectioning of bone is a limitation of using FTIR and
other analyses should be done prior to FTIR.

In paper I, we have used FTIR microspectroscopy at beamline D7, (MAX IV
Laboratory, Lund University, Sweden) using a Hyperion 3000 microscope
and a Bruker [FS66/v FTIR spectrometer.

3.4 REAL-TIME PCR

Real-time PCR is an extremely sensitive method to measure mRNA levels
and thus to evaluate the relative expression levels of a specific gene of
interest. In this method, the mRNA is prepared from the tissue or cells and
then reverse transcribed into cDNA. Thereafter, a specific cDNA sequence
(corresponding to the mRNA from the gene of interest) is amplified, and the
amount of that specific cDNA is then measured. To amplify the cDNA
sequence of interest, a set of primers (complimentary DNA strands) are used
to guide replication to the cDNA sequence of interest. Detection of the
amplified cDNA sequence can be performed in several ways. In our studies,
we have used the TagMan method, in which a probe (complimentary DNA
strand) attaches to the amplified cDNA sequence. A fluorescent dye and a
quencher of fluorescence are both attached to the probe. Due to the quencher,
no fluorescence is emitted when the probe is intact. During replication of the
amplified cDNA, the probe is cleaved and the quencher is detached and
separated from the fluorescent dye, and fluorescence is emitted. The emitted
light intensity is proportional to the amount of amplified cDNA. The
amplification of cDNA is exponential because the amount of amplified
cDNA is doubled in each cycle and this can be followed over time. In this
thesis, we have analyzed two different mRNA simultaneously; the gene of
interest and an internal standard. In papers I and IV, RT-PCR analyses were
performed using the ABI Prism 7000 sequence Detection System (PE
Applied Biosystem) and 18S as internal standard.

3.5 SERUM MEASUREMENTS

In this thesis (paper I and IV), we have used gas chromatography-tandem
mass spectrometry (GC-MS/MS), the most sensitive technique for steroid
measurements (47), to measure serum levels of E2, T, and dihydrotestostrone
(DHT). After isotope-labeled standards are added to the samples, the steroids
are extracted to chlorobutane and purified on a silica column and then
derivatized. In this thesis, steroids were analyzed in multiple reactions
monitoring mode with ammonia as reagent gas using an Agilent 7000 triple
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quadrupole mass spectrometer equipped with a chemical ionization source. A
benefit of using GC-MS/MS compared to other techniques is its multianalyte
capability, which allows multiple sex steroids to be quantified from a single
sample with high selectivity, sensitivity, precision, and accuracy.

In all papers, serum concentrations of bone markers were assessed by using
commercially available radioimmunoassay (RIA) or enzyme-linked
immunosorbent assay (ELISA) kits.

3.6 IMMUNOHISTOCHEMISTRY

Immunohistochemistry is a method to determine the presence of an antigen in
cells or tissue sections using specific antibodies that bind to the specific
antigen. This antibody-antigen binding is visualized by detection molecules
and visible under a microscope.

In paper I, immunohistochemistry was used to evaluate the expression of
green fluorescent protein (GFP) and ERa in the injected area of
hypothalamus. The protocol was optimized from previously established
protocols (161, 166-168). Based on previous studies, we have used free-
floating brain sections (168). The antibodies that we have used were also
examined in earlier studies (161). Images were analyzed using a Carl Zeiss
LSM 780 confocal microscope.

3.7 FLOW CYTOMETRY

Flow cytometry is a technique to sort and characterize cells from a
heterogeneous mix of cells. The cell suspension is labeled with fluorophore-
conjugated antibodies that are directed to a specific cell antigen. The cell
suspension is injected into a flow cytometer, pass an excitation source, and
then fluorescence is emitted from the cells. The emitted light is collected by
detectors and presented on a plot. A limitation with this technique is the
autofluorescence which is the endogenous fluorophores that can interfere
with the specific fluorescence emission, leading to false positive signals. In
paper 1, B lymphocytes in bone marrow cells were detected by staining with
phycoerythrin-conjugated antibodies to CDI19. We have wused the
FACSCalibur (BD Pharmingen) and analyzed the data with the FlowlJo
software.
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3.8 STATISTICS

Statistical calculation can be based on either parametric or non-parametric
tests. In parametric tests [e.g., Student’s t-test and analysis of variance
(ANOVA) (95)], the statistical method assumes normal distribution of data.
In non-parametric tests, any particular distribution of data is assumed and the
statistical method is based on a ranking of individual observations.

In all four papers included in this thesis, we have used Student’s t test to
compare two groups. In paper II, we have used Student’s t test with
Bonferroni correction for three comparisons between treatment groups. In
paper I and IV, we have used the interaction term from a two-way ANOVA
analysis to determine the effect of treatment between two groups. In all tests,
P < 0.05 was considered statistically significant. All statistical calculations in
this thesis were performed in GraphPad Prism 7.02 Windows version.
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4 RESULTS

The main results of each paper are briefly described below. For more details,
see the full papers in the end of the thesis.

4.1 PAPERI

The aim of this paper was to test the hypothesis whether ERa expression in
POMC neurons of ARC or ERa expression in VMN is involved in the
regulation of bone mass in female mice.

The gonadal intact POMC-ERa”~ female mice had increased cortical bone
mass and mechanical strength. They also had slightly elevated serum levels
of E2, indicating that their feedback regulation of serum sex steroids was
modestly disturbed. Thus, to avoid the possibility of confounding effects of
elevated serum E2 levels in the gonadal intact POMC-ERa”™ mice, we
compared the estrogenic responses in ovx POMC-ERa” and ovx control
mice. E2 treatment resulted in increased cortical and trabecular bone mass in
both ovx POMC-ERa” and controls. Importantly, the estrogenic responses
on cortical bone mass and mechanical strength were substantially augmented
in ovx POMC-ERa”" compared to the estrogenic responses on the same
parameters in ovx control mice. In contrast to cortical bone, the estrogenic
responses on trabecular bone mass were unchanged in the axial skeleton and
only modestly increased in the appendicular skeleton in ovx POMC-ERa™
compared to the estrogenic response in controls.

To achieve site specific silencing of ERa in the VMN, we exploited RNA
interference mediated by AAV-shRNA. As demonstrated previously (161),
suppression of ERa in the VMN resulted in increased body weight.
Interestingly, silencing of ERa in VMN did not affect trabecular or cortical
bone mass.

In summary, ERa expression in POMC neurons located in the ARC, but not
ERa expression in the VMN, is involved in bone mass regulation. Mice
lacking ERa in POMC neurons in the ARC display substantially enhanced
estrogenic response on cortical bone mass and only modestly increased
estrogenic response on trabecular bone mass, while mice with silenced ERa
in hypothalamic VMN have no changes in the bone phenotype.
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4.2 PAPERII

To evaluate the role of different domains of ERa for the effects of E2 and
SERMs on bone mass in males, two separate experiments were performed:

1. Three mouse models lacking (i) ERa-AF1 (ERoAF-1°), (ii)
ERa-AF2 (ER0AF-2°), or (iii) the total ERa (ERa™) and
their corresponding controls were orx and treated with E2 or
placebo.

2. ERaAF-1° and control mice were orx and treated with the
SERMs Raloxifene (Ral), Lasofoxifene (Las), Bazedoxifene
(Bza), or vehicle.

Serum T levels were elevated in gonadal intact ERa” male mice compared to
controls. In order to avoid confounding effects from elevated serum T, all
three mouse models in the first experiment were orx and treated with either
E2 or placebo. As expected, E2 treatment increased total body aBMD and
cortical and trabecular bone mass in orx control mice. E2 treatment in orx
ERaAF-1° mice resulted in increased total body aBMD and cortical bone
mass, while trabecular bone mass was not affected. In contrast, orx ERa” and
ERaAF-2° mice did not respond to E2 treatment. We also investigated the E2
response in the immune system of these three mouse models. As expected, in
orx control mice, E2 treatment decreased thymus weight, bone marrow
cellularity, and the frequency of B lymphocytes in the bone marrow. E2
treatment in orx ERaAF-1° resulted in decreased bone marrow cellularity,
while no E2 response was seen on thymus weight. Similarly, as seen for bone
parameters, no E2 responses were seen for the evaluated parameters in orx
ERo’ and ERoAF-2° mice.

In the second experiment, all three SERMs increased total body aBMD and
trabecular vBMD, to a similar extent, compared to vehicle treatment in orx
control mice. When evaluating cortical bone parameters, only Las increased
cortical thickness and only Bza increased bone strength significantly in orx
control mice. ERaAF-1° mice did not respond to any of the SERM:s.

In summary, orx ERaAF-2° mice, similarly to orx ERa” mice, do not
respond to E2 treatment. The E2 responses in male ERaAF-1° mice are tissue
dependent. All SERMs increase total body aBMD and trabecular vBMD,
while only Laz and Bza increase cortical bone mass. In addition, all SERM-
effects are absent in the orx ER0AF-1° mice.
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4.3 PAPERIII

The aim of this paper was to determine whether extra-nuclear estrogen
signaling affects the skeleton in males and whether ERaAF-1 is involved in
mediating these effects.

E2 treatment in orx control mice resulted in increased cortical and trabecular
bone mass. As expected, and consistent with the results of paper II, E2
treatment in orx ERaAF-1° mice resulted in increased cortical, but not
trabecular bone mass. EDC treatment in orx control mice resulted in a
moderate increase in cortical thickness, while trabecular bone parameters
were unchanged. EDC treatment did not affect cortical or trabecular bone
parameters in orx ERaAF-1° mice.

In summary, EDC treatment affects cortical bone, but not trabecular bone, in
orx control mice, and this effect is abolished in orx ER0AF-1° mice.

44 PAPERIV

To investigate the role of mERa signaling in the physiological regulation of
bone mass in males, we studied gonadal intact male NOER mice.
Furthermore, to evaluate the role of mERa signaling for estrogen treatment
response, we studied orx NOER mice treated with either E2 or placebo pellet.

Serum T and DHT levels were comparable between gonadal intact male
NOER mice and controls. This finding indicates that the feedback regulation
of sex hormones was normal and thus excludes the possibility that a disturbed
feedback regulation of sex hormones could interfere with the interpretation of
our findings.

The gonadal intact male NOER mice had reduced total aBMD in repeated
measurements at three, six, and nine months of age. Detailed analysis of the
excised long bone showed that both cortical and trabecular bone parameters
were decreased in male NOER mice compared to controls. The static and
dynamic histomorphometry analysis on trabecular bone showed decreased
number of osteoblasts and osteoclasts per bone perimeter, decreased bone
formation rate, and decreased mineralized bone surface. In addition, the
mRNA expression levels of the osteoblast-related gene coding for collagen
type lal were reduced in NOER male mice compared to controls.

E2 treatment increased total aBMD as well as trabecular and cortical bone
mass in orx male NOER mice and controls. However, the estrogenic
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responses in these skeletal parameters were significantly decreased in orx
NOER mice compared to estrogenic responses in orx control mice.

In summary, mERa signaling is involved in developing and maintaining a
normal total aBMD as wells as a normal cortical and trabecular bone
phenotype in male mice. mERa signaling is also crucial for a normal
estrogenic response in both cortical and trabecular bone in males.
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5 DISCUSSION

Osteoporosis in both genders is one of the most highly recognized public
health problems because of the high fracture risk, which in turn often leads to
high morbidity and mortality (169-171). Sex steroid deficiency, old age, and
lack of physical activity are critical factors for the development of
osteoporosis (172). Estrogens are crucial in the regulation of bone mass in
both genders. After menopause, estrogen deficiency increases bone turnover
rate which can result in low BMD. In men, declining sex steroid levels,
especially decreased bioavailable estrogen levels, contribute to age-related
bone loss (172). Estrogen treatment prevents bone loss in both females and
males but leads to an increased risk of adverse effects in both sexes. Thus, it
would be beneficial to develop bone-specific estrogen treatments.
Considerable evidence based on human and animal studies indicates that ERa
mediates the main protective effects of estrogen in bone in both genders.
Thus, a better understanding of how estrogen signaling via ERa regulates
bone metabolism would help to develop bone-specific estrogen treatments.

The brain — the master regulator of homeostasis in peripheral tissues — has
long been known to affect the skeleton. The importance of neuronal
regulation of bone remodeling has now been outlined by a number of in vivo
animal studies (100, 173). CNS is a target for estrogen and ERa is widely
distributed in the CNS (17). ERa is highly expressed in hypothalamus (160);
a region exposed to hormones and nutrients with a leaky blood-brain-barrier
(174).

Local injections of estrogen restore bone loss caused by estrogen deficiency
(175). Furthermore, inactivation of ERa in bone cells leads to decreased bone
mass (79). Thus, peripheral (local) estrogen signaling has a positive effect on
bone mass. Our group has previously shown that specific inactivation of ERa
in nervous tissue (using the Nestin-ERo”” mouse model), leads to a high bone
mass phenotype (101). This finding demonstrates that central (neuronal) ERa
signaling exerts an inhibitory effect on bone mass, in contrast to peripheral
estrogen signaling that exerts a stimulatory effect on bone mass. Ohlsson et
al. suggested that the main mechanism for the increased bone mass in Nestin-
ERo” mice is mediated via decreased central leptin sensitivity in the
hypothalamus, leading to increased leptin secretion from adipose tissue and
thereby increased leptin-induced bone formation. However, the primary
target cells in the brain for these central inhibitory effects of estrogen on bone
mass were not determined.
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In this thesis, we have confirmed the previously published results about the
inhibitory effects of central estrogen signaling on bone mass. In addition, we
now show that these inhibitory effects of estrogen signaling are mediated via
ERa in POMC neurons, mainly located in the hypothalamic ARC. The
female POMC-ERa” mice in our study were healthy in general with normal
body weight, fat mass, and bone growth in both the axial and appendicular
skeleton. In addition, they had normal ERa expression levels in bone, making
this model suitable for evaluating the role of ERa in POMC neurons for bone
metabolism. The ERa expression was previously reported to also be reduced
in POMC expressing pituitary cells (ACTH-cells) in POMC-ERa” (160).
However, several measured parameters including ACTH expression and
corticosterone levels were similar between POMC-ERo"™ mice and controls.
This indicates that bone phenotypes of POMC-ERa”" mice are due to lack of
ERa in POMC neurons in the ARC and not in pituitary cells. Nevertheless,
we cannot fully rule out the possibility of confounding effects of ERa
deletion in POMC neurons in pituitary cells.

The gonadal intact female POMC-ERa” mice displayed increased cortical
bone mass and mechanical strength. Analysis of sex steroid levels in serum
using GC-MS/MS demonstrated slightly elevated E2 levels, and this may be
a confounding factor when interpreting the high bone mass phenotype in
female POMC-ERo”" mice. To avoid this, we compared the estrogen
treatment responses in ovx POMC-ERa” mice with the estrogen treatment
responses in ovx control mice.

The estrogenic response was substantially increased in cortical bone in
POMC-ERa” compared to controls, while only modestly augmented in
trabecular bone in the appendicular skeleton, and unchanged in the trabecular
bone in the axial skeleton. This suggests that central ERa activity in POMC
neurons mainly targets cortical, and not trabecular, bone. Several clinical and
animal studies have suggested that cortical and trabecular bone compartments
are separate functional entities that are regulated by different mechanisms.
For example, detailed clinical investigations have revealed that trabecular
bone loss begins in sex hormone replete young adults of both sexes, while the
start of cortical bone loss is closely tied to estrogen deficiency (19, 176). In
addition, both ERaAF-1° and steroid receptor coactivator 1 (SRC-1) KO
mice (74, 83, 144), and many cell-specific ERa KO mouse models display
different phenotypes, or different estrogenic responses, in cortical versus
trabecular bone (177). Our study further strengthens the idea of trabecular
and cortical bone being separate entities and suggests that central ERa
activity is involved in this bone compartment specific regulation.
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Several other studies have confirmed that hypothalamic POMC neurons in
the ARC have a role in the regulation of bone mass. It has been shown that
modulation of the activity of the transcription factor AP1 in POMC-neurons
affects bone formation (178). Furthermore, both melanocortin 4 receptor
(MC4R) KO mice and humans with a MC4R mutation, in which the POMC-
neuron-derived ligand a-melanocyte-stimulating hormone (aMSH) cannot
bind to its receptor (MC4R), have a high bone mass phenotype (179, 180).
Thus, our results, together with other studies, demonstrate that hypothalamic
POMC neurons are important regulators of bone mass.

We have tried to find possible mechanisms for the POMC ERa-mediated
effects on cortical bone. In contrast to the elevated serum leptin levels and
decreased central leptin sensitivity found in Nestin-ERa”™ mice, these factors
were unchanged in female POMC-ERa”™ mice compared to controls. Thus,
leptin signaling is not involved in the high bone mass phenotype of POMC-
ERo”". Interestingly, in bone, Nestin-ERo”~ mice displayed a decrease in
mRNA expression levels of CIITA — a factor involved in T-cell activation —
and in our study we found that the decline in CIITA expression in cortical
bone after E2 treatment was significantly increased in ovx POMC-ERo”
mice compared to controls. This finding suggests that the central ERa effects
could be mediated via altered T-cell activation. However, this
hypothesis/suggestion needs further investigation.

In addition to the hypothalamic ARC, ERa is also highly expressed in
hypothalamic VMN. In this thesis, we evaluated the possible role of ERa in
VMN for bone mass. By using an AAV vector, the ERa expression was
silenced specifically in VMN in adult females. Consistent with other studies,
we confirmed that ERa expression in hypothalamic VMN is involved in body
weight regulation (161). In contrast, we observed no changes in cortical or
trabecular bone mass, indicating that ERa in hypothalamic VMN neurons is
not involved in the regulation of bone mass. Other studies, confirming our
results, demonstrate that: (i) the central E2 effects on fat mass, but not on
bone, are partly mediated through the VMN (in references 178-180, the
authors refer to VMN as the ventromedial nucleus of hypothalamus [VMH])
(181) and (ii) genetic depletion of Nkx2-1 neurons in the VMN does not
affect bone mass, although ERa neurons in VMN were greatly reduced (182).
However, it has been demonstrated that selective ablation of neurons in VMN
blocked the central leptin-induced bone loss, indicating a role of VMN
neurons for bone mass (183).

We propose that normal ERa-mediated effects in bone require a balance
between the inhibitory central and stimulatory peripheral estrogen signaling.
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Thus, our finding that central E2 signaling targets bone via ERa in POMC
neurons of the ARC might be useful for development of SERMs. This kind of
ERa-specific SERM should have reduced penetrance to the ARC, resulting in
only stimulatory peripheral ERa-mediated effects.

Osteoporosis in men is less common than in women, but still constitutes a
major burden for public health. Several elegant rodent and human studies
have established that estrogens regulate skeletal development and bone
maintenance in males (10, 19, 20, 135, 184, 185). However, E2 treatment
causes feminization and other adverse effects in men and it is therefore not
desirable for clinical use in men (13). In addition to E2 treatment, many
SERMs also have beneficial effects on the male skeleton; however, the use of
SERMSs should be under careful consideration due to reported side effects
(186). Thus, it is essential to find a bone-specific treatment with minimal
adverse effects for an ageing male population. In order to achieve this, it is
important to characterize the estrogen and SERM signaling pathways in the
male skeleton.

ERa mediates the beneficial effects of estrogen in the skeleton of both sexes,
while ERP is only involved in the regulation of the female but not the male
skeleton (5, 8, 11, 81, 84, 187). Consistent with previous studies, deletion of
ERa in male mice in paper II resulted in elevated T levels due to disturbed
negative feedback regulation of sex steroids (81). The high serum T levels
activates the androgen receptor (AR), leading to compensatory effects on the
skeleton (7, 81). We found that male mice lacking ERa had decreased
cortical thickness but unchanged trabecular bone volume per tissue volume
(BV/TV). Thus, high serum T levels through binding to the androgen
receptor (AR) have compensatory effects on trabecular bone, while ERa is
required to maintain cortical bone (144). To avoid these compensatory
effects, all parameters in paper Il were evaluated in orx and E2/placebo
treated mice. We have only measured the serum sex steroids in ERa” and not
in ER0AF-1° or ERaAF-2°. Other studies have reported that deletion of AF-1
or deletion or mutation of AF-2 causes both male and female infertility,
suggesting that AFs are also involved in negative feedback regulation of
serum sex steroids (83, 188-190). Since we wanted to compare the estrogenic
responses in these two KO models (ERaAF-1° and ERoAF-2%) with the
estrogenic responses in ERo”” mice, we decided to orx all mice.

Studies of the role of AFs of ERa are important in order to understand the
mechanisms behind E2 and SERM effects on bone versus other tissues. In
paper II, we have first evaluated the role of ERaAF-1 and ERaAF-2 for the
E2 response in male mice. In addition, we have also evaluated the role of
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ERoAF-1 for SERM effects in male mice. These questions have also been
investigated in female mice (83, 145). In our ERaAF-1° and ERaAF-2° mice;
ERa is only partially deleted (i.e. the AF-1 and AF-2 domain); all other
domains of ERa remain intact and ligand or DNA binding of the receptor is
not affected by the specific deletion of AF-1 and AF-2 (73, 83, 191-193).
Thus, the phenotypes of ER0AF-1° and ERaAF-2° are due to lack of AFs.

The bone and the immune system parameters were evaluated in orx ERa”",
ER0AF-1°, ERaAF-2°, and control WT mice treated with either E2 or
placebo. The expected normal E2 responses in bone and immune system
parameters of orx WT mice were: an increase in total aBMD, cortical
thickness, trabecular BV/TV, biomechanical properties, and a decrease in
thymus weight, bone marrow cellularity, and frequency of B lymphocytes in
bone marrow. Consistent with previous studies, orx ERo”~ did not respond to
E2 treatment in any of these evaluated parameters, demonstrating that a
normal E2 response in males requires ERa (7, 81). Similarly as in female
mice (83), ERaAF-2° males did not respond to E2 treatment in any of the
evaluated parameters, demonstrating that ERaAF-2 is crucial for the
estrogenic effects in both genders. Similarly as in females, the role of
ERaAF-1 in males was tissue specific, crucial for estrogenic effects on
trabecular bone and thymus but not required for estrogenic effects on cortical
bone, biomechanical properties, or the evaluated parameters in bone marrow
(83). Thus, we suggest that (i) a normal estrogenic response is dependent on
ER0AF-2 in all tissues and (ii) a normal estrogenic effect in some tissues
(e.g., trabecular bone) are dependent on ERaAF-1, while they in other tissues
(e.g., cortical bone) are completely independent of ERaAF-1. This indicates
that the role of ERaAF-1 depends on the type of bone compartment,
suggesting that there are different mechanisms of ERa signaling in cortical
versus trabecular bone. The expression of cofactors could be different in
different bone compartments, leading to different pathways activated by
ERaAF-1. In vivo studies have demonstrated that SRC-1 KO female mice
show similar skeletal estrogenic responses as in ERaAF-1° females (194).
Since the E2 effects in ERaAF-1° females and males showed the same
pattern, SCR-1 might be involved in AF-1 dependent E2 effects in trabecular
bone in male mice. However, this hypothesis needs to be confirmed.

Several research studies during recent years have tried to answer the question
regarding which cell type is responsible for ERa-dependent estrogenic effects
on bone. By using the Cre-LoxP system, ERa has been deleted in different
bone cell types in males and females. One of the advantages of using bone
cell-specific ERa KO models is that the negative feedback regulation of
serum sex steroid levels is normal. Deletion of ERa in osteocytes resulted in
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decreased E2 response in trabecular bone but unchanged E2 response in
cortical bone in female mice (92), a similar pattern as in female and male
ER0AF-1° mice. In addition, ERo deletion in osteoblasts of male mice
resulted in decreased trabecular bone and unchanged cortical bone (88). This
finding suggests that ERaAF-1 activation in osteocytes and osteoblasts may
be involved in mediating the estrogenic effects on trabecular bone in males.

Although SERMs are initially used for prevention and treatment of
osteoporosis in postmenopausal women, animal and human studies have
assessed the effects of SERMs on the male skeleton (186). In paper 1I, we
evaluated, for the first time, the effects of the three SERMs Ral, Las, and Bza
in orx male mice in the same study. We showed that all three SERMs
increased total body aBMD and trabecular bone mass in orx WT mice to a
similar extent. However, only Las and Bza-treated orx mice displayed
increased cortical thickness and bone strength, respectively, while the effects
of Ral treatment on the cortical parameters did not reach statistical
significance. Interestingly, Las and Bza have significant preventive effects on
non-vertebral fractures, while Ral has no effects (150-152, 155), which may
reflect our finding on cortical bone.

In paper II, we also evaluated the role of ERaAF-1 for the SERM effects in
orx male mice. We showed that ERaAF-1 is required for the effects of the
evaluated SERMs on all assessed parameters, suggesting that ERaAF-1 is the
main mediator of the effects of these SERMs in males. In contrast, we
showed that E2 can affect cortical bone without interacting with ERoAF-1.
Furthermore, SERM binding results in an inappropriate folding of helix 12,
which in turn results in a limitation and/or loss of interaction between
ER0AF-2 and its coregulators (71, 72, 195). Thus, to specifically target
cortical bone, a new SERM could be designed that does not activate the
ER0AF-1 or AF-2. In contrast to the SERMs used in our study, this new
suggested SERM would (i) interact with other ERa domains than ERaAF-1
or AF-2, (ii) have positive effects on cortical bone and bone strength, and (iii)
have fewer side effects in other tissues. Cortical bone is likely the major
regulator of overall fracture risk and 80% of the skeleton consists of cortical
bone (196). Thus, results of paper II could facilitate the design of new bone
specific SERMs for male osteoporosis.

Although ERa is classified as a nuclear receptor and acts primarily as a
transcription factor in the nucleus, extensive evidence has suggested that
some effects of estrogens are mediated via extra-nuclear ERa signaling (197,
198). In this thesis, we have evaluated the role of extra-nuclear ERa signaling
for the male skeleton using two different approaches. In paper III, we have
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used the EDC compound, which selectively initiates extra-nuclear ERa
signaling without involving nuclear ERa signaling. In paper IV, we have
used a genetically modified mouse model (NOER) which has a disrupted
mERa signaling but still a functional nuclear ERa signaling.

The results of paper III showed that EDC, similar as seen in female mice
(159), could increase cortical thickness, but had no significant effect on the
trabecular bone compartment. This suggests that part of the positive effects of
estrogen on cortical bone is mediated via extra-nuclear actions of ERa, while
extra-nuclear estrogen signaling alone does not affect trabecular bone. These
results show that extra-nuclear estrogen signaling has different impact in
cortical versus trabecular bone. This has now been shown to hold true in both
genders and is further evidence that cortical and trabecular bone should be
considered as separate functional entities and that estrogen signaling in these
two bone compartments is mediated via different mechanisms.

We also evaluated the importance of ERaAF-1 for these extra-nuclear
estrogen actions. E2 treatment of ERaAF-1° males resulted in increased
cortical but unaffected trabecular bone, confirming our results in paper II that
the estrogen response in cortical bone is independent of ERaAF-1, while the
estrogen response in trabecular bone requires ERaAF-1 (144). Since E2 did
not have any effects on trabecular bone when ERaAF-1 was deleted, we did
not expect EDC treatment to have any effect in ERaAF-1° males on
trabecular bone. As we expected, no effects were seen in trabecular bone
parameters of EDC-treated ER0AF-1° males. Interestingly, EDC treatment,
in contrast to E2 treatment, did not increase cortical thickness in ERaAF-1°
males, demonstrating that extra-nuclear estrogen signaling effects on cortical
bone is dependent on a functional ERaAF-1 in male mice.

In our study we found that EDC treatment, similar to E2 treatment, decreased
serum CTx (degradation products of collagen c-telopeptides) levels, and a
previous study has shown, in vitro, that EDC increases osteoclast apoptosis
(85). These findings suggest that extra-nuclear effects of estrogen on cortical
bone are mediated via effects on osteoclasts (159, 199). In line with this
suggestion, we showed in paper III that extra-nuclear estrogen signaling via
ERaAF-1 is essential for cortical bone (199). In addition, based on paper II
and previous studies, we suggest that ERaAF-1 in osteoblasts and osteocytes
mediate the estrogenic effects, both via nuclear and extra-nuclear signaling,
on trabecular bone (79). These data together suggest that ERaAF-1 regulates
cortical and trabecular bone via different signaling pathways and distinct
bone cell types. A cross-talk between signaling pathways activated by
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ERoAF-1 in different bone cells types may be needed for full estrogenic
effects. However, further experiments are needed to confirm this hypothesis.

To further dissect the role of extra-nuclear estrogen signaling, we have used a
genetically modified mouse model in paper IV. NOER mice lack membrane-
associated ERa and therefore have disrupted extra-nuclear ERa signaling, but
they still have nuclear actions of ERa. In contrast to female NOER mice
(165), male NOER mice have normal, physiological levels of serum sex
steroids, which demonstrate that their feedback regulation of sex steroids is
normal. This indicates that mERa signaling is involved in feedback
regulation of sex steroids in females but not in males. The normal feedback
regulation in NOER mice was further confirmed by Nanjappa et al. showing
that male NOER mice have normal levels of luteinizing hormone and follicle-
stimulating-hormone (200). In contrast to our results, the same study reported
elevated T levels in male NOER mice (200). This discrepancy could be
explained by the choice of technique for serum sex steroids measurements. In
our paper, we have used the sensitive and specific GC-MS/MS technique,
while Nanjappa and colleges used ELISA to measure serum T levels.

Gonadal intact male NOER mice displayed decreased total body aBMD
throughout their lifetime, which was reflected in decreased cortical and
trabecular bone parameters in both young and adult mice. This demonstrates
that mERa signaling is required for normal development and maintenance of
both cortical and trabecular bone in male mice. In addition, both the number
of osteoclasts and osteoblasts, as well as the trabecular bone formation rate,
was decreased in male NOER mice.

To investigate the role of mERa for the estrogen treatment response in bone
and other tissues, we studied orx NOER and WT mice treated with either E2
or corresponding placebo pellet. The estrogenic response in cortical and
trabecular bone was decreased in orx NOER mice compared to the estrogenic
response in orx WT mice. Thus, mERa signaling is crucial for normal
estrogen response in both cortical and trabecular bone. This new finding
could lead to a novel target for treatment of osteoporosis, where the mERa
signaling pathways could be targeted.

Estrogen is known to induce thymic involution in both females and males,
and treatment with estrogen is also known to decrease fat mass (5, 201, 202).
Similar as seen in female NOER mice, the estrogenic response in thymus of
male NOER mice was decreased compared to WT mice, suggesting a similar
mechanism for mERa mediated estrogenic effects on thymus in males and
females (165). In contrast, the estrogenic response on fat mass was different
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in male versus female NOER mice. In females, the estrogenic response on fat
mass is independent of mERa signaling, while in male NOER mice it was
dependent on mERa signaling, suggesting a gender difference in the
mechanisms behind the estrogenic regulation of fat mass.

To summarize our studies regarding extra-nuclear, membrane-initiated ERa
signaling in male mice, we suggest that: (i) extra-nuclear signaling alone
cannot affect trabecular bone, suggesting that trabecular bone effects require
nuclear estrogen signaling; (ii) cortical bone effects can be mediated via both
nuclear and extra-nuclear estrogen signaling; and (iii) both nuclear and extra-
nuclear estrogen signaling and probably a cross-talk between these two
signaling pathways is required for full estrogenic effects on both bone
compartments.
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6 CONCLUSIONS

The results generated from this thesis may create a better understanding of
how estrogen signaling via ERa regulates bone mass and they may also help
in the design of bone-specific SERMs for treatment of osteoporosis in both
females and males.

The results of paper I highlight the role of central estrogen signaling for bone
mass and demonstrate that it is mediated via ERa in POMC neurons of the
ARC. We show that these central estrogen effects mainly target cortical bone,
which plays a major role in determining overall fracture risk. This novel
knowledge can facilitate the development of new SERMs that affect mainly
cortical bone. The new SERMs should have minimal penetrance to the ARC
and thereby only activate the stimulatory peripheral ERa signaling pathways,
or have antagonistic effects in hypothalamic ARC.

Osteoporosis in men constitutes a major burden for public health, although it
is less common than in women. Increased knowledge regarding estrogen
signaling via ERa in males would facilitate the development of new SERMs
for male osteoporosis. Based on results of paper Il and in contrast to the
SERMs presently available, a new SERM could be designed so that it does
not activate ERaAF-1. This SERM would have a tissue specific role with
beneficial effects on cortical bone and bone strength in men. In women, this
kind of SERM would also have beneficial effects on cortical bone with
minimal adverse effects on reproductive tissues.

The results of paper III and IV recognize the importance of mERa signaling
for the male skeleton. From these two studies, we have learned that mERa
signaling alone cannot affect trabecular bone, but it can affect cortical bone,
and that for full ERa-mediated effects, both nuclear and mERa signaling is
needed. In fact, depending on which bone compartment we want to affect,
different signaling pathways of ERa can be targeted by a novel SERM or a
compound such as EDC. If we want to only affect cortical bone, we could
either design a SERM that does not affect ERaAF-1, or a compound that only
binds to mERa.

With this thesis, the puzzle of estrogen signaling pathways has gained new
pieces. Design and improvement of bone-specific SERMs with minimal
adverse effects is a challenge for future osteoporosis research and the new
pieces contributed by this thesis may facilitate the strategies for designing
new SERMs for treatment of both female and male osteoporosis.
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7 FUTURE PERSPECTIVES

Although the conclusions from the papers included in this thesis increase our
knowledge regarding the role of ERa in the regulation of bone mass, there is
still much remaining work to be done in this field.

The conclusions from this thesis are based on interpretation of results
obtained from mice with global and embryonic inactivation of the whole or
part of the ERa gene. It is possible that such genetic event creates
developmental consequences that could affect the bone phenotype observed
in adults. To avoid this, gene manipulation by inducible methods could be
used. For example, instead of using the POMC-ERa”™ mouse model in paper
I, we could silence ERa in the ARC with the same approach as we did in the
VMN study, AAV-shRNA. Another alternative to avoid confounding effects
that result from developmental compensations is to use a bone-cell specific
KO. For example in paper IV, we do not know whether a specific cell type is
responsible for mediating extra-nuclear ERa signaling. Thus, further
investigations in e.g., cell specific NOER mouse models, are required to
dissect the role of mERa signaling in each specific cell type.

One of the most important and recent issues about osteoporosis is to separate
osteoporosis induced by hormone depletion from age-related osteoporosis.
Recent genetic studies using mouse models have demonstrated that effects of
estrogen deficiency and aging on the skeleton are independent and result
from distinct mechanisms (203). Moreover, results from mouse models and
supportive human data have demonstrated an increase in senescent cells in
the bone microenvironment with aging. Treatment strategies that target those
cells have been shown to prevent age-related bone loss in mice (204). These
new insights should be considered in future experiments.

45



The role of estrogen receptor a in the regulation of bone mass

ACKNOWLEDGMENTS

My incredible and unforgettable PhD journey started many years ago, when I
was a young sapling. During all these years, I grew every day; I have
survived some winters and some springs and have learnt a lot. Today, I am
like a green plant that still has to pass many cold winters, tolerate many dry
days, and flower when spring is coming.

I would like to give my sincerest gratitude to everyone who has contributed
to making this thesis possible. Special thanks to:

Marie Lagerquist, my main supervisor, for the endless optimism and for
always being encouraging and supporting me when new challenges arose, for
being patient when I made mistakes, as well as for always listening to me and
understanding me.

Claes Ohlsson, my co-supervisor and the professor of our team, for letting
me be a member of your fantastic group, for your enthusiasm and impressive
scientific knowledge. You have taught me a lot, not only research, but also
how to be an accurate person; I will remember to “always print and check the
final pdf of the manuscript before you click submit!”

Sara Windahl, for presenting me to Deborah Clegg at a conference in
Finland, which resulted in my POMC-paper. In all these past years, we
shared not only an office, but also experiences, feelings, friendship and much
more.

My dear colleagues at CBAR, without your support, I would never have
finished this thesis. Despite the cold indoor climate in our kitchen and
offices, YOU all have warm hearts full of gladness, love, and respect. Thanks
for all the wonderful fika-times, delicious cakes and cookies, and our
respected “fika-radet” that could discuss and decide over almost everything©

e Old and new PhD students for sharing this journey with me. Anna T,
Karin G, and Jianyao W, for helping with my mice-related problems.
Cissi E, Karin N, Lina L, Jimmy C, Joel E, Maria B, Hannah C,
Maria N, Maria N, and Vikte L, for sharing your experiences of being
PhD-students, and for enjoyable moments at conferences, courses,
seminars, and kick-offs.

o Liesbeth V, Petra H, Sofia S, Klara S, Jenny K, Ulf L, Matti P and
Anna E for help and support.

46



e The brilliant past and current lab queens: Maud P, Lotta U, Biljana A,
Anna W, Ava F, and Ulrika B. Thanks for all help with sacrifices,
analyses, and other complicated things in the lab.

e Special thanks to Louise G for proofreading the thesis.

e The GC-MS/MS team: Andreas L, Henrik R, and Anna-Karin N for
analyzing serum samples.

e Anna-Lena J, Maria U, and Lisa H for wonderful administrative work.

e Marcus S, Mia H, and Elin E for a wonderful job at EBM.

e Mathias A for helping with computers.

e And Anette H; you analyzed all bone samples included in this thesis.
You are not with us anymore but you will always be in my mind and my
heart. Rest in peace.

Thanks to John-Olof J, Lars W, Erik S, and Emil E for collaboration in the
VMN study.

Thanks to members of CEROSS and CORS research schools for great
meetings and discussions.

Thanks to my family (both my own and the Farman family) for supporting
me during these years. With you, I had always something to think about
except the work©

And thanks to my father, who always encouraged me to do a PhD. Dad, you
are not here to read this book and you will not be at my dissertation, but I am
sure that you see me and are proud of me. God bless you!

47



The role of estrogen receptor a in the regulation of bone mass

48



REFERENCES

10.

11.

12.

13.

14.

Anonymous (1991) Consensus development conference: prophylaxis
and treatment of osteoporosis. 4m J Med 90(1):107-110.

Riggs BL & Melton LJ, 3rd (1986) Involutional osteoporosis. N Engl
J Med 314(26):1676-1686.

Riggs BL, Khosla S, & Melton LJ, 3rd (2002) Sex steroids and the
construction and conservation of the adult skeleton. Endocr Rev
23(3):279-302.

Khosla S, Melton LJ, 3rd, & Riggs BL (2011) The unitary model for
estrogen deficiency and the pathogenesis of osteoporosis: is a
revision needed? J Bone Miner Res 26(3):441-451.

Lindberg MK, et al. (2002) Estrogen receptor specificity for the
effects of estrogen in ovariectomized mice. J Endocrinol 174(2):167-
178.

MacGillivray MH, Morishima A, Conte F, Grumbach M, & Smith
EP (1998) Pediatric endocrinology update: an overview. The
essential roles of estrogens in pubertal growth, epiphyseal fusion and
bone turnover: lessons from mutations in the genes for aromatase and
the estrogen receptor. Horm Res 1:2-8.

Moverare S, et al. (2003) Differential effects on bone of estrogen
receptor alpha and androgen receptor activation in orchidectomized
adult male mice. Proc Natl Acad Sci U S A 100(23):13573-13578.
Sims NA, et al. (2003) A functional androgen receptor is not
sufficient to allow estradiol to protect bone after gonadectomy in
estradiol receptor-deficient mice. J Clin Invest 111(9):1319-1327.
Smith EP, et al. (1994) Estrogen resistance caused by a mutation in
the estrogen-receptor gene in a man. N Engl J Med 331(16):1056-
1061.

Vandenput L. & Ohlsson C (2009) Estrogens as regulators of bone
health in men. Nat Rev Endocrinol 5(8):437-443.

Vidal O, et al. (2000) Estrogen receptor specificity in the regulation
of skeletal growth and maturation in male mice. Proc Natl Acad Sci
U S A497(10):5474-5479.

Anonymous (1997) Breast cancer and hormone replacement therapy:
collaborative reanalysis of data from 51 epidemiological studies of
52,705 women with breast cancer and 108,411 women without breast
cancer. Collaborative Group on Hormonal Factors in Breast Cancer.
Lancet 350(9084):1047-1059.

Cooke PS, Nanjappa MK, Ko C, Prins GS, & Hess RA (2017)
Estrogens in Male Physiology. Physiol Rev 97(3):995-1043.

Daly E, et al. (1996) Risk of venous thromboembolism in users of
hormone replacement therapy. Lancet 348(9033):977-980.

49



The role of estrogen receptor a in the regulation of bone mass

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Ettinger B (1988) Prevention of osteoporosis: treatment of estradiol
deficiency. Obstet Gynecol 72(5 Suppl):12S-17S.

Farhat MY, Lavigne MC, & Ramwell PW (1996) The vascular
protective effects of estrogen. Faseb J 10(5):615-624.

Gillies GE & McArthur S (2010) Estrogen actions in the brain and
the basis for differential action in men and women: a case for sex-
specific medicines. Pharmacol Rev 62(2):155-198.

Lindsay R, et al. (1976) Long-term prevention of postmenopausal
osteoporosis by oestrogen. Evidence for an increased bone mass after
delayed onset of oestrogen treatment. Lancet 1(7968):1038-1041.
Manolagas SC, O'Brien CA, & Almeida M (2013) The role of
estrogen and androgen receptors in bone health and disease. Nat Rev
Endocrinol 9(12):699-712.

Vanderschueren D, et al. (2014) Sex steroid actions in male bone.
Endocr Rev 35(6):906-960.

Rochefort GY, Pallu S, & Benhamou CL (2010) Osteocyte: the
unrecognized side of bone tissue. Osteoporos Int 21(9):1457-1469.
Capulli M, Paone R, & Rucci N (2014) Osteoblast and osteocyte:
games without frontiers. Arch Biochem Biophys 561:3-12.

Santos A, Bakker AD, & Klein-Nulend J (2009) The role of
osteocytes in bone mechanotransduction. Osteoporos Int 20(6):1027-
1031.

Chen D, Zhao M, & Mundy GR (2004) Bone morphogenetic
proteins. Growth Factors 22(4):233-241.

Galli C, Passeri G, & Macaluso GM (2010) Osteocytes and WNT:
the mechanical control of bone formation. J Dent Res 89(4):331-343.
Noda M & Camilliere JJ (1989) In vivo stimulation of bone
formation by transforming growth factor-beta. Endocrinology
124(6):2991-2994.

Long F (2011) Building strong bones: molecular regulation of the
osteoblast lineage. Nat Rev Mol Cell Biol 13(1):27-38.

Choi JY, et al. (1996) Expression patterns of bone-related proteins
during osteoblastic differentiation in MC3T3-El1 cells. J Cell
Biochem 61(4):609-618.

Christenson RH (1997) Biochemical markers of bone metabolism: an
overview. Clin Biochem 30(8):573-593.

Whyte MP (1994) Hypophosphatasia and the role of alkaline
phosphatase in skeletal mineralization. Endocr Rev 15(4):439-461.
Manolagas SC (2000) Birth and death of bone cells: basic regulatory
mechanisms and implications for the pathogenesis and treatment of
osteoporosis. Endocr Rev 21(2):115-137.

Jabbar S, et al. (2011) Osteoprotegerin, RANKL and bone turnover
in postmenopausal osteoporosis. Journal of clinical pathology
64(4):354-357.

50



33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Shevde NK, Bendixen AC, Dienger KM, & Pike JW (2000)
Estrogens suppress RANK ligand-induced osteoclast differentiation
via a stromal cell independent mechanism involving c-Jun repression.
Proc Natl Acad Sci U S A 97(14):7829-7834.

Srivastava S, ef al. (2001) Estrogen decreases osteoclast formation by
down-regulating receptor activator of NF-kappa B ligand (RANKL)-
induced JNK activation. J Biol Chem 276(12):8836-8840.
Weitzmann MN & Pacifici R (2005) The role of T lymphocytes in
bone metabolism. /Immunological reviews 208:154-168.

Hughes DE, et al. (1996) Estrogen promotes apoptosis of murine
osteoclasts mediated by TGF-beta. Nat Med 2(10):1132-1136.

Quinn JM, Elliott J, Gillespie MT, & Martin TJ (1998) A
combination of osteoclast differentiation factor and macrophage-
colony stimulating factor is sufficient for both human and mouse
osteoclast formation in vitro. Endocrinology 139(10):4424-4427.
Amano H, Yamada S, & Felix R (1998) Colony-stimulating factor-1
stimulates the fusion process in osteoclasts. J Bone Miner Res
13(5):846-853.

Dougall WC, et al. (1999) RANK is essential for osteoclast and
lymph node development. Genes Dev 13(18):2412-2424.

Martin TJ & Seeman E (2008) Bone remodelling: its local regulation
and the emergence of bone fragility. Best Pract Res Clin Endocrinol
Metab 22(5):701-722.

Raisz LG (1999) Physiology and pathophysiology of bone
remodeling. Clin Chem 45(8 Pt 2):1353-1358.

Kular J, Tickner J, Chim SM, & Xu J (2012) An overview of the
regulation of bone remodelling at the cellular level. Clin Biochem
45(12):863-873.

Hattner R, Epker BN, & Frost HM (1965) Suggested sequential
mode of control of changes in cell behaviour in adult bone
remodelling. Nature 206(983):489-490.

Parfitt AM (1994) Osteonal and hemi-osteonal remodeling: the
spatial and temporal framework for signal traffic in adult human
bone. J Cell Biochem 55(3):273-286.

Noble BS (2008) The osteocyte lineage. Arch Biochem Biophys
473(2):106-111.

Janne M, Deol HK, Power SG, Yee SP, & Hammond GL (1998)
Human sex hormone-binding globulin gene expression in transgenic
mice. Mol Endocrinol 12(1):123-136.

Nilsson ME, et al. (2015) Measurement of a Comprehensive Sex
Steroid Profile in Rodent Serum by High-Sensitive Gas
Chromatography-Tandem Mass Spectrometry. Endocrinology
156(7):2492-2502.

51



The role of estrogen receptor a in the regulation of bone mass

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Eghbali-Fatourechi G, et al. (2003) Role of RANK ligand in
mediating increased bone resorption in early postmenopausal
women. J Clin Invest 111(8):1221-1230.

Hofbauer LC, et al. (1999) Estrogen stimulates gene expression and
protein production of osteoprotegerin in human osteoblastic cells.
Endocrinology 140(9):4367-4370.

Khosla S, Oursler MJ, & Monroe DG (2012) Estrogen and the
skeleton. Trends Endocrinol Metab 23(11):576-581.

Roggia C, et al. (2001) Up-regulation of TNF-producing T cells in
the bone marrow: a key mechanism by which estrogen deficiency
induces bone loss in vivo. Proc Natl Acad Sci U S A 98(24):13960-
13965.

Filardo EJ & Thomas P (2012) Minireview: G protein-coupled
estrogen receptor-1, GPER-1: its mechanism of action and role in
female reproductive cancer, renal and vascular physiology.
Endocrinology 153(7):2953-2962.

Revankar CM, Cimino DF, Sklar LA, Arterburn JB, & Prossnitz ER
(2005) A transmembrane intracellular estrogen receptor mediates
rapid cell signaling. Science 307(5715):1625-1630.

Thomas P, Pang Y, Filardo EJ, & Dong J (2005) Identity of an
estrogen membrane receptor coupled to a G protein in human breast
cancer cells. Endocrinology 146(2):624-632.

Langer G, et al. (2010) A critical review of fundamental
controversies in the field of GPR30 research. Steroids 75(8-9):603-
610.

Levin ER (2009) G protein-coupled receptor 30: estrogen receptor or
collaborator? Endocrinology 150(4):1563-1565.

Otto C, et al. (2009) GPR30 does not mediate estrogenic responses in
reproductive organs in mice. Biol Reprod 80(1):34-41.

Otto C, et al. (2008) G protein-coupled receptor 30 localizes to the
endoplasmic reticulum and is mnot activated by estradiol.
Endocrinology 149(10):4846-4856.

Krust A, et al. (1986) The chicken oestrogen receptor sequence:
homology with v-erbA and the human oestrogen and glucocorticoid
receptors. Embo J 5(5):891-897.

Kuiper GG, Enmark E, Pelto-Huikko M, Nilsson S, & Gustafsson JA
(1996) Cloning of a novel receptor expressed in rat prostate and
ovary. Proc Natl Acad Sci U S A 93(12):5925-5930.

Pace P, Taylor J, Suntharalingam S, Coombes RC, & Ali S (1997)
Human estrogen receptor beta binds DNA in a manner similar to and
dimerizes with estrogen receptor alpha. J Biol Chem 272(41):25832-
25838.

Turner RT, Rickard DJ, Iwaniee UT, & Spelsberg TC (2008)
Principles of Bone Biology (Academic Press) 3 Ed Vol 1:855-885.

52



63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

7.

Pettersson K, Grandien K, Kuiper GG, & Gustafsson JA (1997)
Mouse estrogen receptor beta forms estrogen response element-
binding heterodimers with estrogen receptor alpha. Mol Endocrinol
11(10):1486-1496.

Kuiper GG, et al. (1997) Comparison of the ligand binding
specificity and transcript tissue distribution of estrogen receptors
alpha and beta. Endocrinology 138(3):863-870.

Bord S, Homer A, Beavan S, & Compston J (2001) Estrogen
receptors alpha and beta are differentially expressed in developing
human bone. J Clin Endocrinol Metab 86(5):2309-2314.

Lim SK, Won YJ, Lee HC, Huh KB, & Park YS (1999) A PCR
analysis of ERalpha and ERbeta mRNA abundance in rats and the
effect of ovariectomy. J Bone Miner Res 14(7):1189-1196.

Hall JM & McDonnell DP (1999) The estrogen receptor beta-isoform
(ERbeta) of the human estrogen receptor modulates ERalpha
transcriptional activity and is a key regulator of the cellular response
to estrogens and antiestrogens. Endocrinology 140(12):5566-5578.
Nicks KM, et al. (2016) Deletion of Estrogen Receptor Beta in
Osteoprogenitor Cells Increases Trabecular but Not Cortical Bone
Mass in Female Mice. J Bone Miner Res 31(3):606-614.

Syed FA, et al. (2010) Effects of chronic estrogen treatment on
modulating age-related bone loss in female mice. J Bone Miner Res
25(11):2438-2446.

Pike AC (2006) Lessons learnt from structural studies of the
oestrogen receptor. Best Pract Res Clin Endocrinol Metab 20(1):1-
14.

Brzozowski AM, et al. (1997) Molecular basis of agonism and
antagonism in the oestrogen receptor. Nature 389(6652):753-758.
Shiau AK, et al. (1998) The structural basis of estrogen
receptor/coactivator recognition and the antagonism of this
interaction by tamoxifen. Cell 95(7):927-937.

Tora L, et al. (1989) The human estrogen receptor has two
independent nonacidic transcriptional activation functions. Cell
59(3):477-487.

Tremblay A, Tremblay GB, Labrie F, & Giguere V (1999) Ligand-
independent recruitment of SRC-1 to estrogen receptor beta through
phosphorylation of activation function AF-1. Mol Cell 3(4):513-519.
Berry M, Metzger D, & Chambon P (1990) Role of the two
activating domains of the oestrogen receptor in the cell-type and
promoter-context dependent agonistic activity of the anti-oestrogen
4-hydroxytamoxifen. Embo J 9(9):2811-2818.

Gronemeyer H & Laudet V (1995) Transcription factors 3: nuclear
receptors. Protein Profile 2(11):1173-1308.

Kraus WL, Mclnerney EM, & Katzenellenbogen BS (1995) Ligand-
dependent, transcriptionally productive association of the amino- and

53



The role of estrogen receptor a in the regulation of bone mass

78.

79.

80.

81.

82.

&3.

&4.

85.

86.

87.

88.

&9.

90.

91.

carboxyl-terminal regions of a steroid hormone nuclear receptor.
Proc Natl Acad Sci U S A 92(26):12314-12318.

Metzger D, Losson R, Bornert JM, Lemoine Y, & Chambon P (1992)
Promoter specificity of the two transcriptional activation functions of
the human oestrogen receptor in yeast. Nucleic Acids Res
20(11):2813-2817.

Almeida M, et al. (2017) Estrogens and Androgens in Skeletal
Physiology and Pathophysiology. Physiol Rev 97(1):135-187.
Goulding EH, et al (2010) Ex3alphaERKO male infertility
phenotype recapitulates the alphaERKO male phenotype. J
Endocrinol 207(3):281-288.

Sims NA, et al. (2002) Deletion of estrogen receptors reveals a
regulatory role for estrogen receptors-beta in bone remodeling in
females but not in males. Bone 30(1):18-25.

Khosla S & Monroe DG (2018) Regulation of Bone Metabolism by
Sex Steroids. Cold Spring Harb Perspect Med 8(1).

Borjesson AE, et al. (2011) Roles of transactivating functions 1 and 2
of estrogen receptor-alpha in bone. Proc Natl Acad Sci U S A
108(15):6288-6293.

Lindberg MK, et al. (2003) Estrogen receptor (ER)-beta reduces
ERalpha-regulated gene transcription, supporting a "ying yang"
relationship between ERalpha and ERbeta in mice. Mo! Endocrinol
17(2):203-208.

Martin-Millan M, et al. (2010) The estrogen receptor-alpha in
osteoclasts mediates the protective effects of estrogens on cancellous
but not cortical bone. Mol Endocrinol 24(2):323-334.

Nakamura T, et al. (2007) Estrogen prevents bone loss via estrogen
receptor alpha and induction of Fas ligand in osteoclasts. Cell
130(5):811-823.

Almeida M, et al. (2013) Estrogen receptor-alpha signaling in
osteoblast progenitors stimulates cortical bone accrual. J Clin Invest
123(1):394-404.

Maatta JA, et al. (2013) Inactivation of estrogen receptor alpha in
bone-forming cells induces bone loss in female mice. Faseb J
27(2):478-488.

Melville KM, et al. (2014) Female mice lacking estrogen receptor-
alpha in osteoblasts have compromised bone mass and strength. J
Bone Miner Res 29(2):370-379.

Seitz S, et al. (2012) Pharmacological estrogen administration causes
a FSH-independent osteo-anabolic effect requiring ER alpha in
osteoblasts. PLoS One 7(11):27.

Kondoh S, et al. (2014) Estrogen receptor alpha in osteocytes
regulates trabecular bone formation in female mice. Bone 60:68-77.

54



92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Windahl SH, et al. (2013) Estrogen receptor-alpha in osteocytes is
important for trabecular bone formation in male mice. Proc Natl
Acad Sci U S 4 110(6):2294-2299.

Gajda M, Litwin JA, Cichocki T, Timmermans JP, & Adriaensen D
(2005) Development of sensory innervation in rat tibia: co-
localization of CGRP and substance P with growth-associated protein
43 (GAP-43). J Anat 207(2):135-144.

Ducy P, et al. (2000) Leptin inhibits bone formation through a
hypothalamic relay: a central control of bone mass. Cel/ 100(2):197-
207.

Cirmanova V, Bayer M, Starka L, & Zajickova K (2008) The effect
of leptin on bone: an evolving concept of action. Physiol Res
57(1):13.

Sienkiewicz E, et al. (2011) Long-term metreleptin treatment
increases bone mineral density and content at the lumbar spine of
lean hypoleptinemic women. Metabolism 60(9):1211-1221.

Cui Y, et al. (2011) Lip5 functions in bone to regulate bone mass.
Nat Med 17(6):684-691.

Yadav VK, ef al. (2009) A serotonin-dependent mechanism explains
the leptin regulation of bone mass, appetite, and energy expenditure.
Cell 138(5):976-989.

Yadav VK, et al. (2008) Lrp5 controls bone formation by inhibiting
serotonin synthesis in the duodenum. Ce// 135(5):825-837.

Driessler F & Baldock PA (2010) Hypothalamic regulation of bone. J
Mol Endocrinol 45(4):175-181.

Ohlsson C, et al. (2012) Estrogen receptor-alpha expression in
neuronal cells affects bone mass. Proc Natl Acad Sci U S A
109(3):983-988.

Farman HH, et al. (2016) Female Mice Lacking Estrogen Receptor-
alpha in Hypothalamic Proopiomelanocortin (POMC) Neurons
Display Enhanced Estrogenic Response on Cortical Bone Mass.
Endocrinology 157(8):3242-3252.

Heldring N, et al. (2007) Estrogen receptors: how do they signal and
what are their targets. Physiol Rev 87(3):905-931.

Gruber CJ, Gruber DM, Gruber IM, Wieser F, & Huber JC (2004)
Anatomy of the estrogen response element. Trends Endocrinol Metab
15(2):73-78.

Galien R & Garcia T (1997) Estrogen receptor impairs interleukin-6
expression by preventing protein binding on the NF-kappaB site.
Nucleic Acids Res 25(12):2424-2429.

Krishnan V, Wang X, & Safe S (1994) Estrogen receptor-Spl
complexes mediate estrogen-induced cathepsin D gene expression in
MCF-7 human breast cancer cells. J Biol Chem 269(22):15912-
15917.

55



The role of estrogen receptor a in the regulation of bone mass

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

Webb P, Lopez GN, Uht RM, & Kushner PJ (1995) Tamoxifen
activation of the estrogen receptor/AP-1 pathway: potential origin for
the cell-specific estrogen-like effects of antiestrogens. Mol
Endocrinol 9(4):443-456.

Hammes SR & Levin ER (2011) Minireview: Recent advances in
extranuclear steroid receptor actions. Endocrinology 152(12):4489-
4495.

Kim KH & Bender JR (2009) Membrane-initiated actions of estrogen
on the endothelium. Mol Cell Endocrinol 308(1-2):3-8.

Pietras RJ & Szego CM (1977) Specific binding sites for oestrogen at
the outer surfaces of isolated endometrial cells. Nature 265(5589):69-
72.

Simoncini T (2009) Mechanisms of action of estrogen receptors in
vascular cells: relevance for menopause and aging. Climacteric 1:6-
11.

Szego CM & Davis JS (1967) Adenosine 3',5'-monophosphate in rat
uterus: acute elevation by estrogen. Proc Natl Acad Sci U S A
58(4):1711-1718.

Ueda K & Karas RH (2013) Emerging evidence of the importance of
rapid, non-nuclear estrogen receptor signaling in the cardiovascular
system. Steroids 78(6):589-596.

Wu Q, Chambliss K, Umetani M, Mineo C, & Shaul PW (2011)
Non-nuclear estrogen receptor signaling in the endothelium. J Biol
Chem 286(17):14737-14743.

Marino M, Galluzzo P, & Ascenzi P (2006) Estrogen signaling
multiple pathways to impact gene transcription. Curr Genomics
7(8):497-508.

Vasudevan N & Pfaff DW (2007) Membrane-initiated actions of
estrogens in neuroendocrinology: emerging principles. Endocr Rev
28(1):1-19.

Madak-Erdogan Z, et al. (2008) Nuclear and extranuclear pathway
inputs in the regulation of global gene expression by estrogen
receptors. Mol Endocrinol 22(9):2116-2127.

Kalyanaraman H, et al. (2014) Nongenomic thyroid hormone
signaling occurs through a plasma membrane-localized receptor. Sci
Signal 7(326):2004911.

Acconcia F, et al. (2005) Palmitoylation-dependent estrogen receptor
alpha membrane localization: regulation by 17beta-estradiol. Mol
Biol Cell 16(1):231-237.

Adlanmerini M, et al. (2014) Mutation of the palmitoylation site of
estrogen receptor alpha in vivo reveals tissue-specific roles for
membrane versus nuclear actions. Proc Natl Acad Sci U S A
111(2):E283-290.

56



121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Pedram A, Razandi M, Lewis M, Hammes S, & Levin ER (2014)
Membrane-localized estrogen receptor alpha is required for normal
organ development and function. Developmental cell 29(4):482-490.
Curtis SW, et al. (1996) Physiological coupling of growth factor and
steroid receptor signaling pathways: estrogen receptor knockout mice
lack estrogen-like response to epidermal growth factor. Proc Natl
Acad Sci U S A 93(22):12626-12630.

Driggers PH & Segars JH (2002) Estrogen action and cytoplasmic
signaling pathways. Part II: the role of growth factors and
phosphorylation in estrogen signaling. Trends Endocrinol Metab
13(10):422-427.

Kato S, et al. (1995) Activation of the estrogen receptor through
phosphorylation by mitogen-activated protein kinase. Science
270(5241):1491-1494.

Lannigan DA (2003) Estrogen receptor phosphorylation. Steroids
68(1):1-9.

Newton CJ, et al. (1994) The unliganded estrogen receptor (ER)
transduces growth factor signals. J Steroid Biochem Mol Biol 48(5-
6):481-486.

Walker-Bone K (2012) Recognizing and treating secondary
osteoporosis. Nat Rev Rheumatol 8(8):480-492.

Kanis JA (1994) Assessment of fracture risk and its application to
screening for postmenopausal osteoporosis: synopsis of a WHO
report. WHO Study Group. Osteoporos Int 4(6):368-381.
Organization WH (1994) Assessment of fracture risk and its
application to screening for postmenopausal osteoporosis. Report of a
WHO Study Group. World Health Organ Tech Rep Ser 843:1-129.
Albright F, Smith PH, & Richardson AM (1941) Postmenopausal
osteoporosis: Its clinical features. Journal of the American Medical
Association 116(22):2465-2474.

Cauley JA, et al (2008) Incidence of fractures compared to
cardiovascular disease and breast cancer: the Women's Health
Initiative Observational Study. Osteoporos Int 19(12):1717-1723.
Stepan JJ, Lachman M, Zverina J, Pacovsky V, & Baylink DJ (1989)
Castrated men exhibit bone loss: effect of calcitonin treatment on
biochemical indices of bone remodeling. J Clin Endocrinol Metab
69(3):523-527.

Bilezikian JP, Morishima A, Bell J, & Grumbach MM (1998)
Increased bone mass as a result of estrogen therapy in a man with
aromatase deficiency. N Engl J Med 339(9):599-603.

Carani C, et al. (1997) Effect of testosterone and estradiol in a man
with aromatase deficiency. N Engl J Med 337(2):91-95.

Mellstrom D, et al. (2008) Older men with low serum estradiol and
high serum SHBG have an increased risk of fractures. J Bone Miner
Res 23(10):1552-1560.

57



The role of estrogen receptor a in the regulation of bone mass

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Eriksson AL, et al. (2018) Genetic Determinants of Circulating
Estrogen Levels and Evidence of a Causal Effect of Estradiol on
Bone Density in Men. J Clin Endocrinol Metab 103(3):991-1004.
Cauley JA, et al. (2003) Effects of estrogen plus progestin on risk of
fracture and bone mineral density: the Women's Health Initiative
randomized trial. Jama 290(13):1729-1738.

Rossouw JE, et al. (2002) Risks and benefits of estrogen plus
progestin in healthy postmenopausal women: principal results From
the Women's Health Initiative randomized controlled trial. Jama
288(3):321-333.

Beral V (2003) Breast cancer and hormone-replacement therapy in
the Million Women Study. Lancet 362(9382):419-427.

Stefanick ML, et al. (2006) Effects of conjugated equine estrogens
on breast cancer and mammography screening in postmenopausal
women with hysterectomy. Jama 295(14):1647-1657.

Rossouw JE, Manson JE, Kaunitz AM, & Anderson GL (2013)
Lessons learned from the Women's Health Initiative trials of
menopausal hormone therapy. Obstet Gynecol 121(1):172-176.
Whitehead M & Farmer R (2004) The million women study: a
critique. Endocrine 24(3):187-193.

Nelson ER, Wardell SE, & McDonnell DP (2013) The molecular
mechanisms underlying the pharmacological actions of estrogens,
SERMs and oxysterols: implications for the treatment and prevention
of osteoporosis. Bone 53(1):42-50.

Borjesson AE, et al. (2013) The role of activation functions 1 and 2
of estrogen receptor-alpha for the effects of estradiol and selective
estrogen receptor modulators in male mice. J Bone Miner Res
28(5):1117-1126.

Borjesson AE, et al. (2016) SERMs have substance-specific effects
on bone, and these effects are mediated via ERalphaAF-1 in female
mice. Am J Physiol Endocrinol Metab 310(11):5.

Moverare-Skrtic S, et al. (2014) The estrogen receptor antagonist ICI
182,780 can act both as an agonist and an inverse agonist when
estrogen receptor alpha AF-2 is modified. Proc Natl Acad Sci U S A
111(3):1180-1185.

Anonymous (2005) Effects of chemotherapy and hormonal therapy
for early breast cancer on recurrence and 15-year survival: an
overview of the randomised trials. Lancet 365(9472):1687-1717.
Fornander T, et al. (1989) Adjuvant tamoxifen in early breast cancer:
occurrence of new primary cancers. Lancet 1(8630):117-120.

Love RR, et al. (1992) Effects of tamoxifen on bone mineral density
in postmenopausal women with breast cancer. N Engl J Med
326(13):852-856.

Cummings SR, et al. (1999) The effect of raloxifene on risk of breast
cancer in postmenopausal women: results from the MORE

58



151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

randomized trial. Multiple Outcomes of Raloxifene Evaluation. Jama
281(23):2189-2197.

Ettinger B, et al. (1999) Reduction of vertebral fracture risk in
postmenopausal women with osteoporosis treated with raloxifene:
results from a 3-year randomized clinical trial. Multiple Outcomes of
Raloxifene Evaluation (MORE) Investigators. Jama 282(7):637-645.
Cummings SR, et al. (2010) Lasofoxifene in postmenopausal women
with osteoporosis. N Engl J Med 362(8):686-696.

Goldstein SR, et al. (2011) Postmenopausal Evaluation and Risk
Reduction With Lasofoxifene (PEARL) trial: 5-year gynecological
outcomes. Menopause 18(1):17-22.

Archer DF, et al. (2009) Bazedoxifene, a selective estrogen receptor
modulator: effects on the endometrium, ovaries, and breast from a
randomized controlled trial in osteoporotic postmenopausal women.
Menopause 16(6):1109-1115.

Silverman SL, et al. (2012) Sustained efficacy and safety of
bazedoxifene in preventing fractures in postmenopausal women with
osteoporosis: results of a 5-year, randomized, placebo-controlled
study. Osteoporos Int 23(1):351-363.

Harrington WR, et al. (2006) Estrogen dendrimer conjugates that
preferentially activate extranuclear, nongenomic versus genomic
pathways of estrogen action. Mo/ Endocrinol 20(3):491-502.
Chambliss KL, et al. (2010) Non-nuclear estrogen receptor alpha
signaling promotes cardiovascular protection but not uterine or breast
cancer growth in mice. J Clin Invest 120(7):2319-2330.

Almeida M, Han L, Ambrogini E, Bartell SM, & Manolagas SC
(2010) Ocxidative stress stimulates apoptosis and activates NF-
kappaB in osteoblastic cells via a PKCbeta/p66shc signaling cascade:
counter regulation by estrogens or androgens. Mol Endocrinol
24(10):2030-2037.

Bartell SM, et al. (2013) Non-nuclear-initiated actions of the
estrogen receptor protect cortical bone mass. Mol Endocrinol
27(4):649-656.

Xu'Y, et al. (2011) Distinct hypothalamic neurons mediate estrogenic
effects on energy homeostasis and reproduction. Cell Metab
14(4):453-465.

Musatov S, ef al. (2007) Silencing of estrogen receptor alpha in the
ventromedial nucleus of hypothalamus leads to metabolic syndrome.
Proc Natl Acad Sci U S A 104(7):2501-2506.

Dupont S, et al. (2000) Effect of single and compound knockouts of
estrogen receptors alpha (ERalpha) and beta (ERbeta) on mouse
reproductive phenotypes. Development (Cambridge, FEngland)
127(19):4277-4291.

Jilka RL, et al. (1992) Increased osteoclast development after
estrogen loss: mediation by interleukin-6. Science 257(5066):88-91.

59



The role of estrogen receptor a in the regulation of bone mass

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

Kousteni S, et al. (2002) Reversal of bone loss in mice by
nongenotropic signaling of sex steroids. Science 298(5594):843-846.
Gustafsson KL, et al. (2016) The role of membrane ERalpha
signaling in bone and other major estrogen responsive tissues. Sci
Rep 6(29473).

Alves SE, et al. (2000) Estrogen-regulated progestin receptors are
found in the midbrain raphe but not hippocampus of estrogen
receptor alpha (ER alpha) gene-disrupted mice. J Comp Neurol
427(2):185-195.

Nomura M, et al. (2005) Differential distribution of estrogen receptor
(ER)-alpha and ER-beta in the midbrain raphe nuclei and
periaqueductal gray in male mouse: Predominant role of ER-beta in
midbrain serotonergic systems. Neuroscience 130(2):445-456.

Schele E, et al. (2013) Inter-relation between interleukin (IL)-1, IL-6
and body fat regulating circuits of the hypothalamic arcuate nucleus.
J Neuroendocrinol 25(6):580-589.

Ebeling PR (2008) Clinical practice. Osteoporosis in men. N Engl J
Med 358(14):1474-1482.

Nelson HD, et al. (2010) Screening for Osteoporosis: Systematic
Review to Update the 2002 U.S. Preventive Services Task Force
Recommendation (Evidence Syntheses, No. 77, Agency for
Healthcare Research and Quality (US)).

Pisani P, et al. (2016) Major osteoporotic fragility fractures: Risk
factor updates and societal impact. World J Orthop 7(3):171-181.
Khosla S, Amin S, & Orwoll E (2008) Osteoporosis in men. Endocr
Rev 29(4):441-464.

Idelevich A & Baron R (2018) Brain to bone: What is the
contribution of the brain to skeletal homeostasis? Bone 115:31-42.
Haddad-Tovolli R, Dragano NRV, Ramalho AFS, & Velloso LA
(2017) Development and Function of the Blood-Brain Barrier in the
Context of Metabolic Control. Front Neurosci 11(224).
Takano-Yamamoto T & Rodan GA (1990) Direct effects of 17 beta-
estradiol on trabecular bone in ovariectomized rats. Proc Natl Acad
Sci US A 87(6):2172-2176.

Manolagas SC (2010) From estrogen-centric to aging and oxidative
stress: a revised perspective of the pathogenesis of osteoporosis.
Endocr Rev 31(3):266-300.

Rooney AM & van der Meulen MCH (2017) Mouse models to
evaluate the role of estrogen receptor alpha in skeletal maintenance
and adaptation. Ann N Y Acad Sci 1:85-92.

Idelevich A, et al. (2018) Neuronal hypothalamic regulation of body
metabolism and bone density is galanin dependent. J Clin Invest
128(6):2626-2641.

60



179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Braun TP, et al. (2012) Regulation of lean mass, bone mass, and
exercise tolerance by the central melanocortin system. PLoS One
7(7):27.

Farooqi IS, ef al. (2003) Clinical spectrum of obesity and mutations
in the melanocortin 4 receptor gene. N Engl J Med 348(12):1085-
1095.

Zhang Z, et al. (2016) Effects of Chronic Estrogen Administration in
the Ventromedial Nucleus of the Hypothalamus (VMH) on Fat and
Bone Metabolism in Ovariectomized Rats. FEndocrinology
157(12):4930-4942.

Correa SM, et al. (2015) An estrogen-responsive module in the
ventromedial hypothalamus selectively drives sex-specific activity in
females. Cell Rep 10(1):62-74.

Takeda S, et al. (2002) Leptin regulates bone formation via the
sympathetic nervous system. Cel// 111(3):305-317.

Khosla S (2013) Pathogenesis of age-related bone loss in humans. J
Gerontol A Biol Sci Med Sci 68(10):1226-1235.

Slemenda CW, et al. (1997) Sex steroids and bone mass in older
men. Positive associations with serum estrogens and negative
associations with androgens. J Clin Invest 100(7):1755-1759.

Wong SK, et al. (2018) The use of selective estrogen receptor
modulators on bone health in men. Aging Male 6:1-13.

Windahl SH, Vidal O, Andersson G, Gustafsson JA, & Ohlsson C
(1999) Increased cortical bone mineral content but unchanged
trabecular bone mineral density in female ERbeta(-/-) mice. J Clin
Invest 104(7):895-901.

Arao Y, et al. (2012) Transactivating function (AF) 2-mediated AF-1
activity of estrogen receptor alpha is crucial to maintain male
reproductive tract function. Proc Natl Acad Sci U S A
109(51):21140-21145.

Hamilton KJ, Arao Y, & Korach KS (2014) Estrogen hormone
physiology: reproductive findings from estrogen receptor mutant
mice. Reprod Biol 14(1):3-8.

Hewitt SC, Winuthayanon W, & Korach KS (2016) What's new in
estrogen receptor action in the female reproductive tract. J Mol
Endocrinol 56(2):15-0254.

Kumar V & Chambon P (1988) The estrogen receptor binds tightly to
its responsive element as a ligand-induced homodimer. Cell
55(1):145-156.

Lees JA, Fawell SE, & Parker MG (1989) Identification of two
transactivation domains in the mouse oestrogen receptor. Nucleic
Acids Res 17(14):5477-5488.

Tasset D, Tora L, Fromental C, Scheer E, & Chambon P (1990)
Distinct classes of transcriptional activating domains function by
different mechanisms. Cell 62(6):1177-1187.

61



The role of estrogen receptor a in the regulation of bone mass

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

Modder Ul et al. (2004) Effects of loss of steroid receptor
coactivator-1 on the skeletal response to estrogen in mice.
Endocrinology 145(2):913-921.

Nettles KW & Greene GL (2005) Ligand control of coregulator
recruitment to nuclear receptors. Annu Rev Physiol 67:309-333.

Bala Y, Zebaze R, & Seeman E (2015) Role of cortical bone in bone
fragility. Curr Opin Rheumatol 27(4):406-413.

Levin ER (2018) Membrane estrogen receptors signal to determine
transcription factor function. Steroids 132:1-4.

Levin ER & Hammes SR (2016) Nuclear receptors outside the
nucleus: extranuclear signalling by steroid receptors. Nat Rev Mol
Cell Biol 17(12):783-797.

Farman HH, et al. (2017) Extra-nuclear effects of estrogen on
cortical bone in males require ERalphaAF-1. J Mol Endocrinol
58(2):105-111.

Nanjappa MK, ef al. (2016) Membrane-Localized Estrogen Receptor
1 Is Required for Normal Male Reproductive Development and
Function in Mice. Endocrinology 157(7):2909-2919.

Oner H & Ozan E (2002) Effects of gonadal hormones on thymus
gland after bilateral ovariectomy and orchidectomy in rats. Arch
Androl 48(2):115-126.

Pedersen SB, Borglum JD, Eriksen EF, & Richelsen B (1991)
Nuclear estradiol binding in rat adipocytes. Regional variations and
regulatory influences of hormones. Biochim Biophys Acta 7(1):80-86.
Ucer S, et al. (2017) The Effects of Aging and Sex Steroid
Deficiency on the Murine Skeleton Are Independent and
Mechanistically Distinct. J Bone Miner Res 32(3):560-574.

Khosla S, Farr JN, & Kirkland JL (2018) Inhibiting Cellular
Senescence: A New Therapeutic Paradigm for Age-Related
Osteoporosis. J Clin Endocrinol Metab 103(4):1282-1290.

62



	Östrogen receptor alphas betydelse for reglering av benmassa
	LIST OF PAPERS
	content
	Abbreviations
	1 Introduction
	1.1 general introduction
	1.2 Bone
	1.3 Cortical and trabecular bone
	1.4 Structure of long bones
	1.5 bone cells
	1.5.1 Osteocytes
	1.5.2 Osteoblasts
	1.5.3 Osteoclasts

	1.6 Bone remodeling
	1.7 Estrogens
	1.8 Structure of estrogen receptors
	1.9 ERα-the main mediator in bone
	1.10   ERα target cells
	1.10.1 Deletion of ERα in bone cells
	1.10.2 ERα in the central nervous system

	1.11  ERα Intracellular signaling
	1.12  Osteoporosis
	1.13  Hormone replacement therapy
	1.14  selective estrogen receptor modulators (SERMs)
	1.15  Estrogen dendrimer conjugate (EDC)

	2 Aim
	3 Methodological considerations
	3.1 Animal models
	3.2 Gonadectomy and E2 treatment
	3.3 Measurments of bone parameters
	3.3.1 Dual Energy X-ray absorptiometry (DEXA)
	3.3.2 Peripheral quantitative computed tomography (pQCT)
	3.3.3 Micro computed tomography (µCT)
	3.3.4 Histomorphometry
	3.3.5 Mechanical tests
	3.3.6 Fourier transform infrared (FTIR) microspectroscopy

	3.4 real-time PCR
	3.5 Serum measurements
	3.6 Immunohistochemistry
	3.7 Flow cytometry
	3.8 Statistics

	4 Results
	4.1 Paper I
	4.2 Paper II
	4.3 Paper III
	4.4 Paper IV

	5 Discussion
	6 Conclusions
	7 Future perspectives
	Acknowledgments
	References

